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  Prefa ce      

 Oxidant stress plays an important role in a wide range of tissue pathologies, such as 
neurodegenerative disease, carcinogenesis, aging, and periodontal disease. 
Periodontal disease is one of the most prevalent diseases suffered by humans, 
although the reported prevalence varies according to diagnostic criteria. Periodontal 
disease is a chronic infl ammatory disease characterized by gingival bleeding, peri-
odontal pocket formation, connective tissue destruction, and alveolar bone resorp-
tion leading to tooth loss.    Oxidative stress is involved in the initiation and progression 
of periodontal disease, and various studies have reported that levels of oxidative 
stress markers and oxidative damage in periodontal disease are greater than that in 
healthy controls. Furthermore, recent studies have demonstrated a relationship 
between periodontitis and systemic diseases, such as coronary heart disease, athero-
sclerosis, and diabetes. With regard to the mechanisms, oxidative stress and an 
altered infl ammatory process are involved. 

 The chapters of this book widely cover the evidence for the relationship between 
oxidative stress and periodontal disease. Furthermore, the chapters provide possible 
mechanisms linking periodontal disease and systemic disease. The contributors are 
recognized experts in the fi eld of oxidative stress and dentistry. We believe that this 
book will therefore prove to be useful for researchers in periodontology. 

 Finally, I would like to thank the coeditors and contributors for their kind assis-
tance with the project.  

    Okayama ,  Japan       Daisuke     Ekuni      
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   Part I 
   Oxidative Stress in Periodontal Diseases 

(Basic Science)        



3D. Ekuni et al. (eds.), Studies on Periodontal Disease, Oxidative Stress in Applied 
Basic Research and Clinical Practice, DOI 10.1007/978-1-4614-9557-4_1,
© Springer Science+Business Media New York 2014

1.1            Introduction 

 It is well known that free radicals, including reactive oxygen species (ROS) such as 
superoxide (O 2  ·– ) and hydroxyl radical (HO·), contribute to the development of vari-
ous age-related diseases by causing oxidative stress [ 1 ]. Free radical reactions and 
oxidative stress induced by ROS are usually kept in check by antioxidant defense 
mechanisms; however, when an excessive amount of ROS are produced or defense 
mechanisms are impaired, oxidative stress leading to events such as lipid peroxida-
tion may occur [ 1 – 3 ]. 

 A role for oxidative stress in periodontal disease has been suggested by studies 
in which various ROS detection methods were used to demonstrate increased levels 
of oxidative stress markers in periodontal disease patients relative to healthy con-
trols [ 4 ]. It is possible that increased oxidative stress generated by polymorphonu-
clear leukocytes (PMN) upon interactions with chemoattractants, endotoxin, 
cytokines, and adhesion molecules leads to cell injury in periodontal tissue [ 5 ,  6 ]. 
ROS-induced oxidative stress has been implicated as a potential contributor at vari-
ous stages in the pathogenesis of periodontal disease. Various reports have sug-
gested that dietary antioxidant defi ciency is a contributing factor to oxidative 
damage at the tissue level associated with periodontal disease [ 7 ]. The assessment 
of potential antioxidant therapies for periodontal disease requires the use of appro-
priate animal models and direct methods for measuring ROS and oxidative stress in 
vivo [e.g., electron spin resonance (ESR)]. 

 ESR is one of the most powerful techniques for the detection of ROS in biologi-
cal tissues and cells. We have developed an ESR-based technique to detect ROS in 

    Chapter 1   
 Reactive Oxygen Species and Antioxidant 
Systems in Periodontal Disease 

             Masaichi-Chang-il     Lee    

        M.-C.   Lee      (*) 
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biological systems in vitro and in vivo, including animal models of periodontitis 
[ 8 – 10 ]. This chapter focuses on the involvement of ROS-mediated oxidative stress 
in the pathogenesis of periodontal disease and, in particular, how disruption of the 
balance between oxidants and antioxidant defense systems contributes to the devel-
opment of periodontal disease (Fig.  1.1 ). In addition, the use of ESR and other 
measurement techniques can be used to screen antioxidant compounds for potential 
use in the clinical treatment of human periodontal disease.

1.2        Reactive Oxygen Species 

 The biochemical characteristics of different ROS determine their ability to react 
with specifi c cellular substrates within the microenvironment in which they are pro-
duced. A free radical is defi ned as any atomic or molecular species capable of inde-
pendent existence that contains one or more unpaired electrons. Molecular oxygen 
(O 2 ) itself qualifi es as a free radical because it has two unpaired electrons. O 2  is 
capable of accepting electrons to its antibonding orbitals, becoming reduced in the 
process, and, therefore, functioning as a strong oxidizing agent. A one-electron 
reduction of O 2  results in the formation of superoxide (O 2  ·– ) either by enzymatic 
catalysis or by electron leaks from various electron transfer reactions. O 2  ·–  chemistry 
in aqueous solution differs greatly from that in organic solvents. In contrast to 
its remarkable stability in many organic solvents, O 2  ·–  in aqueous solution is 

  Fig. 1.1    Reactive oxygen species (ROS) and antioxidant system in periodontal disease.  SOD  
superoxide dismutase,  CAT  catalase,  GPx  glutathione peroxidase. The disruption of redox balance 
between ROS and antioxidant system may lead to ROS-induced disease, including periodontal 
disease       
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short- lived. This instability in aqueous solutions is based on the rapid dismutation of 
O 2  ·–  to H 2 O 2 , a reaction facilitated by higher concentrations of the protonated form 
of O 2  ·–  (HO 2 ·) in acidic pH conditions. Thus, the dismutation reaction has an overall 
rate constant of 5 × 10 5  M −1  s −1  at pH 7.0. The enzyme superoxide dismutase (SOD) 
speeds up this reaction almost tenfold (rate constant = 1.6 × 10 9  M −1  s −1 ) [ 11 ]. This 
implies that any reaction of O 2  ·–  in aqueous solution will be in competition with SOD 
or, in its absence, with the spontaneous dismutation reaction itself. Nitric oxide 
(NO·) reacts with O 2  ·–  at near diffusion-limited rates and is, therefore, one of the few 
biomolecules that is able to outcompete SOD for O 2  ·–  [ 12 ]. Thus, in most biological 
systems, unless suffi ciently high concentrations of NO· or other similarly reactive 
molecules are present, generation of O 2  ·–  usually results in the formation of H 2 O 2 . 

 Although dismutation of O 2  ·–  probably accounts for much of the H 2 O 2  produced 
by eukaryotic cells, H 2 O 2  can also be formed by direct two-electron reduction of O 2 , 
a reaction mechanism shared by a number of fl avoprotein oxidases [ 13 ]. Unlike O 2  ·– , 
H 2 O 2  is not a free radical and is a much more stable molecule. H 2 O 2  is able to diffuse 
across biological membranes, whereas O 2  ·–  does not, and H 2 O 2  is a weaker oxidizing 
agent than O 2  ·– . However, in the presence of transition metals such as iron or copper, 
H 2 O 2  can give rise to the indiscriminately reactive and toxic hydroxyl radical (OH·) 
by Fenton reaction [ 14 ]. 

 ROS can rapidly modify cell constituents via oxidation of lipids, proteins, and 
DNA (Fig.  1.1 ). Oxidation of DNA by ROS can lead to activation of various genes, 
including those that encode for transcription factors (Fig.  1.1 ). O 2  ·−  is converted to 
H 2 O 2  spontaneously or enzymatically, which occurs more than 1,000 times faster, 
by a process involving one of the three isoforms of SOD [ 14 ]. H 2 O 2  can undergo 
one-electron reduction to the highly evanescent and reactive OH· in the presence of 
reducing metal ions or, through two-electron reduction, it can be converted to water 
by catalase (CAT). Intracellular ROS originate from multiple sites, including the 
mitochondrial electron transport chain, cytochrome  P -450 oxygenase, xanthine oxi-
dase (XO), lipoxygenase, cyclooxygenase, and uncoupled NO· synthase (NOS) 
[ 15 ]. The enzyme nicotinamide adenine dinucleotide phosphate oxidase (NOX) is a 
prominent source of ROS in vascular tissue and infl ammatory cells. Several iso-
forms of NOX exist, localized to different sites within the cell. The catalytic subunit 
of NOX can be plasma lemmal bound and produce O 2  ·−  extracellularly or within the 
cytosol [ 16 – 18 ]. Extracellularly generated O 2  ·−  can reenter the cell through chloride 
ion channel-3 [ 19 ] or by conversion to H 2 O 2  via extracellular SOD. NOX2 is most 
likely one of the key sources of ROS in periodontal tissues [ 20 ]. The NOX4 isoform 
is located in endosomes [ 21 ,  22 ], focal adhesions, and nuclei [ 23 ] and generates 
O 2  ·−  intracellularly. Other members of the NOX family include NOX1, which is 
found in various subcellular locations such as nuclei [ 24 ] and caveolae [ 23 ], and 
NOX3 and NOX5, both of which have been shown to colocalize with the plasma 
membrane [ 16 ,  25 ]. Thus, subcellular localization of NOX allows for stereospecifi c 
release of O 2  ·− , which is spontaneously or enzymatically (by SOD) converted to 
H 2 O 2 . As an uncharged molecule, H 2 O 2  can traverse cell membranes, is rapidly 
inactivated by endogenous CAT and peroxiredoxins, and can reversibly alter 
enzyme function through oxidative modifi cation of susceptible residues, including 
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arginine, cysteine, and histidine [ 26 ,  27 ]. These properties strongly support a sig-
naling role for intermediate doses of H 2 O 2 . Signaling dose ranges for H 2 O 2  have 
been established in human and animal models and vary from 1 μM to 10 mM 
(Fig.  1.2 ) [ 24 ,  28 ,  29 ].

   ROS are implicated in the etiology of aging, angiogenesis, apoptosis, and a 
myriad of diseases including atherosclerosis, hypertension, hypercholesterolemia, 
obesity, cancer, diabetes mellitus, and neurodegenerative disorders [ 30 – 32 ]. The 
excessive production of ROS that occurs in certain pathological conditions pro-
motes tissue infl ammation and accelerates cell death and/or senescence. Under 
pathological conditions, ROS can reach high concentrations, often exceeding 
500 μM for H 2 O 2  at sites of infl ammation or injury [ 33 ] (Fig.  1.2 ). O 2  ·− concentrations 
are tightly controlled by cytosolic Cu,Zn-SOD, which can rapidly lower O 2  ·−  con-
centrations from the nanomolar to the picomolar range [ 34 ]. Interestingly, patho-
logical changes (including carcinogenesis) can also be evoked by excessively low 
levels of ROS, since they normally play a physiological role in proliferation, vaso-
dilation, and host defense [ 35 ,  36 ]. The existence of a physiological role of ROS 
concentrations could explain some of the negative results from clinical trials in 
which large doses of exogenously administered antioxidants failed to improve out-
comes of vascular disease [ 37 ]. There appears to be a physiological range of con-
centrations where intermediate levels of ROS can function as critical signaling 
molecules and mediate cellular growth, protein phosphorylation, and cell migra-
tion (Fig.  1.2 ) [ 38 ,  39 ]. This dose dependency should be considered when address-
ing the pathophysiological relevance of ROS, in diseases such as periodontal 
disease (Fig.  1.2 ).  

  Fig. 1.2    Concentration-dependent effects of reactive oxygen species (ROS) on ROS-induced 
disease       
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1.3     Antioxidant Systems 

 The cellular response to oxidative stress involves the elimination of, protection 
against, and repair of damage caused by ROS. It has been shown in in vitro experi-
ments that ROS induce lipid peroxidation, protein modifi cation, enzyme inactiva-
tion, and DNA strand breakage/modifi cation (Fig.  1.1 ). Scavenger antioxidant 
enzymes including SOD and CAT are responsible for the direct elimination of ROS, 
whereas systems that reconstitute antioxidants [e.g., glutathione (GSH) and GSH 
peroxidase (GPx)] can indirectly reduce ROS. Protection from oxidative damage 
can be achieved by a variety of mechanisms. Aerobic organisms are protected from 
oxidative stress by a well-organized defense system composed of various antioxi-
dants with different functions. Hydroperoxides generate free radicals in the pres-
ence of transition metal ions such as iron and copper. Various proteins sequester 
such metal ions, while GPx reduces hydroperoxides and H 2 O 2  to alcohols and water, 
respectively. CAT reduces H 2 O 2  to water, while SOD quenches O 2  ·−  to yield water 
and O 2 . These antioxidants function as the fi rst line of defense against ROS [ 40 ]. 
Radical-scavenging antioxidants such as vitamin C, which is water soluble, and 
vitamin E, which is lipid soluble, function as the second line of defense against ROS 
[ 40 ]. Additionally, repair enzymes and de novo enzymes repair ROS-mediated dam-
age, reconstitute tissues, and clear toxic waste materials [ 40 ]. Furthermore, there is 
an adaptation mechanism by which appropriate antioxidants are generated and 
transferred to the appropriate site when needed, and at the appropriate concentra-
tion. Molecules sensitive to oxidative stress can be surrounded by decoys that are 
preferentially oxidized, thereby protecting key cellular molecules (e.g., GSH, vita-
min E, bilirubin, vitamin C, urate, albumin, and amino acids) [ 14 ]. Direct physical 
quenching of O 2  ·−  or other free radicals (e.g., by carotenoids) is another biological 
defense mechanism against oxidative stress [ 14 ]. Each of these antioxidant systems 
contributes to the local and global cellular redox balance, which has implications 
for cell signaling, cell growth, and cell death. Disruption of redox balance between 
ROS and antioxidant system may lead to ROS-induced disease, including periodon-
tal disease (Fig.  1.1 ).  

1.4     Oxidative Stress and Periodontal Disease 

 Periodontal diseases are common infl ammatory conditions of the supporting 
 apparatus of the teeth, which leads to early tooth loss. Various studies have reported 
that levels of markers of oxidative stress and oxidative damage are increased in 
periodontal disease cases relative to healthy controls [ 4 ]. PMN are the predominant 
leukocytes in blood and constitute the primary cellular host resistance factor against 
infection. In the oral cavity, following plaque accumulation and the development of 
clinical infl ammation, there is an increase in the number of PMN in the gingival 
sulcus. However, a protective role of PMN in the pathophysiology of periodontal 
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disease has been suggested by the fi ndings that severe periodontal disease occurs in 
patients with reduced PMN or impaired PMN function, and that individuals with 
early-onset or rapidly progressing forms of periodontal disease often exhibit rela-
tively subtle neutrophil defects. However, most studies have not been able to dem-
onstrate PMN defects in adult patients with various degrees of uncomplicated 
chronic periodontal disease [ 41 ]. NOX2 is most likely one of the key sources of 
ROS in periodontal tissues. The increased generation of ROS in periodontitis is 
thought to be caused by two factors: (1) genetically enhanced ROS generation and 
(2) oral pathogens that enhance NOX function [ 20 ]. Enhanced accumulation of 
PMN is associated with the upregulation of interleukin-8 (IL-8), intercellular adhe-
sion molecule 1, interleukin-1β (IL-1β), and tumor necrosis factor-α (TNF-α) 
expression. In addition to macrophages, PMN and/or epithelial cells might also be 
important sources of IL-8, IL-1β, and TNF-α production in gingiva [ 6 ]. Gingival 
epithelial cells are likely to be highly susceptible to attack by PMN-derived oxi-
dants [ 5 ]. PMN-mediated damage to human periodontal ligament-derived fi bro-
blasts has been observed in PMN stimulated by f-met-leu-phe (FMLP) and 
endotoxins such as lipopolysaccharide (LPS) from periodontal pathogens. It is pos-
sible that increased oxidative stress generated from PMN stimulated by chemoat-
tractants, endotoxin, cytokine, and/or adhesion molecules leads to cell injury in 
periodontal tissue. 

 Enhanced lipid peroxidation caused by oxidative stress may play a role in the 
infl ammation and destruction of the periodontium in periodontal disease [ 42 ]. 
Previous reports indicate that it may be possible to measure oxidative stress markers 
such as salivary 8-hydroxydeoxyguanosine (8-OHdG) [ 43 ] and isoprostanes (IPs) 
[ 44 ] to reliably assess the degree of oxidative stress in periodontal patients. A study 
in a rat model of ligature-induced periodontal disease demonstrated increased 
plasma lipid peroxides, decreased hepatic GSH/GSSG ratio, and augmented 
ethanol- induced lipid peroxidation in the liver [ 45 ]. In addition, lipid peroxidation 
was increased in serum and aorta, as well as in periodontal tissue, and induction of 
atherosclerosis-related gene expression, histological changes, and lipid peroxida-
tion occurred in the aorta [ 46 ]. Our laboratory reported that vascular endothelial 
function was decreased in animals with diabetes mellitus and/or periodontal disease 
due to increased oxidative stress in the gingival circulation [ 9 ]. Subsequent to the 
demonstration of a correlation between vascular disease (e.g., diabetes) and peri-
odontal disease, this relationship and the role of oxidative stress have been further 
explored using animal disease models. It has recently been demonstrated that the 
core of this complex line of defense is a family of transcription factors, known as 
forkhead box O (FOXO), which can bind to β-catenin and initiate a transcriptional 
program regulating cell apoptosis, DNA repair, and neutralization of oxidative 
stress induced by ROS. An increase in ROS due to age or insulin resistance created 
a situation in which bone formation is impaired by activation of FOXO, and a 
decrease in Wnt signaling and bone resorption are promoted. The balance between 
FOXO and the Wnt pathway is fi nely tuned by systemic and local factors, creating 
a far-reaching mechanism that dictates the fate of mesenchymal progenitors and 
regulates the homeostasis of bone, providing a rationale for the impairment of 
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systemic and alveolar bone maintenance clinically observed with age and metabolic 
diseases [ 47 ]. Future research on the balance between FOXO and the Wnt pathway 
in relation to oxidative stress-induced bone loss and the pathophysiology of peri-
odontal disease could be of interest.  

1.5     Antioxidants and Periodontal Disease 

 In chronic periodontal (CP) disease, SOD activity is increased in gingival tissue but 
not in gingival crevicular fl uid (GCF) [ 48 ]. In rats and humans, a signifi cant correla-
tion exists between salivary antioxidant activity towards O 2  ·−  and the severity of 
periodontal disease. In addition, the degree of salivary antioxidant activity depends 
on the level of SOD activity [ 10 ]. Systemic and local levels of malondialdehyde 
(MDA), a marker of lipid peroxidation, are increased in cigarette smokers with peri-
odontal disease. The decreased local SOD, GSH-Px, and CAT activities observed in 
periodontal disease patients may increase with smoking [ 49 ]. 

 The levels of vitamin C in serum might have a relatively weak but statistically 
signifi cant relationship with periodontal disease in elderly individuals [ 50 ]. Studies 
using a rat periodontal disease model indicate that systemic administration of vita-
min C can minimize atherosclerosis, 8-OHdG levels, and the reduced:oxidized 
GSH ratio by decreasing oxidative stress induced by periodontal disease. It is there-
fore likely that vitamin C could be clinically benefi cial for minimizing periodontal 
disease-induced oxidative stress by down-regulating infl ammatory gene expression 
[ 45 ,  51 ]. Several previous reports have demonstrated a lack of effect of vitamin E on 
periodontal disease, although other studies have reported contradictory fi ndings [ 7 ]. 
It has recently been reported that adjunctive vitamin E supplementation and admin-
istration of SOD improves periodontal healing [ 52 ]; however, another study showed 
that vitamin E does not prevent bone loss and induces anxiety in rats with ligature- 
induced periodontal disease [ 53 ]. 

 Several previous reports have suggested that dietary antioxidant defi ciency is 
related to oxidative damage of tissues in periodontal disease [ 7 ]. Green tea catechin 
has been shown to have a bactericidal effect against black-pigment gram-negative 
anaerobic rods, and the combined use of mechanical treatment and administration 
of green tea catechin using a slow-release local-delivery system was effective in 
improving periodontal status [ 54 ]. Administration of tempol (4-hydroxy-2,2,6,6-
tetramethylpiperidine- N   -oxyl), a cell membrane-permeable ROS scavenger, was 
shown to decrease all parameters of infl ammation in a rat model of periodontal 
disease [ 55 ].  N -acetylcysteine (NAC), a precursor for the powerful antioxidant 
GSH, exerts anti-infl ammatory effects in LPS-stimulated gingival fi broblasts, func-
tioning at least in part via down-regulation of the MAPK pathway [ 56 ]. Baicalin, 
which is a fl avonoid compound purifi ed from the medicinal plant  Scutellaria 
baicalensis Georgi  protects against tissue damage in ligature-induced periodontal 
disease in rats [ 21 ]. Quercetin, a fl avonol that exhibits antioxidant properties, was 
shown to reduce LPS-induced osteoclast formation as well as ligature-enhanced 
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periodontal infl ammation and bone loss [ 57 ]. Proanthocyanidin, a novel fl avanoid 
extracted from grape seeds, has been shown to enhance host resistance as well as to 
inhibit the actions of biological and mechanical irritants involved in the onset of 
gingivitis and progression of periodontal disease [ 58 ].  

1.6     Clinical Signifi cance of the Measurement of Oxidative 
Stress in Periodontal Disease 

 There is convincing evidence that ROS-mediated oxidative stress is critically 
involved in periodontal disease. Compounds that inhibit lipid peroxidation or scav-
enge ROS can prevent pathophysiological changes associated with periodontal dis-
ease and promote functional recovery from periodontal disease, as indicated by 
studies in experimental in vitro systems and in vivo animal models, as well as stud-
ies conducted in humans. The ability of antioxidants such as tempol, NAC, vitamin 
C, vitamin E, and foods factors to minimize the symptoms of any specifi c disease 
depends on the extent to which ROS are involved in the pathophysiology of the dis-
ease [ 21 ,  55 – 59 ]. Thus, the protective properties of anti-periodontal disease agents 
could be associated with their antioxidant/ROS scavenging properties. Demonstrating 
such a link, however, is diffi cult due to a lack of appropriate animal models of peri-
odontal disease and suitable techniques for directly measuring ROS in vivo. 

 We previously developed an ESR-based technique for the assessment of oxida-
tive stress and antioxidant properties in biological systems [ 8 ]. Our research showed 
that the ESR technique could be useful for measuring oxidative stress in vivo in a 
rat model of periodontal disease [ 9 ,  10 ]. The ESR technique was successfully 
employed to demonstrate that periodontal disease is related to impaired salivary 
antioxidant activity. Additional in vitro and in vivo research using the ESR tech-
nique s  is needed to further characterize the antioxidant properties of agents for the 
treatment and prevention of periodontal disease. The successful use of ESR to mea-
sure oxidative stress in saliva samples from periodontal disease patients, as described 
above, suggests that this method could also be used to assess the antioxidant proper-
ties of drugs and foods and their impact on oxidative stress in patients with peri-
odontal disease (Fig.  1.3 ).

1.7        Conclusion 

 Oxidative stress induced by ROS appears to contribute to the pathogenesis of peri-
odontal disease due to stimulation of signaling pathways involved in the infl amma-
tory response. Cellular damage in periodontal tissue may arise when excessive 
oxidative stress causes endogenous antioxidant defense mechanisms to become 
overwhelmed. Infection by periodontal pathogens results in the production of ROS 
by PMNs that have migrated from the vascular system to periodontal tissue. The 
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pathophysiology of periodontitis is associated with oxidative stress induced by ROS 
generation in the vascular system and periodontal tissues, which results in the 
induction of various biochemical cascades leading to infl ammatory damage. In 
addition, studies described in this chapter indicate that antioxidants can prevent 
pathophysiological changes associated with periodontal disease and promote func-
tional recovery from the disease and recovery in animal models and in humans. 
Therapy with antioxidants may be effective for ROS-induced diseases such as peri-
odontal disease. Additional research using direct ROS detection methods (e.g., 
ESR) in appropriate animal models is needed to identify potential therapeutic anti-
oxidants for the management of periodontal disease.     
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2.1            Introduction 

 As is explained elsewhere in this book, almost all biological macromolecules 
including DNAs, RNAs, lipids, carbohydrates, and proteins are oxidated. In most 
cases, oxidation means damage, but recent discoveries have shown that oxidation of 
biomolecules is playing important roles in fi ne-tuning of our body as well, for 
example, regulations of transcription factors and signal transductions. At the same 
time, it has also been becoming clear that imbalance of such fi ne-tuning can lead to 
complicated diseases. 

 In this regard, involvement of oxidative stress-induced post-translational modifi -
cation (OPTM) in various disorders is drawing the interest in research. Different 
from other post-translational protein modifi cations such as glycosylations or phos-
phorylations, which are programmed to occur as a part of protein maturation pro-
cesses in our body, OPTM implies alterations or degradation of matured proteins. 
OPTM of proteins is enhanced in aging and stressed cells and arises under physio-
logical conditions [ 1 ,  2 ]. 

 Target readers of this review article are those who are interested in periodontal 
disease (researchers in the fi eld of periodontology and dental students) and would 
like to enter the fi eld of oxidation research. For advanced readers, other excellent 
review articles [ 1 ,  3 ,  4 ] on oxidation of other biomolecules or effects of reactive 
oxidative species (ROS) are available and are highly recommended. The goal of this 
review article is to provide basic information and concept of oxidative protein modi-
fi cation to the newcomers of this fi eld.  

    Chapter 2   
 The Role of Protein Oxidative Modifi cation 
in Periodontal Diseases 
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2.2     Basic Knowledge About Protein Oxidation 

2.2.1     Defi nition of the Oxidation 

 In our body, protein oxidation can occur both enzymatically or non-enzymatically. 
The former is specifi c catalytic function of many enzymes in substrate-specifi c 
manner and usually is a part of physiological functions of our body. The latter is 
rather nonspecifi c and can cause unwanted effects to our body leading to various 
disorders. In this review, therefore, we set aside the former and focus on the latter. 

 Protein oxidation can be defi ned as the covalent modifi cation of protein induced 
either directly by ROS or indirectly by reaction with secondary by-products of “oxi-
dative stress” [ 5 ]. ROS can be defi ned as “molecules and ions of oxygen that have 
an unpaired electron, thus rendering them extremely reactive.” Oxidative stress is 
defi ned as “a disturbance in the pro-oxidant–antioxidant balance in favor of the 
former, leading to potential damage” [ 3 ]. In other words, oxidative stress occurs 
when the balance of formation of oxidants exceeds the ability of antioxidant sys-
tems to remove ROS, which occurs when infl ammatory phagocytes (e.g., neutro-
phils and macrophages) are activated to undergo an oxidative burst by exposure to a 
foreign agent or when pro-oxidant xenobiotics are introduced into the body. Under 
these conditions, biomolecules become subjected to attack by excess ROS and sig-
nifi cant molecular and physiological damage can occur. 

 Free radicals have been defi ned as “any species capable of independent existence 
that contain one or more unpaired electrons” [ 6 ]. The term “free radical” and “ROS” 
is almost the same, but “ROS” has become more popular because it encompasses 
other reactive species which are not true radicals but are nevertheless capable of 
radical formation in the intra- and extracellular environments. The primary free 
radical in most oxygenated biological systems is the    superoxide radical (O 2  ·– ), 
which is in equilibrium with its protonated form, the hydroperoxyl radical (HO 2 ·). 
Although O 2  ·–  is relatively unreactive in comparison with many other radicals, bio-
logical systems can convert it into other more reactive species, such as peroxyl 
(ROO·), alkoxyl (RO·), and hydroxyl (HO·) radicals.  

2.2.2      S -Nitrosylation 

 According to the above-mentioned defi nition, molecular oxygen (O 2 ) is not always 
necessary for oxidation, as long as the transfer of electrons occurs. Thus many dif-
ferent biochemical reactions, which include nitrosylation, peroxidization, are 
known to oxidate target molecules. Among them,  S -nitrosylation is famous for its 
biological signifi cance. 

  S -nitrosylation is the covalent attachment of a nitrogen monoxide group to the 
thiol side chain of cysteine. This has emerged as an important mechanism for 
dynamic, post-translational regulation of most or all main classes of protein. 
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 S -nitrosylation thereby conveys a large part of the ubiquitous infl uence of nitric 
oxide (NO) on cellular signal transduction and provides a mechanism for redox- 
based physiological regulation [ 7 ].  

2.2.3     Metal-Catalyzed Oxidation 

 Theoretically, any one of the pro-oxidant systems is able to oxidate proteins; how-
ever, there is reason to believe that under normal conditions the metal-catalyzed oxi-
dation systems are the major source of oxidation. This follows from the fact that 
hydrogen peroxide and alkylperoxides are the most common end products of most 
ROS-generating systems. These peroxides by themselves are relatively unreactive 
compounds. However, in the presence of the transition metals, Fe(II) or Cu(I), they 
are converted to the highly reactive hydroxyl radical [reaction ( 2.1 )] or alkoxyl radi-
cal [reaction ( 2.2 )] which are capable of reacting with almost any organic substance.

   
H O I I2 2 + ( ) ( ) ® + + ( ) ( )-Fe II Cu HO OH Fe III Cu/ /·

  
 ( 2.1 ) 

   

   
ROOH Fe II Cu RO OH Fe III Cu+ ( ) ( ) ® + + ( ) ( )-/ /I I·

  
 ( 2.2 ) 

   

  Indeed, virtually all kinds of amino acid residues of proteins are potential targets 
for oxidation by HO⋅ generated by ionizing radiation or by high concentrations of 
H 2 O 2  and Fe(II) [ 8 ,  9 ]. However, at the low concentrations of iron or copper ions and 
H 2 O 2  present under most physiological conditions, protein damage is likely limited 
to the modifi cation of amino acid residues at metal-binding sites on the protein, 
which effectively concentrate the ions. This consideration gave rise to the proposi-
tion that the oxidation of proteins under physiological conditions is a site-specifi c 
process in which the binding of Fe(II) or Cu(I) to metal-binding sites on the protein 
is followed by reaction with peroxides to generate reactive species (OH·, RO·, per-
ferryl radical) that will react preferentially with amino acid residues at the metal- 
binding site [ 10 – 13 ]. Thus, the metal-binding site supports a biologically important 
“caged reaction.” In the case of many enzymes, especially with those requiring a 
metal ion for activity, this will lead to loss of catalytic function [ 14 ].  

2.2.4     Anti-oxidation System 

 Under normal circumstances, there is a well-organized balance between formation 
and neutralization of ROS so that there is minimal modifi cation of biomolecules. 
Such balance is achieved by antioxidant systems which exist in our cells and tissues 
to scavenge or otherwise eliminate them. These include antioxidant enzymes such 
as catalase, superoxide dismutase, peroxiredoxins, and glutathione peroxidase as 
well as low-molecular-weight compounds such as vitamins C and E and reduced 
glutathione (GSH) [ 5 ].  
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2.2.5     Source of Pro-oxidants 

 Nonenzymatic oxidation of protein is caused by oxidative radicals and ROS which 
can be provided from exogenous and endogenous sources. Exogenous sources 
include heat, trauma, ultrasound, ultraviolet light, ozone, smoking, exhaust fumes, 
radiation, infection, excessive exercise, and therapeutic drugs [ 15 – 17 ]. Endogenous 
sources are primarily:

   (1)  By-products of metabolic pathways—electron leakage from mitochondrial 
electron transport systems forming superoxide;  

  (2)  Functional generation by host defense cells (phagocytes) and cells of the con-
nective tissues (osteoclasts and fi broblasts).    

 Cell metabolism involves the consumption of oxygen and its utilization via gly-
colysis to form pyruvate within the mitochondria. The amino acid cycle follows and 
ATP is generated. However, electrons leak from their transporters at a constant rate, 
reducing oxygen to the superoxide anion. The incomplete reduction of oxygen is 
estimated at 1–3 % of consumed oxygen [ 18 ,  19 ] and at a rate that exceeds the mito-
chondrial antioxidant scavenger’s ability to remove superoxide. Superoxide dis-
mutase 2 functions to remove the superoxide radicals that form. Nevertheless, 
mitochondrial DNA damage by ROS and reactive nitrogen species (RNS) still occurs 
and is a process believed to be important in certain chronic diseases and in aging [ 20 ]. 

 Functional production of superoxide involves activation of the hexose- 
monophosphate (or NADPH-oxidase) shunt, which shunts glucose-6-phosphate from 
the glycolysis pathway and utilizes molecular oxygen and NADPH to form the super-
oxide radical anion (O 2  ·– ). This process comprises the so-called respiratory burst 
within neutrophilic polymorphonuclear leukocytes (neutrophils) and is stimulated by 
a variety of mitogens/antigens/cytokines and other mediators such as granulocyte–
macrophage colony-stimulating factor. Respiratory burst is known as an important 
killing mechanism in cells after phagocytosis of bacteria. Important activators are 
opsonized particles which activate Fcγ receptors (FcγR), bacterial DNA which can 
activate Toll-like receptors (e.g. TLR-4, TLR-9) [ 21 ], small peptides from bacteria, 
such as fMetLeuPhe, and protein kinase C agonists, such as phorbol myristate ace-
tate. The NADPH-oxidase has a complex structure including cytosolic sub-units (e.g. 
p47phox, p40phox, p67phox), and sub-units which are bound within the lipid mem-
brane (e.g. gp91phox, p22phox). The proximal pathways that link the cell surface 
receptors to the oxidase differ in temporal behavior and biochemical components, but 
the downstream pathways seem to converge at the cytosolic activation points of the 
NADPH-oxidase [ 22 ]. Therefore bacterial infection enhances production of superox-
ide mainly from infi ltrated neutrophils leading to generation of oxidated proteins.  

2.2.6     Biochemistry of Protein Oxidation 

 Oxidative modifi cation on proteins can occur both in the backbone and the side 
chain of a protein. Oxidative modifi cation in the backbone usually results in 

R. Isoda and K. Matsushita



19

backbone fragmentation through primarily hydrogen atom abstraction at alpha 
 carbon, while that in the side chain usually results in the formation of altered 
side-chains. 

 A variety of further consequences can occur after the initial oxidation of pro-
teins. Usually the initial oxidation of protein caused by ROS leads to a formation of 
new reactive species (peroxides, DOPA) or further radicals which can oxidate sensi-
tive biomolecules nearby. This reaction is repeated as a chain reaction until elec-
trons of those ROS or radicals are absorbed by antioxidants. This process is often 
called propagation of oxidative effect. 

 The alteration of side chain of protein molecules can cause unfolding or confor-
mational change. If this happens in multiple proteins simultaneously, dimerization 
or aggregation can also occur. Because structural conformation is critical for protein 
activities, those changes can affect in variety of functions of proteins. If this hap-
pens in enzymes or transcription factors, the functions of these molecules can be 
lost. This may affect numerous different cell functions including gene expressions, 
cell signaling, or induction of apoptosis and necrosis. Structural conformation is 
also important when proteins are recognized by protein processing systems in our 
body as well. Oxidative modifi cations of proteins can lead to alterations in cellular 
handling/turnover. This may further cause accumulation of abnormal proteins in 
cells which can be toxic [ 23 ,  24 ]. Above-mentioned consequences are summarized 
in a famous scheme (Fig.  2.1 ) created by Dean et al. [ 4 ].

  Fig. 2.1    Postulated mechanisms of protein modifi cation in vivo. This fi gure is adapted from Dean 
et al. and shows postulated mechanisms of oxidative protein modifi cations in vivo. Processes 
depicted in color are those likely to result in the amelioration of protein damage in vivo       
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2.2.7        Biological Characteristics of Protein Oxidation 

 For the most part, oxidatively modifi ed proteins are not repaired and must be 
removed by proteolytic degradation, and a decrease in the effi ciency of proteolysis 
will cause an increase in the cellular content of oxidatively modifi ed proteins. The 
level of these modifi ed molecules can be quantitated by measurement of the protein 
carbonyl content, which has been shown to increase in a variety of diseases and 
processes, most notably during aging. Accumulation of modifi ed proteins disrupts 
cellular function either by loss of catalytic and structural integrity or by interruption 
of regulatory pathway.  

2.2.8     Investigation 

 It is not easy to clarify the entire process in which protein modifi cation affects. It 
is mainly because that protein oxidation is not a simple reaction. As mentioned 
above, oxidation often initiates multi-step chain reactions. Furthermore, intermedi-
ates in these reactions are highly unstable and have very short lives. Until recently, 
only possible way to detect the protein oxidation was measurements of protein 
carbonyls. Recently, increasing numbers of research tools have been introduced as 
exemplifi ed by different monoclonal antibodies specifi c to oxidated motif such as 
malondialdehyde-oxidated- LDL, 4-hydroxy-2-nonenal (HNE), and hexanoyl-lysin 
(HEL). More and more developments of those useful tools are demanded.  

2.2.9     The Involvement of OPTM in Periodontal Disease 

 One of the authors of this chapter has been exploring the involvement of OPTM in 
several different disorders. Several representative publications revealed that nitric 
oxide regulates exocytosis by  S -nitrosylation or oxidation of Thiol-group on 
 N -ethylmaleimide-sensitive factor (NSF) [ 25 – 29 ]. In another publication, it was 
demonstrated that innate immune response is controlled by the  S -nitrosylation of 
MyD88 which is a key molecule of Toll-like receptor signal [ 30 ,  31 ]. Based on these 
experiences, it seems reasonable to think that OPTM is associated in the pathogen-
eses of PD as well as other chronic infl ammatory diseases. Although numbers of 
papers have implied the involvement of oxidative stress in the pathogenesis of PD, 
those are mostly indirect and circumstantial. 

 In this review article, authors will focus on a new possible mechanism connect-
ing OPTM and chronic infl ammatory disease, which is breakdown of immunologi-
cal tolerance. This mechanism is recently proposed [ 32 ,  33 ] and is implied to be 
involved in many chronic infl ammatory diseases including atherosclerosis and 
 autoimmune diseases. Authors would like to provide recent fi ndings concerning this 

R. Isoda and K. Matsushita



21

mechanism and discuss about the possible involvement in the pathogenesis of both 
infl ammatory bowel disease (IBD) and periodontal disease (PD).   

2.3     The Role of Protein Oxidative Modifi cation 
in Periodontal Diseases 

2.3.1     Defi nition of the Target in This Discussion 

 As previously discussed, involvement of post-translational protein modifi cation in 
various diseases has been proposed in recent years [ 1 ,  2 ]. In this chapter, we would 
like to discuss the possibility of its involvement in periodontal disease (PD). Before 
starting, we would like to defi ne the target of our discussion. The term “periodontal 
disease” may involve a broad range of pathogeneses that arise in the area of peri-
odontal tissue. In this review, we would like to use the term “periodontal disease” 
only to describe destructive chronic infl ammation related to dental plaque, which 
consists of oral commensal bacteria and their biofi lm. This category may include 
“chronic periodontitis”, “aggressive periodontitis”, and “periodontitis as a manifes-
tation of systemic diseases” as they were identifi ed in the most recent classifi cation 
of periodontal disease by American Association of Periodontology [ 34 ].  

2.3.2     The Changing Concept of the Pathogenicity 
of Periodontal Disease 

 In earlier days, when periodontal research was carried out mostly from the view-
point of microbiology, periodontal disease was considered as an infection of specifi c 
causative bacteria and tissue destruction in this disease was thought to be caused by 
direct or indirect effects of specifi c pathogenic factors of those bacteria. Through the 
decades, however, this concept is changing. Nowadays, an increasing number of 
publications are suggesting that the direct effectors of the periodontal tissue destruc-
tions are components of the host immune system [ 35 – 41 ]. Although the old concept 
is still supported by many researchers, periodontopathic bacteria are now consid-
ered as a part of oral commensal bacteria rather than transient intruders. 

 All of the alimentary tract including oral cavity and colon lumen are covered by 
a heavy load of endogenous bacteria and are exposed to the fl ow of food. At the 
same time, mucosal surface of alimentary tract can be an entrance to foreign patho-
genic bacteria. Therefore, it is currently accepted that antigen-specifi c immunologi-
cal tolerance to those endogenous bacteria and food antigens exists so that systemic 
adaptive immune system would not overreact against those antigens, while at the 
same time maintaining reactivity to pathogenic bacteria [ 42 ]. 
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 It is still controversial if this “dogma” can be applied to oral commensal bacteria. 
For example, some researchers propose that immunological tolerance exists to oral 
commensal bacteria and breakdown of this tolerance may cause periodontal bone loss 
via RANKL-dependent manner [ 43 ]. Other researchers insist that  Porphyromonas 
gingivalis  ( P. gingivalis ), which is a representative periodontopathic oral bacteria, 
is not commensal bacteria, even though  P. gingivalis  can be isolated from healthy 
individuals. They explain that  P. gingivalis  is an opportunistic pathogen [ 44 ] rather 
than peaceful commensal bacteria. Thus, it may be fair to say that the recent concept 
regards periodontal disease as “chronic infl ammatory disorder in which complex 
interaction of oral commensal bacteria and host immune  system are involved.”  

2.3.3     IBD: Another Complicated Disorder 
in the Alimentary Tract 

 There is another complicated disorder in which aberrant host immune responses 
against endogenous bacteria are involved in the alimentary tract. This is known as 
IBD. IBD is a chronic infl ammatory condition of the intestine, which is character-
ized by rectal bleeding, severe diarrhea, and weight loss. The two major types of 
IBD are ulcerative colitis (UC) and Crohn disease (CD). IBD used to be found 
mainly in Western countries, namely Europe and the USA, but the numbers of cases 
are increasing in other areas of the world. Accordingly, reliable etiological data 
from those recently emerging world regions has not yet been available. What we do 
know is that currently up to 1.4 million Americans have IBD, with ~30,000 new 
cases being diagnosed each year. At present, there is no cure for IBD. Over the long 
term, up to 75 % of patients with CD and 25–33 % of those with UC will require 
surgery. Although the clinical symptoms are similar, the pathological characteristics 
of these two diseases are quite different. UC is characterized by confl uent infl amma-
tion of the colonic mucosa, extending to a variable extent from the rectum to the 
proximal colon. CD, on the other hand, is characterized by discontinuous transmu-
ral infl ammation, involving any portion of the gastrointestinal tract, but most com-
monly the terminal ileum [ 45 ]. Even with these different characteristics, these two 
diseases are considered to share the similar mechanism of pathogenesis. 

 In 1995, Duchmann et al. [ 46 ] introduced the idea that immunological tolerance 
exists toward intestinal commensal bacteria and this tolerance was broken in active 
IBD. Before this paper, the relationship of commensal bacteria to host immune 
system was unknown or was thought to be ignored by the immune system: because 
alimentary tract is still outside of the body, i.e. beyond the area to be protected by 
the immune system. This paper evoked lively arguments concerning the pathogen-
esis of IBD, where at times their theory was vigorously scrutinized, but the principle 
concept of immunological tolerance exist toward intestinal commensal bacteria 
remained unaffected. The current general agreement is that IBD is the result of the 
interplay of at least four factors: genetic predisposition, an altered immune response, 
the microbial fl ora of the gut, and environmental factors that may act as a trigger of 
the disease manifestations [ 38 ]. 
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 For the genetic predisposition, specifi cally, large-scale genetic investigations 
have revealed that mutation in ATG16L1 (autophagy-related 16-like 1) gene has 
strong relation to the pathogenesis of CD [ 47 ,  48 ].  

2.3.4     IBD and PD: Are These Share Similarities? 

 In 2001, Brandtzaeg pointed out the similarity of periodontal disease to IBD. In his 
review article [ 49 ], he described “both infl ammatory disorders (IBD and PD) can 
apparently be explained by endogenous infection inducing hypersensitivity against 
commensal bacteria.” His suggestion was, however, not well accepted in the dental 
research fi eld. Investigations in line with this concept fell out of interest until 2010, 
when similarity of IBD and PD was fi nally revisited by Indriolo et al. [ 38 ]. 

 One of the reasons why most researchers in periodontology fi eld do not consider 
these two diseases to be similar may be due to the difference in their immuno- 
pathological characteristics. The periodontal disease lesion is characterized by the 
dominance of plasma cells and lymphocytes in the infl ammatory infi ltrate [ 50 – 57 ], 
while the majority of the infi ltrates in IBD lesion are T cells. It should be noted that 
more detailed characteristics of the lesions of UC and CD are quite different as well. 
UC lesion is characterized by an atypical Th2 response, with elevated production of 
IL-13, while in CD predominates a Th1 type of immune response, dominated by 
overproduction of IFN-gamma. Even so, researchers in the fi eld of gastroenterology 
still recognize them as the same pathogenesis. Therefore, it may be that periodontal 
researchers are simply overreacting to the pathological difference between IBD and 
PD. Perhaps periodontal researchers should set aside these differences and concen-
trate their effort on learning from the fi eld of IBD research. 

 From the clinical point of view, both IBD and PD show similar natural history. In 
PD, the destruction of periodontal tissue does not occur at a constant rate: instead, 
there are cycles in which rapid tissue destruction occurs followed by slowing or 
even remission of the process. Socransky et al. [ 58 ] described this nature of PD and 
proposed a “random burst theory,” which has been well accepted until now. 

 On the other hand, IBD is a refractory disease and frequent relapses occur after 
certain period of remissions [ 38 ]. It should be of note that the progresses of both 
diseases are not continuous. This may imply that the manifestations of both diseases 
arise from imbalance of delicate homeostasis. The homeostasis of immunological 
tolerance to endogenous fl ora may be disrupted at the onset of the diseases and can 
be returned to its balanced form when the cause disappears or at least becomes weak. 

 The above-mentioned “random burst theory” also comprises the site specifi city. 
Even within a dentition in a patient, aggressive tissue destruction can occur in one 
site (i.e. periodontal pocket) while the adjacent site shows no sign of destruction. 
Similarly, CD is known to form discontinued lesions along the gastrointestinal tract 
in terminal ileum. This may mean that certain local factors are involved in the initia-
tion or progress of both diseases, but so far, there are no good explanations why 
such site specifi cities exist in both diseases. Further research is necessary in order to 
elucidate the natural history of these two diseases. 
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 As described so far, the similarity of IBD and PD is not well recognized in 
 periodontal research fi led.    Indriolo et al. stated in their review paper, “To our knowl-
edge, this paper is the fi rst review evaluating the possible common pathogenic path-
ways between PD and IBD.” The similarity of IBD and PD, however, seems more 
reasonable when the involvement of protein oxidation is taken into consideration.  

2.3.5     Post-translational Protein Oxidization in IBD 

 As stated earlier, protein oxidation can be associated with aging and many chronic 
infl ammatory diseases including atherosclerosis, rheumatoid arthritis, diabetes, and 
neurodegenerative diseases [ 59 ]. As new fi ndings are accumulated year by year, 
several papers recently proposed that epitopes created through OPTM can induce a 
breakdown of immunological tolerance toward various antigens as well [ 32 ,  33 ,  60 ]. 
The underlying mechanism of this induction is molecular mimicry. Lipid and pro-
tein epitopes generated by lipid peroxidization (adducts) show cross-reactivities 
against DNA or epitopes expressed on cells undergoing apoptosis. Under normal 
conditions, antibodies against DNAs or apoptotic cells should not exist because they 
are self-reacting antibodies (Fig.  2.2 ). Oxidative modifi cations of biomolecules, 
however, may be able to generate new epitopes which have molecular similarity and 
may induce new antibodies which recognize self-antigens. These revelations 
expanded the possibility    of OPTM involvement to chronic infl ammatory diseases.

   Some groups of researchers are also speculating the relationship between OPTM 
and IBD pathogenesis, but it has not been clearly demonstrated yet [ 45 ,  61 ]. 

 Recent advancement in genetic research has provided supporting fi ndings con-
cerning OPTM involvement in IBD pathogenesis (Fig.  2.3 ). Etiological studies had 
implicated ATG16L1 protein to Crohn disease [ 48 ], thus suggesting that dysregula-
tion of autophagy is one of the mechanisms of the pathogenesis of IBD. In 2008, 
Saito et al. clarifi ed the mechanism of ATG16L1 in the pathogenesis of endotoxin- 
induced infl ammatory diseases in mice. After that, involvement of more and more 
numbers of autophagy related genes was found in IBD patients.

   It is currently considered that OPTM adducts are removed from our body by 
autophagy. If the function of autophagy is impaired in IBD due to other predis-
posed factors, it is plausible to think that accumulation of unprocessed OPTM 
adducts can occur and may sensitize the immune system leading to the production 
of harmful cross-reacting antibodies to both OPTM adducts and bacterial antigens. 
Candidates for cross-reacting bacterial epitopes which have been proposed so far 
are phosphocholine (PC) and cardiolipin. It can be possible that more cross-reacting 
antigens will be discovered in the future, however, given that specifi c immunologi-
cal tolerance to PC and cardiolipin exists under usual circumstances and given that 
the breakdown of the tolerance to commensal bacteria is the principle pathogenesis 
of IBD, PC and cardiolipin are more than enough to be considered as the direct 
causative agents. 

 The regulation of immunological tolerance may not be so simple that the increase 
of the untreated OPTM adducts can easily breakdown the tolerance. It is also known, 
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however, that both of those cross-reacting antigens, i.e. OPTM adducts and bacterial 
epitopes, are recognized by natural antibody IgM, which is one of the components 
of innate immunity. Therefore, there can be yet unknown regulatory mechanisms 
bridging innate and adaptive immune systems. This void in research further strength-
ens the need for future investigations.  

2.3.6     Post-translational Protein Oxidization in PD 

 In case of PD, similar mechanisms which is underlying in the pathogenesis of IBD 
can be involved and this can be the reason why these two diseases show resembling 
natural history as described above (Fig.  2.4 ). Additionally, a noteworthy paper was 
published this year on the involvement of OPTM in PD. Turunen et al. [ 62 ] demon-
strated that natural antibody IgM that is specifi c to one of the OPTM adducts, 

  Fig. 2.2    Homeostasis of immune responses in healthy individual. This fi gure shows schematic 
expression of homeostasis of immune responses in healthy individual. Biomolecules (such as 
LDL) undergoes oxidative stress-induced post-translational modifi cation (OPTM) and certain epi-
topes are converted to unusual forms. Such unusual epitopes (adduct) share molecular similarity 
with damage (Danger) associated molecular patterns (DMAPs) on apoptotic cells and pathogen 
associated molecular patterns (PAMPs) on commensal bacteria. This shared epitope is recognized 
by natural antibody whose subclass is IgM. Oxidatively modifi ed proteins and apoptic cells are 
removed from cells and tissues by autophagy; therefore, the epitope does not evoke severe immune 
responses. At the same time, specifi c immunological tolerance exists towards commensal bacteria 
of our body       
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malondialdehyde- oxidated molecule (MDA molecule) on oxidated LDL (OxLDL) 
has cross-reactivity against gingipain on  P. gingivalis  which is a major causative 
microbial agent of PD.

   Although the aim of the authors was to suggest the potential roles of a natural 
antibody specifi c to this shared epitope in both atherosclerosis and PD, this paper 
provided a lot of implications to the pathogenesis of PD. 

 First of all, their data demonstrated that immunization with killed  P. gingivalis  
whole cell or various fragments of gingipain was protective to atherogenesis, prob-
ably through diminishing uptake of OxLDL by macrophages. This result went 
against many previous publications reporting the positive relationship between ath-
erosclerosis and  P. gingivalis  infection, because specifi c antibodies against major 
pathogenic factors are usually induced after infections. It is of note that the antibody 
subclass induced by  P. gingivalis  immunization was IgM class and gingipain- specifi c 
IgG antibody was not developed in either wild-type C57BL/6 or LDLR−/− mice. 
This fi nding is confl icting against the previous papers demonstrating that IgG class 
antibody could be induced by the immunization of gingipain [ 63 – 66 ]; however, it 
must be noted that either incomplete or complete Freund’s adjuvant was used in the 
immunization in each of those papers, while adjuvant was not used in Turunen 

  Fig. 2.3    Hypothetic involvement of OPTM in the pathogenesis of IBD. This fi gure shows sche-
matic expression of the involvement of OPTM in IBD. Due to the predisposed factors, the function 
of autophagy declines in susceptible individuals. This leads to the accumulations of untreated 
modifi ed proteins and apoptotic cells which further result in increase of shared epitope. This 
increase alters systemic immunological status and induce strong systemic immune response spe-
cifi c to the shared epitope. This immune response shows cross-reactivity with PAMPs on com-
mensal bacteria and causes breakdown of immunological tolerance against commensal bacteria 
which is a proposed pathogenesis of IBD       
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et al.’s experiment. Many researchers in periodontal research area insist that  gingipain 
is such a powerful protease that can degrade immunoglobulins. This could be the 
reason for the failure of IgG Ab induction, but such a powerful protease has never 
been reported in any other bacteria. It is also diffi cult to explain why IgM subclass 
antibody was induced while IgG subclass was not. It may be more plausible to think 
that there is an yet identifi ed regulatory mechanisms which is repressing the induc-
tion of gingipain-specifi c IgG antibodies. Furthermore, such regulatory mechanism 
can be canceled out by the usage of adjuvants. 

 It is also intriguing that immunizations with killed whole  P. gingivalis  or differ-
ent fragments of gingipain were atheroprotective. Because specifi c antibodies 
against major pathogenic factors are usually induced after bacterial infections, 
Turunen et al.’s result did not agree with many other reports indicating that PD is a 
potential risk factor of atherosclerosis. This can be indicating that pathogenesis of 
PD is different from mere infection of periodontopathic bacteria. Because IgM 
 antibody is a highly conserved subclass among wide variety of species, it may have 
other functions than mere protection from bacterial infection, for example, regula-
tion of other immune responses including other components in innate and adaptive 
immune systems. 

  Fig. 2.4    Hypothetic involvement of OPTM in the pathogenesis of PD. This fi gure shows sche-
matic expression of the involvement of OPTM in PD. In the case of PD, predisposed factors which 
lead to accumulation of oxidatively modifi ed adducts have not yet fi rmly determined. Increase of 
OPTM is, however, reported to occur in various conditions including aging and infl ammations. 
Gingipain, which is one of the major pathogenic factors of  P. gingivalis , shares molecular similar-
ity with one of the common adducts on oxidated LDL and increase of this adduct can breakdown 
immunological tolerance against gingipain. Involvement of other cross-reacting antigens (PAMPs) 
is still unknown. Oral cavity-specifi c immune-regulations may exist, but relationship with this 
regulation and natural IgM antibodies or adaptive immune systems is still under investigation       
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 Finally and most importantly, it is possible that results from Turunen et al.’s 
paper are indicating that specifi c immunological tolerance against gingipain on  
P. gingivalis  can be broken down when an OPTM adduct that shows molecular 
mimicry to gingipain increases and starts inducing cross-reacting antibodies. The 
induced gingipain-specifi c antibodies can be exudated into gingival crevicular fl uid 
and can initiate aberrant immune responses leading to chronic infl ammation. 

 As briefl y mentioned earlier, two bacterial epitopes are known to show molecular 
mimicry with OPTM adducts. They are phosphocholine (PC) and cardiolipin. Many 
bacteria express epitopes containing PC, including approximately 30 % of the 
strains colonizing the oral cavity such as  Aggregatibacter actinomycetemcomitans , 
 Fusobacterium nucleatum , and  Streptococcus sanguis  [ 62 ,  67 ,  68 ]. Bacterial strains 
can be classifi ed as PC-bearing or devoid of PC according to their ability to incor-
porate choline from the culture medium [ 69 ]. 

 The signifi cance of Turunen et al.’s paper is that they discovered a novel cross- 
reacting epitope on the major periodontophatic bacteria  P. gingivalis . Interestingly, 
some  P. gingivalis  strain is devoid of PC [ 69 ], but bears this new cross-reacting 
antigen. This feature may make  P. gingivalis  a unique candidate causative agent 
among many oral commensal bacteria. This paper is providing a strong rationale to 
the involvement of protein oxidative modifi cation in the pathogenesis of PD. Further 
investigations are expected if other putative periodontopathic bacteria have their 
own antigens which have molecular mimicry with OPTM adducts.   

2.4     Conclusions 

 Association of protein oxidative modifi cation in the pathogenesis of PD has been 
proposed many years. A new hypothesis of the potential mechanism explaining the 
association was discussed: it is the breakdown of immunological tolerance against 
the causative bacteria, which are commensal bacteria. This hypothesis can be appli-
cable to both IBD and PD because both diseases can be caused by the breakdown of 
immunological tolerance to commensal bacteria. The breakdown of immunological 
tolerance to self-antigens caused by the accumulation of untreated OPTM adducts 
have been proposed in autoimmune diseases or chronic infl ammatory diseases and 
the proposed underlying mechanism is molecular mimicries between self-antigens 
and OPTM adducts. 

 To our knowledge, this review article is the fi rst one in which the above concept 
was introduced to IBD and PD research and discussed.     
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3.1            Introduction 

 Periodontal diseases include gingivitis and periodontitis. Periodontitis is a chronic 
infl ammatory disease characterized by gingival bleeding, periodontal pocket forma-
tion, connective tissue destruction, and alveolar bone resorption leading to tooth 
loss [ 1 ,  2 ]. Oral bacterial pathogens are responsible for the initiation and progres-
sion of periodontitis [ 3 ,  4 ]. The pathogenesis of periodontal diseases involves host 
response to subgingival periodontal bacteria [e.g.,  Porphyromonas gingivalis  
( P. gingivalis ),  Fusobacterium nucleatum  ( F. nucleatum )] [ 5 ], which is identifi ed as 
exaggerated infl ammation that fails to remove the causative organisms and results 
in chronic non-resolving infl ammation and tissue damage [ 6 ]. 

 The generation of reactive oxygen species (ROS), namely superoxide, hydroxyl 
and nitric oxide radicals, hydrogen peroxide and hypochlorous acid, as well as nitric 
oxide (NO), represents an important pathogenic mechanism for diseases associated 
with phagocytic infi ltration and bone resorption [ 7 ,  8 ] as the host defense mecha-
nism against the invading pathogen [ 9 ]. The production of ROS is an essential pro-
tective mechanism against diseases [ 10 ,  11 ]. However, overproduced ROS oxidizes 
DNA, lipids, and proteins that contribute to tissue damage [ 12 ,  13 ]. Increasing evi-
dence has indicated that periodontitis induces excessive ROS production in peri-
odontal tissue [ 14 – 18 ]. Clinical studies have shown that periodontitis is correlated 
with increased lipid peroxidation in gingival crevicular fl uid and saliva [ 14 – 16 ]. 
Randomized clinical trials have also shown that periodontal treatment reduces oxi-
dative stress [ 17 ,  18 ]. In animal studies, periodontitis has been reported to induce 
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oxidative DNA damage [ 19 ], lipid damage [ 20 ], and protein damage [ 20 ] in 
 connective tissue and increase hydrogen peroxide in polymorphonuclear leukocytes 
and epithelium [ 21 ,  22 ]. 

 Animal model studies have contributed to the generation of new knowledge in 
biological sciences. Research on the host response using animals is critically impor-
tant for analysis of periodontitis and development of improved treatment protocols 
[ 23 ]. Furthermore, cause and effect relationships can be established by applying 
inhibitors or activators or through the use of genetically modifi ed animals. Due to 
important ethical considerations, it is often diffi cult to perform such gain or loss of 
function studies in humans, particularly to obtain target tissue [ 24 ]. Various meth-
ods have been used to study the pathogenesis of periodontitis and to assess thera-
peutic modalities against the disease. The relationship between oxidative stress and 
periodontitis has also been investigated in animal models. In this chapter, we sum-
marize this relationship and potential of animal models.  

3.2     Animal Models Used in Periodontology 

 Animal models have been extensively used in periodontal research. The model has 
resulted in signifi cant advances in our understanding of etiology, pathogenesis, 
 prevention, and treatment [ 25 ]. 

 An optimal animal model of periodontal diseases needs to be standardized, 
reproducible, and share some characteristics with humans, such as periodontal anat-
omy, etiology, pathophysiology, disease course, and clinical outcome [ 26 ]. Other 
desired attributes include availability and simplicity of handling. The most com-
monly used models are dogs and nonhuman primates (monkeys), although other 
animals (rats, mice, hamsters, rabbits, miniature pigs, ferrets, and sheep) have also 
been used [ 25 ]. The advantages and disadvantages of different animal models in 
periodontal research are summarized in Table  3.1 .

   Table 3.1    Advantages and disadvantages of different animal models in periodontal research a    

 Model 

 Research on 
oxidative 
stress 

 Established 
disease 
model  Anatomy 

 Spontaneous 
periodontal 
disease 

 Oral 
microfl ora 

 Genetic 
association 
study 

 Nonhuman 
primates 

 D  A  A  A  A  D 

 Dogs  D  A  A  A  A  D 
 Rats/mice      A   A  D  D  D  A 
 Hamsters  D  D  D  D  D  D 
 Rabbits  D  D  D  D  D  D 
 Miniature pigs  D  A  A  A  A  D 
 Ferrets  D  D  D  A  A  D 
 Sheep  D  D  A  A  A  D 

   A  advantage,  D  disadvantage 
  a Table is modifi ed from [ 26 ]  

M. Morita et al.



35

3.2.1       Nonhuman Primates 

 Nonhuman primates have been used in periodontology in several studies because 
of their anatomical, immunological, and microbiological similarity to the human 
oral cavity and periodontium [ 26 ]. The organization of collagen fi bers in gingival 
and periodontal connective tissue is similar to that of humans [ 25 ]. Clinically, 
healthy monkey gingiva is histologically indistinguishable from human gingiva. 
Nonhuman primates have naturally occurring dental plaque, calculus, oral micro-
bial pathogens (e.g.,  P. gingivalis ), and periodontal diseases. Rhesus monkeys 
( Macaca mulatta ), cynomolgus monkeys ( Macaca fascicularis ), and baboons 
( Papio anubis ) are susceptible to naturally occurring periodontal diseases [ 27 ]. 
These animal models are considered the closest to humans in terms of periodontal 
diseases [ 25 ,  28 ]. Many studies have been carried out related to periodontal heal-
ing, fi lling with biomaterials, guided tissue regeneration, enamel matrix deriva-
tives, and implant surgery [ 29 ,  30 ]. 

 However, these models have some limitations. The naturally occurring periodon-
titis appears later in life, the lesions are asymmetrical, and the teeth and pocket 
depths are much smaller than in humans [ 25 ,  26 ]. The infl ammatory infi ltrate asso-
ciated with periodontal diseases is microscopically similar to humans in some spe-
cies such as the cynomolgus monkeys ( M. fascicularis ), but the squirrel monkeys 
( Saimiri sciureus ) and marmosets have limited numbers of lymphocytes and plasma 
cells, making them inappropriate models for studying pathogenesis of periodontitis 
[ 27 ,  31 – 34 ]. Furthermore, to accelerate periodontitis, plaque accumulating devices, 
such as orthodontic elastic ligatures or sutures, should be placed apical to the inter-
proximal region around selected molars [ 35 ]. Research on nonhuman primates is 
hindered by high costs, ethical considerations, diffi culty in handling, aggressive-
ness, high susceptibility to infections and systemic illness, and the possibility of 
infectious agent transmission from and to these animals [ 25 ,  26 ].  

3.2.2     Dogs 

 Dogs provide an appropriate model to study naturally occurring gingivitis and peri-
odontitis [ 36 ]. Therefore dogs, particularly beagles, are used in dental research for 
the study of periodontal disease progression, guided tissue regeneration, tissue 
wound healing, and dental implants [ 23 ,  37 ]. In dogs, the subgingival plaque 
involves predominantly anaerobic gram (−) negative cocci and rods,  P. gingivalis  
and  F. nucleatum , similar to human bacteria [ 38 ,  39 ]. Histological traits of the nor-
mal and diseased periodontium are similar in humans and dogs [ 40 ]. Moreover, 
there is a high prevalence of periodontal diseases in the canine population [ 41 ,  42 ]. 
The severity of the disease increases with age and frequently results in tooth loss 
[ 23 ]. Susceptibility or resistance to periodontal diseases in different breeds is mainly 
dictated by genetic variations [ 43 ] rather than the diet [ 44 ]. In periodontal research, 
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in parallel with naturally occurring periodontal diseases, it is possible to induce 
experimental periodontal defects by placing silk bindings around the teeth for a 
period of 4–6 months or to use surgically created lesions [ 45 ]. 

 Although the gingivitis and periodontitis lesions in dogs closely resemble those 
in humans, there are still differences [ 25 ]. Infl ammatory lesions in dogs begin in the 
most coronal portion of the connective tissue at the gingival margin, rather than 
lateral and apical to the base of the gingival sulcus as in humans. With increasing 
severity of gingivitis, the entire thickness of the marginal gingiva is involved and 
not just the tissue lateral to the gingival pocket wall [ 46 ]. The subgingival micro-
fl ora in beagle dogs with relatively healthy gingiva is different from humans with a 
high percentage of gram-negative bacteria. In periodontal diseases, there is an 
increase in catalase-positive  Prevotella melaninogenica , which is not seen in 
humans, and a decrease in gram-negative facultative rods isolated from ligated sites 
[ 47 ]. Limitations of the use of a canine model includes great inter-animal variabil-
ity, high expense, limited number of bony defects available, and faster bone forma-
tion [ 48 ]. Furthermore, animal care regulations, including daily companionship, 
exercise, space, and maintenance, make the use of dogs less desirable in periodon-
tal studies [ 23 ].  

3.2.3     Rats and Mice 

 Rats and mice have been used because of their small size, low cost, easy availability, 
ease of handling and housing, and the detailed knowledge of their genetic makeup. 
Additionally, they present some anatomical and histological similarities with the 
human periodontium and periodontal diseases [ 49 ]. 

 Most histologic features of the epithelium and connective tissue in the rat are 
similar to those of humans except for the sulcular epithelium which is keratinized 
[ 50 ]. One of the most successful approaches to study oral disease in rats appears to 
be the utilization of the gnotobiotic or germ-free rat [ 25 ]. Gnotobiotic rats have been 
used to demonstrate the ability of various fi lamentous bacteria to form plaque and 
induce periodontal diseases in the absence of other bacteria [ 51 ]. There is evidence 
from the literature demonstrating horizontal bone loss in rats infected with 
 Aggregatibacter  ( Actinobacillus )  actinomycetemcomitans  ( A. actinomycetemcomi-
tans ) [ 52 – 56 ] or  P. gingivalis  [ 54 – 57 ]. Periodontitis has been induced in rats by 
placing a bacterial plaque-retentive silk or cotton ligature in the gingival sulcus 
around the molar teeth [ 58 ]. In addition, alveolar bone loss has been induced by the 
injection of  P. gingivalis  [ 59 ] or topical application of bacterial pathogens [ 3 ,  21 , 
 22 ,  60 ]. These animals can also be used in periodontal tissue regeneration and bone 
healing studies [ 45 ]. 

 However, signifi cant differences in oral cavity size, dental anatomy, oral 
microfl ora, infl ammatory processes, and periodontal disease lesions have been 
observed in rats [ 25 ,  49 ]. The gingival response is only an acute immune infi ltrate. 
Lesions induced by gram-negative bacteria showed minimal infl ammation [ 25 ]. 
The connective tissue infi ltrate contained primarily neutrophils, few lymphocytes, 
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and no plasma cells [ 25 ]. Thus, the destructive process in response to gram-negative 
bacteria can occur in the absence of a cell-mediated immune response [ 61 ], which 
is not similar to humans. Another difference between rat and human periodontal 
diseases is that instead of the lesion extending along the root surface as in man, 
the most apical extent of the lesion is located along the central part of the interdental 
tissues [ 25 ]. Bone loss could occur without apical migration of the junctional 
epithelium [ 62 ]. 

 The use of gnotobiotic or germ-free mice also allows for the study of the indi-
vidual effects of a particular bacterium without the interference of other microor-
ganisms. The Baker mouse model of periodontitis has been used to measure alveolar 
bone resorption caused by oral bacterial inoculums as an outcome for the clinical 
presentation of periodontitis in humans [ 63 ]. To assess the virulence of periodontal 
pathogens, specifi c pathogen-free female mice were orally infected with strains of 
 A. actinomycetemcomitans  and/or  P. gingivalis  [ 64 – 66 ].  P. gingivalis  partially initi-
ated experimental periodontitis by modifying the endogenous subgingival biofi lm 
to acquire enhanced virulence [ 67 ]. This model, however, may not reproduce all 
aspects of human periodontitis initiation and progression. The Chemically Induced 
Mouse Model is also used for inducing periodontal infl ammation and alveolar bone 
loss by using trinitrobenzene sulfonic acid or dextran sulfate sodium [ 68 ,  69 ]. 
Implementation of the infl ammatory bone resorption model will enable determina-
tion of ROS contribution to infl ammatory disease lesions in the oral cavity. 
Furthermore, the use of knockout mouse models facilitates the exploration of new 
concepts regarding the pathogenesis of periodontal diseases [ 70 ,  71 ]. However, 
these mouse models have the same limitations as rat models.  

3.2.4     Hamsters 

 Hamsters have been used mainly in bacteriological studies [ 72 ]. They have been 
used to demonstrate the transmissibility of periodontal diseases with plaque bacteria 
[ 73 ] and develop experimental periodontitis using ligatures around the molar teeth 
[ 72 ,  74 ,  75 ]. Periodontal diseases in hamsters are similar to those in rats, and there-
fore present the same limitations [ 23 ,  25 ].  

3.2.5     Rabbits 

 Rabbits have been used in periodontal tissue regeneration studies [ 45 ,  72 ]. 
Characterization of the oral microorganisms in rabbits shows numerous pathogenic 
bacteria, such as  F. nucleatum ,  Prevotella heparinolytica ,  Micromonas micros , and 
 Arcanobacterium haemolyticum , which are somehow consistent with the fl ora 
related to periodontal diseases in humans [ 76 ]. However, rabbits do not exhibit the 
spontaneous form of periodontal diseases and there is no standardized model with 
respect to relevant aspects of periodontal disease pathogenesis [ 77 ].  

3 Association Between Oxidative Stress and Periodontal Diseases…



38

3.2.6     Miniature Pigs 

 Miniature pigs are described as useful animal models in periodontal diseases [ 78 , 
 79 ]. The animals are very similar to humans in oral and maxillofacial anatomy and 
infl ammatory response. Miniature pigs develop spontaneous periodontal diseases 
with high prevalence at a young age. These animals have been used to test the regen-
erative capacity of periodontal tissues [ 78 ], the effects of dental lasers on periodon-
tal healing, and dental implant surgery [ 80 ].  

3.2.7     Ferrets 

 The domestic ferrets naturally develop calculus and their clinical characteristics of 
periodontal diseases are similar to humans [ 25 ,  81 ,  82 ]. The ferret has both a decidu-
ous and a permanent dentition [ 25 ]. The tissues respond by characteristic infl amma-
tory reactions, which are identical in all respects to those found in human gingivitis 
[ 81 ]. Calculus and plaque deposition and impingement on the gingival crest lead to 
loss of keratin and splitting of the junctional epithelium with pocket formation [ 25 ]. 
The animals appear to be good alternatives to dogs and primates in the ligature-
induced periodontitis model [ 82 ,  83 ]. Ferrets are a suitable model to study calculus, 
because calculus formation in ferrets does not depend on the diet unlike rodents and 
can be scored in live ferrets [ 23 ,  81 ]. However, they easily escape from standard 
cages and thus need special maintenance [ 23 ]. Further studies are needed to confi rm 
the use of this animal as an appropriate model for periodontology [ 23 ].  

3.2.8     Domestic Sheep 

 Sheep naturally develop periodontitis [ 84 ]. The periodontium, oral microfl ora in 
periodontal diseases, and bone metabolism in sheep are similar to those of humans 
[ 49 ]. The model is suitable for training surgical methods and for guided tissue 
regeneration research [ 85 ,  86 ]. However, there are disadvantages, such as size, cost, 
and handling demands, as well as the challenging diagnosis of periodontal diseases 
as a result of poor access to posterior teeth [ 49 ,  84 ].   

3.3     Oxidative Stress and Periodontitis in Animal 
Model Studies 

 In the periodontal tissue, host cells such as polymorphonuclear leukocytes produce 
ROS as part of the host defense against bacterial pathogens [ 87 ]. However, when 
ROS overwhelm the cellular antioxidant defense, damage to DNA, proteins, and 
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lipids in host tissue also occurs (oxidative stress) [ 88 ]. Here, we summarize the 
relationship between oxidative stress and periodontitis in animal model studies and 
show that periodontal oxidative stress increases with periodontal infl ammation. 

3.3.1     Rats 

 In a rat ligature-induced periodontitis (a traditional and established model), the ani-
mals showed apical migration of junctional epithelium, infl ammatory cell infi ltra-
tion in the connective tissue and bone resorption [ 20 ]. These histopathological 
changes suggested that oxidative damage occurred in the periodontium. Higher lev-
els of 8-hydroxydeoxyguanosine (8-OHdG) (a marker of oxidative DNA damage), 
hexanoyl-lysine, malonaldehyde or thiobarbituric acid-reactive substances (TBARS) 
(a marker of lipid peroxidation), and nitrotyrosine (a marker of oxidative protein 
damage) were observed in periodontitis compared to the control [ 20 ,  89 – 98 ]. The 
levels of other markers related to oxidative stress, such as NOx, myeloperoxidase, 
and inducible nitric oxide synthase (iNOS), were also higher than those in the con-
trol [ 93 ,  94 ,  98 – 100 ]. Decreased reduced/oxidized glutathione ratio in gingiva was 
induced by periodontitis [ 90 ,  91 ,  93 ]. Furthermore, in a rat model, ligature-induced 
periodontitis showed a higher serum level of lipid peroxidation compared to the 
controls [ 92 ,  101 ,  102 ]. The serum level for hexanoyl-lysine was elevated in a time- 
dependent manner by ligature-induced periodontitis in rats. It is suggested that the 
progression of periodontitis induces oxidative stress not only in periodontium but 
also in circulating blood. 

 In another rat model, oxidative stress was also observed in the periodontium dur-
ing the initiation of periodontitis. Periodontitis was induced after an 8-week daily-
topical application of 25 μg/μl  Escherichia coli  lipopolysaccharide (LPS), 
suspension in pyrogen-free water, and 2.25 U/μl proteases from  Streptomyces gri-
seus  daily by micropipette into the palatal gingival sulcus of both maxillary fi rst 
molars within 1 h [ 3 ]. The levels of ROS and 8-hydroxydeoxyguanosine were higher 
in periodontitis than those of the control [ 21 ,  22 ]. An additional study has also been 
conducted that focused on the roles of epithelium in periodontitis [ 22 ]. After laser-
capture microscopy for the isolation of epithelium, microarray analysis revealed 
that of the genes induced in response to disease onset (9,031 of 19,730) only 42 
showed a greater than fourfold increase in expression [ 22 ]. Within the top 10 of this 
group, three genes, monoamine oxidase B (Maob, 5.72-fold) and fl avin- containing 
monooxygenase 1 (Fmo1, 6.70-fold) and 2 (Fmo2, 7.26-fold) were involved in reac-
tive oxygen signaling [ 22 ]. Conversely, no antioxidant genes were found to be up-
regulated, but instead showed consistently decreased expression [ 22 ]. Taken 
together, these results indicate that LPS induced overall epithelial oxidative stress. 

 In rats, periodontitis was also induced by a single injection of LPS from  E. coli  
LPS (10 μg/μl saline) into the mandibular gingiva [ 103 ]. The periodontitis group 
showed a signifi cant increase in periodontal interleukin (IL)-1β, lipid peroxidation, 
8-OHdG, apical migration of junctional epithelium, alveolar bone resorption, and 
number of polymorphonuclear leukocytes [ 103 ].  
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3.3.2     Mice 

 There are some infection and knockout (KO) models. Toll-like receptor (TLR) 
2-defi cient mice developed more severe periodontitis after  Aggregatibacter actino-
mycetemcomitans  (previously  Actinobacillus actinomycetemcomitans ) infection, 
characterized by signifi cantly higher bone loss and infl ammatory cell migration to 
periodontal tissues [ 104 ]. Phagocytosis and NO production were diminished in 
macrophages and neutrophils from these TLR2(−/−) mice [ 104 ]. 

 Mice infected recurrently with live  F. nucleatum  synthesize a signifi cant amount 
of NO between 12 and 24 h after  F. nucleatum  injection [ 105 ]. In these mice, the 
increase of the total cell numbers caused by an increase in neutrophils, a signifi cant 
NO production only after injection of live  F. nucleatum  at 24 h and identifi cation of 
iNOS positive macrophages were confi rmed [ 106 ]. 

 Oral administration of  P. gingivalis  caused alveolar bone loss in the maxilla of 
wild-type mice, but failed to induce such a change in iNOS KO mice [ 107 ]. 
Furthermore, repeated ingestion of  P. gingivalis  resulted in generalized production 
of NO in organs and NOx in plasma in mouse model [ 108 ,  109 ]. 

 Alveolar bone dehiscence has been observed in KK-A(y) mice, which are meta-
bolic syndrome model mice with type 2 diabetes [ 110 ]. The expression of endothe-
lial nitric oxide synthase (eNOS) was decreased in gingival keratinocytes from 
KK-A(y) mice compared with gingival keratinocytes from control mice.  

3.3.3     Dogs 

 There are few studies that show direct evidence for induction of oxidative stress 
by periodontal diseases. The total antioxidant capacities in gingival crevicular 
fl uid have been related to the degree of severity of periodontal disease in dogs 
[ 36 ]. This is likely the result of release of ROS by activated phagocytes and fi bro-
blasts in the infl amed periodontal tissues. However, further studies are required to 
determine the relationship between oxidative stress and periodontal diseases in 
the dog models.   

3.4     Effects of Antioxidants in Animal Model Studies 

 Antioxidants include vitamins (carotenoids, vitamins C and E), minerals (selenium 
and zinc), or others, such as fl avonoids, and their effects on periodontal diseases are 
one of the notable topics in periodontal research. Antioxidant enzymes (e.g., cata-
lase, SOD, glutathione, etc.) and specifi c inhibitors of ROS also have effects on 
periodontal diseases. This chapter gives a brief overview of antioxidants in only 
animal models, because other chapters describe the details. 
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3.4.1     Vitamins 

 Vitamins are essential to maintain normal metabolic processes and homeostasis 
within the body. Carotenoids, vitamins C and E have been suggested to limit oxida-
tive damage, thereby lowering the risk of certain chronic diseases, such as periodon-
tal diseases. 

 The antioxidant effects of systemic administration of vitamin C on ligature- 
induced periodontitis in rats have been reported [ 111 ]. Vitamin C intake induced an 
improvement in the gingival 8-OHdG level (decreased) and in the reduced:oxidized 
glutathione ratio (increased) as well as reduction of infl ammation [ 111 ]. Systemic 
administration of vitamin C could be clinically benefi cial in improving periodontitis- 
induced oxidative stress. 

 In male albino rats, a defi ciency of vitamin E did not cause increased destruction 
of the periodontium in the presence of periodontitis [ 112 ]. Moreover, no benefi cial 
effects from the therapeutic use of vitamin E to combat periodontitis were found.  

3.4.2     Flavonoids 

 Polyphenolic fl avenoids are absorbed following dietary intake of primarily vegeta-
bles, red wine, and tea [ 87 ,  114 ], and their uses have been reviewed [ 113 ]. There are 
over 4,000 kinds of known fl avonoids [ 87 ], including catechin and polyphenol. 

 Cocoa has become a material of interest as a therapeutic natural product due to 
its fl avonoid content [ 115 ]. The consumption of a cocoa-enriched diet decreased the 
8-OHdG level and increased the reduced form glutathione (GSH)/oxidized form 
glutathione (GSSG) in rat periodontitis [ 90 ]. Alveolar bone loss and polymorpho-
nuclear leukocyte infi ltration after ligature placement were also inhibited by cocoa 
intake. 

 Green tea catechins have been shown to possess potent antioxidant activity sev-
eral times higher than that of vitamin C and vitamin E [ 116 ]. Topical application of 
a green tea catechin-containing dentifrice reduced infl ammatory cell infi ltration in 
the rat periodontal lesions to a greater degree than the control dentifrice [ 20 ]. The 
gingiva to which green tea catechin-containing dentifrice was applied also showed 
a lower level of expression of hexanoyl-lysine, nitrotyrosine, and tumor necrosis 
factor (TNF)-α compared to the control. 

 Proanthocyanidin, a novel fl avanoid extracted from grape seeds, has been shown 
to provide a signifi cant therapeutic effect on endotoxin ( E. coli ) induced experimen-
tal periodontitis in rats [ 117 ]. 

 Baicalin (7-glucuronic acid, 5,6-dihydroxy-fl avone) is a fl avonoid compound 
purifi ed from the medicinal plant,  Scutellaria baicalensis  Georgi, and reported to 
possess anti-infl ammatory and antioxidant activities [ 118 ]. Baicalin protects against 
tissue damage in ligature-induced periodontitis in rats, which might be mediated by 
its inhibitory effect on the expression of cyclooxygenase-2 and inducible nitric 
oxide synthase [ 119 ].  
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3.4.3     Other Antioxidants 

 Molecular hydrogen, which selectively reduces cytotoxic ROS and oxidative 
stress, is considered to be a novel antioxidant [ 120 ]. Drinking water containing a 
therapeutic dose of hydrogen (hydrogen-rich water; HW) represents an alternative 
mode of delivery for molecular hydrogen. In a rat ligature model, hydrogen-rich 
water intake inhibited an increase in serum ROS level and lowered expression of 
8-OHdG and nitrotyrosine in the periodontal tissue, which prevented polymorpho-
nuclear leukocyte infi ltration and osteoclast differentiation following periodontitis 
progression [ 121 ]. 

 Thymoquinone (2-isopropyl-5-methyl-1, 4-benzoquinone), the main constituent 
of volatile oil from Nigella sativa seeds, has a range of pharmacologic properties; 
the antioxidant effect of thymoquinone is considered to be one of its most signifi -
cant properties [ 122 ]. Oral administration of thymoquinone diminishes alveolar 
bone resorption in a rat periodontitis model. 

 Verbascoside has previously been characterized as an effective scavenger of 
active free radicals and an inhibitor of lipid peroxidation [ 123 ]. In ligature-induced 
periodontitis, oral administration of verbascoside signifi cantly decreased the param-
eters of infl ammation such as, myeloperoxidase activity, NF-κB expression, iNOS 
expression, the nitration of tyrosine residues, and the degree of gingivomucosal 
tissue injury [ 94 ]. 

 Mangiferin (C2-β- d -glucopyranosyl-1,3,6,7-tetrahydroxyxanthone), generally 
called C-glucosyl xanthone, is widely distributed in higher plants and has antioxi-
dant capacity [ 124 ]. When treated with mangiferin, the alveolar bone loss of rats 
with experimental periodontitis was remarkably reduced [ 125 ]. 

 Calcium gluconate, in particular, has been used to treat injuries stemming from 
direct contact with hydrofl uoric acid [ 126 ]. Daily oral treatment with calcium glu-
conate effectively inhibits ligature placement-induced periodontitis and related 
alveolar bone loss via antioxidant effects [ 127 ]. 

 Oral aminoguanidine (an iNOS inhibitor) treatment signifi cantly inhibited 
ligature- induced bone loss in rats [ 128 ]. Mercaptoethylguanidine and guanidinoeth-
yldisulfi de, which are iNOS inhibitors and reactive nitrogen scavenging compounds, 
signifi cantly reduce gingival bleeding responses and protect against associated 
extravasetion and bone destruction [ 100 ,  129 ]. 

 Aldose reductase is an NADPH-dependent oxidoreductase that catalyzes the 
reduction of a wide variety of aldehydes and ketones to their corresponding alcohols 
[ 130 ]. Aldose reductase inhibitors, tolrestat, imirestat, and quercetin, signifi cantly 
reduced LPS-induced periodontitis in animals with and without diabetes to the level 
where they were not different from PBS-injected sites in normal diet controls [ 131 ]. 

  N -acetylcysteine (NAC) is a thiolic antioxidant produced by the body, which 
serves as a precursor of glutathione synthesis [ 132 ]. NAC prevented alveolar bone 
loss in the rat ligature model, in a dose-dependent manner, when administered sys-
temically [ 133 ]. 

 Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine- N -oxyl) exerted benefi cial 
effects in animal models of shock, ischemia–reperfusion injury, infl ammation, 
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hypertension, diabetes, and endothelial cell dysfunction [ 97 ]. Intraperitonial 
 injection of Tempol signifi cantly decreased all the parameters of infl ammation in rat 
ligature-induced periodontitis [ 97 ]. 

 M40403 [manganese(II)dichloro[(4R,9R,14R,19R)-3,10,13,20,26 pentaazatetra-
cyclo[20.3.1.0.(4,9)0(14,19)]hexacosa-1(26),-22(23),24-triene]] is a low-molecular- 
weight, synthetic, manganese-containing superoxide dismutase (SOD) mimetic that 
removes superoxide anions without interfering with other reactive species known to 
be involved in infl ammatory responses (e.g., NO and peroxynitrite). An intraperito-
neal injection of M40403 signifi cantly decreased infl ammation markers in a rat 
model of periodontitis [ 134 ]. 

 In experimental periodontitis, which was induced by elastic ligatures around 
teeth of beagle dogs, scaling and root planing with subgingival application of 
liposome- encapsulated SOD suppressed periodontal infl ammation [ 135 ].   

3.5     Limitations 

 Although animal models have provided a wide range of important data, it is some-
times diffi cult to determine whether the fi ndings are applicable to humans [ 23 ]. 
There is no single model that represents all aspects of human periodontal disease. In 
addition, variability in host responses to bacterial infection among individuals con-
tributes signifi cantly to the expression of periodontal diseases [ 136 ]. A practical and 
highly reproducible model that truly mimics the natural pathogenesis of human 
periodontal diseases has yet to be developed [ 23 ].  

3.6     Future Directions 

 Mechanistic questions cannot be typically addressed in human studies due to impor-
tant ethical considerations. Thus, animal studies are critical for establishing cause 
and effect relationships and for initial tests of principle for the development of 
advanced therapeutics. The most important issue is whether a given model is suit-
able for studying a specifi c hypothesis [ 137 ]. 

 Recently, a new mouse model for oxidative stress was developed [ 138 ]. In the 
model, an oxidative stress indicator in living cells, named OKD48 (Keap1-
dependent Oxidative stress Detector, No-48), is dually regulated by induction at the 
transcriptional level, and by protein stabilization at the post-translational level in 
Keap1- Nrf2 pathway. The OKD48 transgenic mice expressing the indicator signifi -
cantly exhibited signals upon oxidative stress. The results indicate the usefulness of 
the system as an indicator of oxidative stress. Using transgenic mice may be useful 
for exploring dynamics of oxidative stress by periodontal diseases and effective 
therapeutics.  

3 Association Between Oxidative Stress and Periodontal Diseases…



44

3.7     Conclusion 

 Animal models have contributed new knowledge to periodontology. Rodents, rab-
bits, pigs, dogs, and nonhuman primates have been used to model human periodon-
titis, each with advantages and disadvantages. A number of studies in animal models 
of periodontitis, especially rodent models, support the notion that ROS have a criti-
cal role in periodontitis. Antioxidants attenuate periodontal infl ammation and oxi-
dative damage in animal models. These fi ndings elucidate both the mechanism of 
periodontal disease progression and the role of oxidative stress on the disease.     
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4.1            Introduction 

 The oral cavity is a unique environment [ 1 ]. Oral mucosa serves as a critical 
 protective interface between the external and internal environments, functions as a 
mechanical protective barrier, and protects the host against a myriad of pathological 
challenges [ 2 – 4 ] (Fig.  4.1 ). These tissues are protected by two types of immunity: 
innate and adaptive [ 4 ]. The major components of innate immunity include mechan-
ical and chemical constituents. The mechanical strength of oral gingival epithelium 
is due in large part to its keratinization [ 2 ,  3 ]. This mechanical barrier resists bacte-
rial infection and is continually renewed by cellular proliferation and desquamation. 
In addition to this physical barrier, the oral activity is protected by proteins and 
antimicrobial peptides delivered by saliva, such as histatins and defensins [ 5 ]. 
However, epithelial cells actively respond by secreting cytokines and chemokines to 
orchestrate a local cell response and attract immune regulatory cells such as neutro-
phils. In response to bacterial virulence factors, keratinocytes also produce antimi-
crobial peptides including β-defensins, cathelicidin, calprotectin, RNase 7, and 
CCL20/MIP-3a [ 6 ]. Many human β-defensins have been described [ 7 ] and some 
play a role in the defense of the oral environment [ 8 ,  9 ].

   Teeth in a moist oral mucosal environment are the only place on the body in 
which hard tissue penetrates through the epithelial surface. This is in contrast to 
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other appendages, such as scales of reptiles, feathers, hair, fi ngernails, claws, hoofs, 
and antlers [ 10 ]. This means that the epithelium adjacent to teeth must be unique 
and specialized in order to maintain physiological homeostasis. Junctional epithe-
lium faces the teeth; it is not keratinized but forms an attachment and relative seal 
(Fig.  4.2 ). Oral sulcular epithelium is a transition tissue between the previous two. 
The junctional epithelial attachment complex is structurally unique and its continual 
exposure to tooth-associated bacterial biofi lm (i.e., dental plaque) leads to peri-
odontal tissue vulnerability. It is at a signifi cant risk for bacterially induced chronic 
infl ammation.

4.2        Junctional Epithelium 

 The junctional epithelium is in contact with the tooth surface and forms a non- 
keratinized epithelial structure that attaches the gingival soft tissue to enamel or, in 
the case of progressive disease, root cementum [ 11 ,  12 ] (Fig.  4.2 ). Junctional epi-
thelial cell renewal occurs by the active proliferation of basal epithelial cells both on 

  Fig. 4.1    Structural organization of oral epithelium. The oral epithelium is keratinized, serves as a 
protective barrier, and resists functional stresses. A shedding keratinized surface layer serves as the 
fi rst defensive barrier; however, several classes of antimicrobial peptides are expressed by kerati-
nocytes as well.  PMNs  polymorphonuclear leukocytes       

 

D. Ekuni et al.



55

the connective tissue side and against the hard tissue. Junctional epithelial cells 
facing the tooth surface form and maintain an epithelial attachment and seal against 
the tooth surface [ 10 ] (Fig.  4.3 ).

   The nutrient-rich, wet and warm oral cavity provides the critical components 
required for micro-organism survival and proliferation. Collectively, micro- 
organisms establish complex ecological biofi lms (i.e., dental plaque) that adhere to 
a glycoprotein layer (i.e., acquired pellicle) which is deposited on non-shedding 
surfaces. Junctional epithelial cells adjacent to the tooth surface play an important 
role in maintaining tissue homeostasis and defense against micro-organisms and 
their virulence factors [ 10 ,  13 ]. Junctional epithelial cells, which are juxtaposed 
next to the biofi lm, are constantly being stimulated by bacterial virulence factors. To 
successfully respond to this complex environment, structural and functional adapta-
tions have evolved in the junctional epithelium. One of the most signifi cant protec-
tive mechanisms in other epithelia is the presence of a keratinized surface; however, 
junctional epithelium is not keratinized. In compensation, junctional epithelium is 
made up of a special structural framework and provides an antimicrobial barrier in 
collaboration with other non-epithelial cells. For example, the presence of relatively 
loose intercellular junctions due to few desmosomes, adherens junctions, and gap 
junctions allows for tissue exudation and infl ammatory cell migration towards the 
gingival sulcus [ 11 ]. 

  Fig. 4.2    Structural 
organization of the human 
periodontium.  ABC  alveolar 
bone crest,  CEJ  cemento- 
enamel junction,  CT  gingival 
connective tissue,  D  dentin, 
 E  enamel,  JE  non-keratinized 
junctional epithelium,  OE  
keratinized oral epithelium, 
 OSE  oral sulcular epithelium, 
 P  dental plaque       
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4.2.1     Junctional Epithelium Structure 

 The junctional epithelium is a stratifi ed, squamous non-keratinizing epithelium that 
faces both the gingival connective tissue (i.e., the lamina propria of the gingiva) and 
tooth surface (Fig.  4.3 ). It tapers in an apical direction and consists of 15–30 cell 
layers coronally and only one to three cell layers at its apical point [ 11 ]. Junctional 
epithelial cells express cytokeratins 5, 13, 14, and 19, and occasionally weakly 
express cytokeratins 8, 16, and 18 [ 13 ]. Junctional epithelium is made up of only 
two strata, a basal (stratum basale) layer facing the gingival connective tissue and a 
suprabasal layer (stratum suprabasale) [ 11 ]. The basal cells and the adjacent one to 
two suprabasal cell layers are cuboidal to slightly spindle-form in shape. All of the 
remaining cells of the suprabasal layer are mostly fl at and oriented parallel to the 
tooth surface [ 11 ]. Lysosomal bodies containing antimicrobial enzymes are found 
in large numbers within junctional epithelial cells [ 14 ]. 

 In contrast to other epithelia, junctional epithelial cells have only a few desmo-
somes and occasionally gap junctions [ 10 ,  13 ,  15 – 20 ]. The gingival crevicular fl uid- 
fi lled intercellular spaces vary in width, but generally are wider when compared to 
oral gingival or sulcular epithelium [ 16 ]. This reduced cell–cell contact accounts for 
its remarkable permeability to fl uids and immune cells [ 11 ]. Most commonly within 
these interstitial spaces are polymorphonuclear leukocytes (PMNs), with the 

  Fig. 4.3    Structural 
organization of epithelial 
attachment. Clinically healthy 
junctional epithelium (JE) 
tapers off in the apical 
direction and terminates at 
the cemento-enamel junction 
(CEJ). Junctional epithelial 
cells closest to the enamel (E) 
are attached to the tooth via 
an internal basal lamina ( blue 
line ) and epithelial cells 
closest to the connective 
tissue are attached via the 
external basal lamina ( pink 
line ).  CT  gingival connective 
tissue,  D  dentin,  PMNs  
polymorphonuclear 
leukocytes       
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highest proportion in the central region of the junctional epithelium and near the 
tooth surface (Fig.  4.3 ) [ 10 ]. The fl uid-fi lled widened intercellular spaces allow sig-
nifi cant PMN transmigration from the tissues to the oral cavity. Healthy human 
periodontium is associated with approximately 30,000 PMNs migrating into the 
oral cavity per minute [ 21 ]. The migration of PMNs through the junctional epithe-
lium into the oral cavity is a signifi cant host defense mechanism [ 10 ]. Thus, the 
presence of infl ammatory cells within the junctional epithelium has been described 
as a normal state of homeostasis and is an essential element in this area of chronic 
bacterial challenge [ 10 ]. Lymphocytes, macrophages, antigen-presenting cells, and 
Langerhans cells and other dendritic cells also reside in the junctional epithelium 
[ 22 ,  23 ]. In conjunction with the cellular and fl uid components, the basal cell layer 
is innervated with sensory nerve fi bers [ 24 – 27 ].  

4.2.2     Junctional Epithelium: Cell Adhesion Molecules 

 Since teeth represent unique transmucosal structures that perforate mucosal epithe-
lium, a unique epithelial attachment to extracellular adhesion molecules has evolved 
to maintain a barrier. A basement lamina (i.e., external basal lamina) [ 13 ] is formed 
between the basal cells of the junctional epithelium and gingival connective tissue 
and a basal lamina (i.e., internal basal lamina) forms between the tooth-facing junc-
tional epithelial cells (Fig.  4.3 ). The internal basal lamina (together with hemides-
mosomes at the tooth–junctional epithelium interface [ 13 ]) forms an epithelial 
attachment and is structurally different from the external basal lamina [ 10 ]. These 
“directly attached to the tooth” cells have been described as DAT cells [ 28 ]. Junctional 
epithelial cell proliferation in primates is higher [ 29 – 31 ]. Cell mitosis occurs in the 
basal and DAT cells [ 32 ]; however, exfoliation of cells occurs at the coronal margin 
of the junctional epithelium where these cells desquamate [ 11 ]. Since DAT cells are 
connected to the basal lamina via hemidesmosomes, a remodeling of the epithelial 
attachment must occur to accommodate cellular desquamation [ 11 ]. 

 Histologically, the external basal lamina contains the very same extracellular 
adhesion molecules present in a typical basement membrane. Lamina lucida against 
the basal keratinocytes and lamina densa toward the connective tissue stroma are 
present; however, the internal basal lamina differs signifi cantly in terms of its pro-
tein composition [ 12 ]. Absent from the internal basal lamina are basement mem-
brane proteins, such as laminin 111, laminin 511, type IV and VII collagens, and 
perlecan [ 33 ]. In contrast, cell adhesion proteins identifi ed in the internal basal 
lamina include laminin 332 (laminin 5), which is also present in the external basal 
lamina [ 33 – 35 ]. Classically, normal basement membranes are produced by both 
basal keratinocytes and fi broblasts through paracrine-soluble mediator cross-talk 
[ 36 ]. Without fi broblasts, keratinocytes continue to express laminin 332, but fail to 
deposit laminin 111 and type IV collagen [ 36 ]. Several growth factors and cytokines 
induce laminin 332 expression, including transforming growth factor (TGF) β1, 
tumor necrosis factor (TNF)-α, keratinocyte growth factor (KGF), epidermal growth 
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factor (EGF), and interferon-γ [ 37 ,  38 ]. Junctional epithelial cells constitutively 
express many of these factors and may induce the expression of laminin 332 in the 
internal basal lamina [ 39 ,  40 ]. 

 The maintenance of the periodontal tissue architecture requires the expression of 
cell matrix and cell–cell adhesion molecules on the membrane of epithelial cells. 
Specifi cally, integrins and cadherins are cell adhesion molecules expressed by junc-
tional epithelial cells [ 11 ,  12 ,  41 ]. Integrins function as cell-surface receptors mediat-
ing extracellular matrix interactions [ 11 ,  42 ,  43 ]. All integrins are products of two 
separate genes encoding individual α and β subunits. The expression of α2β1, α3β1, 
α5β1, α6β4, and αvβ6 integrins has been demonstrated in junctional epithelial cells 
[ 12 ,  34 ,  44 – 47 ]. In general, basal keratinocytes, including junctional epithelial cells, 
interact with the C-terminal LG domains of the α3 chain of laminin 332 via α3β1 and 
α6β4 integrins [ 12 ,  48 ]. In hemidesmosomes, integrin α6β4 is a crucial component 
where it binds to processed laminin 332 [ 12 ,  49 ]. To allow for coronal migration of 
junctional epithelial cells that are attached to the tooth via hemidesmosomes they 
must be disassembled to allow for cell movement [ 12 ]. This process is not fully 
understood but is believed to start with β4 integrin cytoplasmic domain phosphoryla-
tion with subsequent disassociation between β4 integrin and plectin [ 49 ,  50 ]. The 
cadherins are responsible for adherens junctions between cells [ 41 ,  51 ]. E-cadherin, 
an epithelium-specifi c cell adhesion molecule, may play a crucial role in maintaining 
the structural integrity of junctional epithelium [ 52 ,  53 ]. Transmembrane carcino- 
embryonic Ag-related cell adhesion molecule 1 is expressed more strongly on the cell 
surface of junctional epithelium as compared to oral sulcular epithelium [ 54 ]. Thus, 
the dynamic regulation of junctional epithelial cell cohesion may be mediated by this 
molecule [ 54 ]. Carcino-embryonic Ag-related cell adhesion molecules also contrib-
ute to PMN guidance through the junctional epithelium, participate in the regulation 
of cell proliferation, stimulation, and co-regulation of activated T-cells, and may 
serve as a receptor for certain bacteria [ 54 – 59 ]. Additional cell adhesion molecules 
expressed in junctional epithelial cells include intercellular adhesion molecule-1 or 
CD54 and lymphocyte function-associated antigen-3 [ 60 – 64 ]. The expression gradi-
ent of intercellular adhesion molecule-1 in junctional epithelium is believed to be an 
important PMN guiding mechanism towards the sulcus [ 63 ,  64 ]. 

 Claudins play an important role in regulating the cell–cell epithelial barrier at 
apically located tight junctions and septate junctions [ 65 ]. Claudin-1 is present in rat 
junctional epithelium and possibly contributes to barrier function in these tissues. 
Of interest, claudin 1 protein expression was reduced by lipopolysaccharide in a rat 
periodontal disease model and in cell culture [ 52 ,  66 ].  

4.2.3     Junctional Epithelium: Cytokines and Growth Factors 

 Junctional epithelial cells, PMNs, and macrophages express a myriad of cytokines 
and chemokines. Elevated interleukin-8 (IL-8) expression in the coronal cells of the 
junctional epithelium may direct PMNs toward the bacterial challenge present in the 
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adherent biofi lm [ 64 ,  67 ]. In the coronal aspect of the junctional epithelium, IL-1α, 
IL-1β, and TNF-α are strongly expressed [ 68 ]. After lipopolysaccharide stimula-
tion, most cells of the junctional epithelium are strongly labeled for these cytokines 
[ 68 ,  69 ]. Thus, these cytokines play a role in the defense against bacteria that are 
present in the adjacent biofi lm [ 11 ]. Collectively, junctional epithelium also repre-
sents a key mediator of host–parasite interactions in addition to its attachment role. 

 Growth factors and corresponding receptor expression have also been examined 
in the junctional epithelium. KGF-1 [fi broblast growth factor (FGF) 7] and KGF-2 
(FGF-10) have both been described as paracrine mediators of epithelial cell growth 
[ 70 ,  71 ]. Stromal cells express KGF, but only epithelial cells express the KGF- 
specifi c receptor, which is a splice variant of FGFR2 (FGFR2-IIIb) (KGFR) and 
binds KGF-1, KGF-2, and acidic FGF [ 72 – 74 ]. For normal epidermal homeostasis, 
KGF-1 is required and is up-regulated during wound healing, chronic infl ammatory 
bowel diseases, psoriasis, and periodontitis [ 74 – 82 ]. KGF-1 induces cell prolifera-
tion, migration, and matrix metalloproteinase (MMP) secretion in epithelial cells 
[ 83 – 87 ]. Orally, KGF-1 is expressed by fi broblasts isolated from buccal mucosa, 
gingiva, periodontal ligament, and in infl amed periapical stroma [ 39 ,  75 ,  88 – 94 ]. 
KGF-1 protein and gene expression in gingival fi broblasts is induced by pro- 
infl ammatory cytokines IL-1α, IL-1β, IL-6, and TNF-α [ 75 ,  89 ,  90 ]. Conversely, 
KGF-2 was weakly expressed in gingival fi broblasts and not induced by pro- 
infl ammatory cytokines [ 75 ]. In addition, lipopolysaccharide (LPS) purifi ed from 
 Escherichia coli  ( E. coli ) and  Porphyromonas gingivalis  ( P. gingivalis ) induced 
KGF-1 protein and gene expression through a Toll-like receptor signaling pathway 
[ 94 ]. In human gingival biopsies from periodontal healthy patients, KGF-1 protein 
expression was localized to select junctional epithelial cells with more intense stain-
ing in the region of the internal and external basal lamina [ 39 ]. However, pocket 
epithelium in biopsies collected from patients with advanced periodontitis showed 
general intense staining in all cell layers [ 39 ]. Within these same health and disease 
groups, there was positive KGFR peri-cellular staining in most cells of the junc-
tional epithelium; however, KGFR protein expression was signifi cantly higher in 
pocket epithelium [ 39 ]. In a rat periodontitis model, KGFR was dramatically up- 
regulated with the induction of disease [ 95 ]. 

 EGF is a potent mitogen involved in epithelial growth, differentiation, wound 
healing, and signals through the EGF receptor (EGFR) [ 11 ]. EGFR is either absent 
or poorly expressed in healthy human junctional epithelium, but intense labeling in 
proliferating cells was shown in infl amed tissues from patients with chronic peri-
odontitis [ 96 ]. In normal rat junctional epithelium, immunohistochemical localiza-
tion for EGF and EGFR was observed in the cytoplasm [ 95 ,  97 ]. 

 Tissue plasminogen activator [ 98 ] and its associated inhibitor (type-2) are 
expressed in junctional epithelium [ 99 ,  100 ]. Tissue plasminogen activator is a ser-
ine protease responsible for the activation of plasminogen to plasmin. Plasmin 
degrades a variety of extracellular matrix proteins and activates MMPs. Matrilysin 
(MMP-7), a proteolytic enzyme found in many mature epithelial cells, is expressed 
in human suprabasal junctional epithelium [ 101 ]. 
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 The innate defense role of junctional epithelium is demonstrated by the secretion 
of antimicrobial peptides and proteins [ 4 ,  102 ]. These antimicrobial molecules 
include α- and β-defensins, the cathelicidin family members (LL-37), and calpro-
tectin. Human β-defensin 1 and β-defensin 2 are poorly expressed or undetectable 
in the junctional epithelium; however, α-defensins and LL-37 are signifi cantly 
expressed [ 4 ,  102 ]. Further expression by PMNs of α-defensins and LL-37 provides 
additional protection to the junctional epithelium and the host [ 11 ].  

4.2.4     Junctional Epithelium Transition to Pocket Epithelium 

 The transition of junctional epithelium to pocket epithelium is a critical step in the 
initiation of periodontal disease. However, the detailed roles that junctional epithe-
lium plays in disease pathogenesis and its ultimate conversion to pocket epithelium 
at the time of pocket formation are poorly understood [ 13 ,  103 ]. 

 The loss of cellular continuity in the coronal aspect of the junctional epithelium 
is an early aspect of pocket formation [ 10 ,  104 ]. This initiation may occur via 
detachment of the DAT cells from the tooth surface or formation of an intra- 
epithelial split. Degenerative changes in the second or third cell layer of the DAT 
cells in the coronal aspect of the junctional epithelium facing the bacterial biofi lm 
have been described in humans, rats, and dogs [ 105 – 107 ]. Several hypotheses have 
been put forth to explain this fi nding. Infl ammation-induced high levels of PMN 
emigration and an increased rate of gingival crevicular fl uid passing through the 
intercellular junctional epithelial spaces may contribute to this separation [ 108 –
 112 ]. In addition, increased numbers of mononuclear leukocytes, i.e., T- and 
B-lymphocytes and monocytes/macrophages, together with PMNs, are also consid-
ered to be factors that mediate the focal disintegration of junctional epithelium. 

 The intercellular junctions in junctional epithelium are relatively open, allowing 
cells and antimicrobial molecules to transit from the connective tissue and basal 
junctional epithelial cells. This works to clear and counteract bacteria and their viru-
lence factors [ 11 ]. However, bacteria and their virulence factors can penetrate past 
the junctional epithelium in early disease onset [ 11 ]. This was demonstrated by 
immunohistochemistry in rat periodontal disease tissues in which LPS was identi-
fi ed in the subjacent gingival connective tissue [ 113 ]. This supports a hypothesis 
that initiation of pocket formation is a response to subgingival penetration of bacte-
ria or their virulence factors [ 114 ]. In addition, direct effects of bacteria on epithe-
lial cells are possible.  Aggregatibacter  ( Actinobacillus )  actinomycetemcomitans  
and  P. gingivalis,  which have been demonstrated to be associated with aggressive 
and chronic periodontitis, can adhere and invade epithelial cells [ 115 – 126 ]. In sites 
of periodontal infl ammation, there is a reduction in proliferation and an increase in 
apoptosis [ 127 ]. In a tissue culture model, bacterial internalization followed by epi-
thelial cell apoptosis have been demonstrated [ 128 ,  129 ]. Gingipains, a cysteine 
proteinase bacterial virulence factor, can effectively disrupt epithelial cell-to-cell 
junctional complexes and disturb ICAM-1-mediated adhesion of PMNs to epithelial 
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cells [ 130 – 135 ]. This disruption of epithelial integrity in concert with focal sites of 
epithelial cell apoptosis may be critical early initiation factors in pocket formation 
and ultimately allow bacterial invasion and penetration of virulence factors into the 
epithelium and subepithelial connective tissue as disease progresses. 

 The overall enhanced proliferation of junctional epithelium is an important fac-
tor in the formation of Rete Ridges and the initiation of periodontal pocket forma-
tion [ 136 ]. LPS purifi ed from  E. coli  and  P. gingivalis  induced proliferation of 
epithelial cells [ 94 ,  107 ]. The positive regulation of proliferation is critical to dis-
ease onset. KGFR is expressed in healthy junctional epithelium; however, gene (25 
times) and protein (11 times) levels were dramatically up-regulated in periodontitis 
[ 95 ]. This up-regulation may possibly be explained by direct stimulation from LPS 
or secondarily due to pro-infl ammatory cytokine secretion (IL-1β and TNF-α) by 
epithelial cells [ 95 ]. A dramatic increase in KGFR expression enables local epithe-
lial cells to bind elevated KGF-1 ligand expressed by fi broblasts in chronically 
infl amed periodontal tissues [ 39 ,  75 ,  94 ]. In the same rat LPS model, the overall 
number of PCNA-positive basal epithelial cells increased [ 137 ]. It is possible that 
up-regulation of KGF-1 and KGFR protein in diseased tissues positively regulates 
epithelial cell proliferation associated with periodontal pocket formation [ 39 ]. 
Conversely, apoptosis of connective tissue and periodontal ligament fi broblasts was 
also demonstrated [ 137 ]. Thus, LPS promoted proliferation of epithelial cells but 
not fi broblasts. This imbalance in the proliferative activity between junctional epi-
thelium and fi broblasts subjacent to the junctional epithelium may begin to explain 
the histological fi nding seen at the initial stage of disease-associated apical migra-
tion of the junctional epithelium [ 137 ].   

4.3     Reactive Oxygen and Nitrogen Species 

4.3.1     Pathology of Oxidative Stress 

 Reactive oxygen and nitrogen species (ROS/RNS), namely superoxide, hydroxyl 
and nitric oxide radicals, hydrogen peroxide, and hypochlorous acid, are by- 
products of normal cellular degradative mechanisms and can function at low con-
centrations as intra- and intercellular signaling molecules or in acute high 
concentrations as bacteriocidal agents [ 138 – 142 ]. Under certain pathological condi-
tions, ROS/RNS levels may become chronically elevated and induce conditions of 
oxidative stress, which is an imbalance between the production and elimination of 
highly reactive molecular oxygen species. For instance, hydrogen peroxide may 
mediate important normal metabolic and signaling functions in the brain [ 143 ]. 
Hydrogen peroxide is lipid-soluble and diffuses across biological membranes and 
has been shown to be a diffusible paracrine mediator for signal cross-talk between 
epithelial and stromal tissue [ 144 ]. However, at higher concentrations, hydrogen 
peroxide is toxic [ 145 ]. 
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 Recently it has been shown that natural gut epithelial infections in  Drosophila  is 
associated with rapid ROS synthesis but fl ies that lack the normal ROS cycling 
capacity have increased mortality rates [ 146 ]. Epithelial cells from gastric mucosa 
when exposed to various  Helicobacter pylori  ( H. pylori ) strains demonstrated a 
dose-dependent increase in ROS generation. ROS levels were greater in epithelial 
cells isolated from  H. pylori -infected gastric mucosal human biopsy specimens than 
in cells from uninfected individuals [ 147 ]. Strains of  H. pylori  bearing the cag 
pathogenicity island (PAI) are associated with greater peptic ulceration [ 148 ], 
induced higher levels of ROS, and activated the apoptosis markers caspase 3 and 8 
more than isogenic cag PAI-defi cient mutants did [ 147 ]. PAI may act by elevating 
mitochondrial ROS formation [ 149 ].  

4.3.2     ROS Production in Epithelium 

 Oxidative stress and decreased total antioxidant status are generally associated with 
periodontitis and locally induce tissue damage by oxidizing DNA, lipids, and pro-
teins. The resulting increased lipid peroxidation can be assayed in gingival crevicu-
lar fl uid and saliva [ 150 – 152 ]. A rat model of periodontitis has proven valuable in 
demonstrating ROS production in the junctional epithelium during the initiation of 
periodontitis [ 69 ,  153 ] (Fig.  4.4 ). In this model, experimental periodontitis was 
induced after an 8-week daily topical application of lipopolysaccharide into the 

  Fig. 4.4    Detection of 
hydrogen peroxide using 
colorimetric staining. Pocket 
epithelium from LPS-induced 
periodontal disease in rats 
stain brown for hydrogen 
peroxide localization ( white 
arrowheads ). Scale bar: 
50 μm.  PE  pocket epithelium       
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palatal gingival sulcus of maxillary molars [ 69 ]. Histological changes associated 
with disease-induced chronic infl ammation such as junctional epithelial down-
growth and loss of alveolar bone confi rmed disease onset in this rat model [ 69 ]. 
Elevated local and plasma oxidative stress as measured by 8- hydroxydeoxyguanosine 
levels was demonstrated [ 153 ]. Hydrogen peroxide was shown to be elevated in the 
disease state by 3,3′-diaminobenzidine staining of histological sections. Similarly, 
superoxide as measured by 3,3′-diaminobenzidine/manganese chloride staining 
was also found to be strongly elevated in rat LPS-treated pocket epithelium [ 69 ].

   These results were supported in cell culture experiments using a porcine peri-
odontal epithelial cell line (PLE) that has previously been established as a model of 
junctional epithelium [ 154 ]. Lipopolysaccharide-treated PLE cultures showed sig-
nifi cantly increased hydrogen peroxide and superoxide positive staining. 
Interestingly, the PLE cell line has previously been shown to express a chymase in 
a superoxide-dependent manner [ 155 ]. In the case of LPS treatment, the distribution 
of staining for both ROS species seemed to be consistent with previous reports of 
hydrogen peroxide extracellular diffusibility [ 144 ]. The use of cell culture modeling 
has the advantage of discerning ROS production from a single cell type, whereas in 
histological sections, hydrogen peroxide production from PMNs present in the 
junctional epithelial compartment cannot be ruled out. Therefore, to ascertain 
whether LPS-induced ROS could be of epithelial origin, PLE cultures were fi rst 
assayed via fl ow cytometry for purity of the population by staining for the 
epithelium- specifi c marker cytokeratin 13 or the PMN-specifi c marker integrin-β2 
(CD 11) [ 69 ]. Exclusive staining of PLEs by cytokeratin 13 confi rmed epithelial cell 
purity and demonstrated epithelial cell generation of ROS after LPS treatment [ 69 ].  

4.3.3     Gene Array Analysis of Epithelial Oxidative Stress 

 A major development in the analysis of the possible role of junctional epithelium 
and the associated role of ROS in disease onset have been made by laser-capture 
microscopy. This permits precise excision and isolation of the healthy and diseased 
experimental animal epithelial tissues (Fig.  4.5 ). Processed samples can then be 
subject to gene expression analysis on select tissue compartments [ 69 ]. There are 
several challenges inherent to utilizing this approach because of the small area of 
tissue that is involved. A typical healthy rat junctional epithelial section would con-
tain about 100 nuclei in an area of 33,000 μm 2  and require the collection of about 60 
sections totaling 2,000,000 μm 2  in order to synthesize adequate cRNA for analysis. 
Periodontal disease tissues in rats characteristically present with pocket epithelium- 
associated hyperplasia and thus yield an equivalent amount of precursor RNA from 
about 25 sections per animal. Rat cRNA can then be subject to expression analysis 
using an Affymetrix GeneChip Rat Genome 230 2.0 Array or equivalent [ 69 ]. After 
the generation of raw expression data, post-normalization was required by principal 
component and d-chip software analysis [ 156 ] to confi rm signifi cant broad differ-
ences between healthy and diseased samples [ 69 ].
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   Principal component analysis revealed that healthy and diseased samples 
 signifi cantly segregated into discrete groups, indicating that LPS-induced disease 
correlated with broad-scale changes in gene expression. Of the 33,000 sequences 
assayed by the chip, 19,730 transcripts were changed. Of these, about half were 
increased ( n  = 9,031) and half decreased ( n  = 10,699). Microarray analysis revealed 
that 42 showed a greater than fourfold increase in the expression of the genes 
induced in response to disease onset [ 69 ]. The top 10 of this group are monoamine 
oxidase (MAO) B (MAO-B) (5.72-fold), LRP16 protein (5.91-fold), paraoxonase 3 
(6.25- fold), EGF-like protein 6 (6.28-fold), fl avin-containing monooxygenase 1 
(6.70- fold), 4-aminobutyrate aminotransferase (7.01-fold), fl avin-containing mono-
oxygenase 2 (7.26-fold), palate/lung/nasal carcinoma protein precursor (8.27- fold), 
transcription factor AP-2β (13.03-fold), and dihydropyrimidinase-like 3 (25.69-
fold). Of these ten genes, three genes, MAO-B and fl avin-containing monooxygen-
ase 1 and 2, are involved in reactive oxygen signaling [ 69 ,  157 ,  158 ]. Conversely, no 
antioxidant genes are found to be up-regulated, but instead show consistently 
decreased expression [ 69 ]. Taken together, these results suggest that LPS induced 
overall epithelial oxidative stress. 

 In a more recent study using the same LPS rat periodontitis model, junctional 
epithelium and underlying stromal tissue were separately collected from healthy 
and diseased animals by laser-capture microdissection and subject to gene expres-
sion microarray analysis. This study demonstrated that separate global gene expres-
sion patterns exist between epithelia and adjacent stroma in both healthy and 
diseased tissues. The expression array data was further subject to GenMapp/

  Fig. 4.5    Microdissection of epithelia. A laser-capture microdissection technique allows isolation 
of junctional epithelium from periodontal health ( a ) and pocket epithelium from LPS-induced 
periodontitis ( b ) tissue sections  CT  gingival connective tissue,  JE  non-keratinized junctional epi-
thelium,  GE  gingival epithelium,  OSE  oral sulcular epithelium,  PE  pocket epithelium       
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Mappfi nder [ 159 ,  160 ] analysis of the global trends in gene expression. This  analysis 
approach measured the overarching changes in gene ontology structure and func-
tion expression patterns [ 161 ] and was used to discern multiple genes of related 
function that could participate in a potential stromal-epithelial signaling axes. The 
key fi nding was that fi broblast ligand amphiregulin was the focus of concerted epi-
thelial EGFR signaling [ 113 ]. Of particular signifi cance, amphiregulin has previ-
ously been shown to be activated/released by hydrogen peroxide [ 162 ]. The LPS rat 
model of periodontitis has shown the resulting loss of junctional epithelial barrier 
with the penetration of LPS [ 113 ]. Taken together, this body of evidence suggests 
that hydrogen peroxide may be a key modulator of an early signaling cascade that 
results in the changes to junctional epithelium which is seen in early disease onset.  

4.3.4     Monoamine Oxidases 

 MAOs belong to the protein family of fl avin-containing amine oxidoreductases 
called fl avoproteins and function to catalyze the inactivation of biogenic mono-
amines by oxidative deamination [ 163 ]. The mitochondrial enzymes MAO-A and 
MAO-B are bound to mitochondrial outer membranes in most cell types and cata-
lyze the oxidative deamination of monoamine neurotransmitters such as dopamine, 
adrenaline/noradrenaline, and serotonin [ 164 ]. Based on their inhibitory profi le, 
MAOs have been studied as drug targets for the management of neurodegenerative 
and neurological diseases [ 165 ]. Oxidative deamination by MAO-B generates 
hydrogen peroxide in brain mitochondria [ 166 ]. For example, MAOs play a vital 
role in inactivating catecholamine neurotransmitters that are free within the nerve 
terminal. MAO enzymes use oxygen to remove an amine group, resulting in the 
formation of the corresponding aldehyde and either ammonia (in the case of pri-
mary amines) or a substituted amine (in the case of secondary amines) and also 
hydrogen peroxide as a signifi cant by-product [ 167 ]. MAO-A and MAO-B iso-
zymes are present in most mammalian tissues bound tightly to the outer mitochon-
drial membrane; however, the proportions of MAO-A and MAO-B vary from tissue 
to tissue [ 168 ,  169 ]. These isoenzymes were originally distinguished via their inhi-
bition by clorgyline and deprenyl (Selegiline), and by their substrate specifi cities 
[ 170 ]. Classically, MAO-A is inhibited by low concentrations of clorgyline, whereas 
MAO-B is inhibited by low concentrations of deprenyl. MAO-A and MAO-B are 
both inhibited by phenelzine. The differential substrate specifi cities exhibited by 
these isoforms include, for example, serotonin, melatonin, norepinephrine, and epi-
nephrine being primarily broken down by MAO-A. Benzylamine and trace amines 
are broken down by MAO-B. MAO-B also acts on a broad spectrum of phenylethyl-
amines including β-phenylethylamine. Common substrates exist for both types of 
MAO, such as tyramine and dopamine [ 167 ]. Heterogeneity in the behavior of 
MAO isoenzymes within the same species exists. MAO is known to be an 
imidazoline- binding enzyme in the brain and peripheral tissues; however, only 
~10 % of human liver MAO-B is capable of binding imidazolines, and human plate-
let MAO-B has been shown to weakly bind imidazolines [ 171 ]. It is not clear if this 
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refl ects tissue-specifi c differences in enzyme processing or the effects of an 
 endogenous ligand. MAO in tissues such as the intestine, liver, lungs, and placenta 
protects the body by oxidizing amines from the blood or from entering into circula-
tion. The roles of MAO-A and MAO-B in terminating neurotransmitter action and 
dietary amines have been extensively studied; however, less attention has been paid 
to the activity of MAO by-products.  

4.3.5     Monoamine Oxidase Regulation of Cytokine Expression 

 It has been postulated that remission of rheumatoid arthritis in patients who are 
prescribed with MAO inhibitors may be due to inhibition of prostaglandin E2 syn-
thesis [ 172 ]. Similarly, it has been noted that the MAO inhibitor phenelzine induced 
remission in patients with another chronic infl ammatory disease, Crohn’s disease 
[ 173 ]. Also, another MAOB inhibitor, pargyline, has been reported to reduce 
oxidant- associated infl ammatory damage resulting from reperfusion ischemia in a 
mouse vascular surgery model [ 174 ]. MAO inhibitors may possibly inhibit these 
diseases by blocking cytokines. MAO-B levels are closely related to the pathogen-
esis of Parkinson’s disease, and up-regulation of TNF-α and IL-6 mRNA is increased 
in the hippocampus of Parkinson’s patients [ 175 ,  176 ]. MAO-B inhibitors are effec-
tive for the treatment of Parkinson’s disease, both through their direct effect on 
MAO-B and in part by also activating multiple factors including anti-infl ammatory 
cytokines [ 175 ]. In a rat chronic periodontal disease model, we fi nd that LPS- 
induced TNF-α protein expression is signifi cantly abrogated by phenelzine (MAO-A 
and MAO-B inhibitor) [ 69 ]. In a cell-free system, phenelzine was confi rmed to also 
be a hydrogen peroxide scavenger, which may potentiate its antioxidant effect. 
These data provide additional support that MAO inhibitors impact proinfl ammatory 
cytokine expression and contribute to the inhibition of oxidative stress in periodon-
titis by reducing hydrogen peroxide. In a rat LPS model, the topical application of 
phenelzine signifi cantly reduced proliferation and apical migration of junctional 
epithelium, expression of TNF-α and MAO-B, PMN infi ltration, elevated circulat-
ing oxidative stress, and alveolar bone loss. TNF-α, as one of the major cytokines 
driving infl ammation, can directly promote osteoclastogenesis via binding to TNF 
receptor 1 on osteoclast precursor cells or indirectly via induction of macrophage 
colony-stimulating factor and the receptor activator for nuclear factor κB ligand on 
mesenchymal cells [ 176 ]. Using PLE cultures, increased levels of hydrogen perox-
ide have been shown to correlate with TNF-α [ 69 ].   

4.4     Conclusions 

 The oral cavity is the one area of the body in which hard tissues break and transverse 
the epithelium. Due to this unique situation, the epithelium surrounding the tooth is 
specialized and forms an attachment and seal around each tooth. In health, 
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junctional epithelium is structurally and functionally very well adapted to manage 
the constant pressure on the host by bacteria and their virulence factors. The conver-
sion of junctional epithelium to pocket epithelium is one signifi cant sign in the 
development of periodontitis, but the regulatory mechanism associated with this 
conversion is still poorly understood. A variety of host molecules (cell adhesion 
molecules, cytokines/chemokines, growth factors and corresponding receptors, pro-
teases, and antimicrobial peptides) may play a signifi cant role in regulating the cel-
lular changes associated with periodontitis. Growing evidence speaks to the 
importance that ROS molecules play in disease pathogenesis and their inhibition is 
associated with disease reduction. For example, in a rat periodontal disease model, 
MAO inhibitors reduced hydrogen peroxide in junctional epithelium and reduced 
histological parameters that are associated with disease onset.     
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5.1            Introduction 

 Under normal conditions, cellular metabolism generates endogenous reactive 
 oxygen species (ROS) that can be detrimental to the cell. Following toxic insults, 
the intracellular levels of ROS are increased, and they inevitably interact with dif-
ferent cellular molecules including DNA, causing DNA damage. This phenomenon 
has been well documented in a number of diseases such as cardiovascular diseases 
and neurodegenerative conditions [ 1 ]. Also numerous studies have established a 
connection between DNA damage caused by ROS and the initiation of the carcino-
genetic process [ 2 ]. Increased ROS causes apoptosis/necrosis and mitochondrial 
dysfunction, which initiates the aging process. In order to maintain DNA integrity, 
cells have evolved a number of defense systems that will protect them from DNA 
damage or cell death due to irreparable DNA damage. Cell response is largely 
dependent on the amount of accumulated ROS and DNA damage, resulting in one 
of DNA repair, cell-cycle arrest, or activation of the apoptotic process that ulti-
mately leads to cell death. Increased ROS and DNA damage are also present in a 
number of infl ammatory diseases such as periodontitis. Moreover, increased ROS 
itself and/or DNA damage caused by ROS might be one of the causes of the aging 
process in oral tissues, since H 2 S, which causes the production of ROS, is always 
present in the oral cavity. Recent studies show that periodontal infl ammation 
increases circulating levels of lipid peroxide and causes DNA damage in distant 
organs such as brain, heart, liver, and kidney [ 3 ].  
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5.2     H 2 S and ROS 

 Aside from its role in halitosis, hydrogen sulfi de plays an important part in the 
 initiation and development of periodontitis [ 4 – 6 ]. H 2 S has been shown to activate 
apoptosis in vitro in many cellular types derived from periodontal tissue: oral fi bro-
blasts [ 7 ], oral keratinocytes [ 8 ], oral keratinocyte stem cells [ 9 ], dental-pulp stem 
cells [ 10 ] and osteoblasts [ 11 ], and also in vivo in osteoblasts [ 12 ]. These studies 
have also described the genotoxic effects of H 2 S, suggesting that this compound 
may have pathological effects on human oral mucosa at a genomic level. As pointed 
out earlier, DNA damage is closely linked to an increase in ROS levels. Several 
reports have focused on the connection between H 2 S and an increase in ROS, espe-
cially at the mitochondrial level. Cytochrome c oxidase (COX) is a key enzyme of 
the mitochondrial respiratory chain. The enzyme plays a central role in the energy 
production and storage of aerobic cells involved in ATP synthesis [ 13 ]. Studies 
show that H 2 S can act as a strong inhibitor of COX [ 14 ,  15 ]. The inhibition mecha-
nism can be explained by H 2 S binding to the heme iron subunit of the COX enzyme, 
which in turn inhibits ATP synthesis. As well, COX inhibition by H 2 S ultimately 
leads to increased ROS production inside the mitochondria, which causes a disrup-
tion in the electrochemical gradient of the inner mitochondrial membrane. The col-
lapse of this gradient is followed by the release of cytochrome c into cytosol; the 
apoptosome is assembled and then activates caspase-9, which in turn triggers execu-
tioner caspases such as caspase-3. 

 Our results show that in gingival fi broblasts physiological levels of H 2 S signifi -
cantly inhibit both CuZn-SOD (superoxide dismutase) and Mn-SOD. SOD is an 
important enzyme of the antioxidant system known to catalyze the reduction of 
superoxide. As well, ROS production is enhanced after both 1 and 2 days of H 2 S 
incubation [ 7 ]. In another study [ 8 ], similar results were obtained for gingival kera-
tinocytes, showing that periodontal tissues like oral dermis and epidermis may react 
in the same way when faced with increased levels of VOCs. Flow-cytometric data 
show that in oral keratinocyte cells more than 40 and 50 % of the cells were positive 
for MitoSOX after 24 and 48 h of H 2 S incubation, respectively. The increase in ROS 
was followed by activation of the mitochondrial apoptotic pathway.  

5.3     DNA Damage Caused by H 2 S 

 DNA strand breaks have been observed in a number of cell types derived from 
important periodontal tissues. We have reported an increase in the number of DNA 
strand breaks following an increase in ROS levels caused by H 2 S in oral fi broblasts 
[ 7 ]. The genotoxic effects of H 2 S have been further observed in oral keratinocyte 
cells, using single-cell gel electrophoresis [ 8 ]. A further in vitro study focusing on 
osteoblasts also observed DNA strand breaks following H 2 S exposure [ 11 ]. Placed 
in an electrophoretic fi eld, the intact DNA migrates slowly while the damaged DNA 
fragments move much faster, producing a comet-shaped form. Image analysis offers 
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quantitative data on the number of DNA strand breaks by correlating them with 
parameters like tail moment, DNA in tail, and tail length. The combined data show 
that of the three cell types, osteoblasts show the highest percentage of DNA dam-
age, followed by oral keratinocytes and oral fi broblasts [ 7 ,  8 ,  11 ]. 

 Another molecular event triggered by DNA damage as a result of ROS incre-
ments is the activation of p53 protein and its pathway. p53 Protein, “the guardian of 
the genome,” is a tumor-suppressor gene functioning as a transcriptional factor, and 
a key regulator of cellular fate [ 16 ]. Depending on the level of cellular stress, p53 
can prevent the replication of damaged DNA by activating apoptosis, cell-cycle 
arrest, or DNA repair [ 17 ]. Specifi c phosphorylation of p53 plays an important role 
in deciding cellular fate [ 18 ]. Thus after severe DNA damage, p53-dependent apop-
tosis is triggered via p53-phosphorylation of serine-46 [ 19 ]. We have recently 
shown that in keratinocyte stem cells derived from human skin, serine-46- 
phosphorylated- p53 levels were increased after H 2 S incubation for 1 and 2 days [ 9 ]. 
Apoptosis was induced via the mitochondrial intrinsic pathway. The same study 
reported that Ser-46-Phospho-p53 levels represented approximately 2/3 of the total 
activated p53. These data suggest that following DNA damage, p53 may also be 
involved in other biological processes besides apoptosis. 

 In a further study done in oral keratinocyte stem cells, DNA damage was induced 
after 2 days of H 2 S incubation [ 20 ]. As a result, multiple molecules along the p53 
pathway were activated. qRT-PCR data showed that the level of the Chek2 gene, a 
DNA checkpoint protein [ 20 ], was    signifi cantly elevated when compared to controls. 
E2F2, E2F4, and E2F6 are factors that play important roles in regulating cell- cycle 
control and pro-apoptotic signals [ 21 – 25 ]. Thus E2F4 and E2F6 are pro-cell-cycle 
exit genes while over-expression of E2F2 can promote apoptosis. Cell-cycle arrest at 
the G1 phase following H 2 S exposure has also been previously observed in normal 
keratinocytes [ 26 ]. Besides apoptosis and cell-cycle arrest, several genes along the 
DNA repair pathway have been activated as a result of H 2 S incubation. 

 DNA repair function is of paramount importance for the normal homeostasis of 
oral epithelial tissue. The proteins in the GADD45 family are important checkpoints 
in the cellular-cycle and DNA-repair processes [ 27 ,  28 ]. Our study showed that 
levels of GADD45G, GADD45A, and GADD45B genes were signifi cantly higher 
after 48 h of H 2 S incubation. As a result of oxidative stress, Sirtuin proteins are 
activated along the sites of DNA damage and participate in DNA repair [ 29 ]. Both 
Sirtuin 3 and 6 genes were at signifi cantly higher levels than in controls. p53 
Activation also initiated apoptosis by activating the caspase cascade, caspase-3, -6, 
-7, -9, and other molecules along the intrinsic mitochondrial pathway.  

5.4     p53 and Aging 

 The accumulation of mitochondrial ROS is caused by problems of the respiratory 
chain or by less active SOD. H 2 S, as a mitochondrial toxic compound, is one of the 
most important factors in the aging process [ 30 ]. Aging is the result of dilapidated 
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homeostasis caused by the inadequate nature of the defense mechanisms against 
environmental factors and host–environment interactions [ 31 ]. Intracellular oxidative 
stress also injures intracellular mechanisms and may cause lifestyle-related diseases 
and/or age-related diseases such as diabetes or cancer [ 32 ]. DNA damage caused by 
ROS includes oxidized bases, basic sites (apurinic/apyrimidinic sites), double-strand 
DNA breaks, and single-strand DNA breaks. These errors are repaired with nucleo-
tide excision repair (NER) or base excision repair (BER)/single-strand break repair. 
Hence dysfunction of BER or NER might lead to cancer or aging [ 33 ]. Constant low-
level activation of p53 causes deregulated expression of p53 and/or response to DNA 
damage, allowing premature aging in animals [ 34 ,  35 ]. In other words, strong oxida-
tive damage is not always required to initiate the aging process. However, it is agreed 
that normal activation of p53 by low oxidative stresses in normal conditions and 
environments protects cells from oxidative damage, by activating p53-induced anti-
oxidant and repair functions to eliminate oxidative stress; i.e., normal activation of 
p53 defends against the aging process. p53 Prevents the accumulation of high levels 
of oxidative stresses that may induce p53-dependent apoptosis and senescence. On 
the other hand, strong and persistent oxidative stresses cause pro-oxidative activities 
and then lead to apoptosis, promoting the process of aging (Fig.  5.1 ). It has been 

  Fig. 5.1    Hydrogen sulfi de 
causes antioxidant or 
pro-oxidant activity of 
the aging process. *Refer 
Chap.   7           
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suggested that the balance of p53 antioxidant with pro- oxidant activities caused by 
oxidative stresses determines whether the suppression of the accumulation of oxida-
tive stresses and DNA damage results in cell survival or aging. In contrast, irregularly 
and highly activated p53 produced by strong oxidative stresses can result in apoptosis 
and the host’s aging [ 36 ,  37 ]. It has been shown that elevated p53 activity promotes 
aging, while a normally regulated p53 response defends against aging.

   Apoptosis, which is often caused in all gingival tissues by H 2 S, diminishes or 
inhibits the proliferation of cells including stem cells [ 20 ]. Aging in tissue depends 
on the replacement of damaged cells by newly produced sister cells from stromal 
stem cells. The replacement maintains the tissues’ homeostasis. Maintenance of 
stem-cell viability and functions also depends on the balance between the removal 
of damaged cells by apoptosis and the survival and proliferation of the cells after 
DNA repair. Maintaining this balance is extremely important in preserving homeo-
stasis of the host. However, in the oral cavity hydrogen sulfi de or other volatile 
sulfur compounds easily create an unbalance by causing apoptosis, and thus accel-
erate the aging of oral tissues [ 7 – 11 ,  20 ]. A failure in self-renewal of stem cells 
happens because of aging in the stem cells themselves, as mentioned above. 
Therefore, the number of stem cell declines with age. The lower number of stem 
cells may contribute further to the aging process [ 31 ]. It has been found that over-
active p53 accelerates the aging process and reduces the self-renewal of stem cells 
in animals [ 38 ]. We conclude that p53-mediated apoptosis permanently dimin-
ishes the number of stem cells in the tissues and becomes one of the causes of the 
aging process. 

 It has been found in the oral cavity that fi broblasts in oral submucous fi brosis 
accumulate senescent cells through increased ROS production and DNA double- 
strand breaks, producing damaged mitochondria. Interestingly, the presence of 
irreparable DNA double-strand breaks in normal oral fi broblasts increases dramati-
cally the secretion of inhibitors of the metalloproteinases 1(TIMP-1) and TIMP-2. 
TIMP may be connected with the aging process in oral mucosal fi broblasts [ 39 ]. 
Moreover, the senescence phase of normal human oral keratinocytes includes 
accumulations of intracellular ROS. Senescing normal human oral keratinocytes 
also accumulate oxidative DNA damage because of increased ROS. As we have 
demonstrated above, DNA damage caused by H 2 S could cause the aging process of 
oral tissues.  

5.5     Conclusion 

 The present available scientifi c data show that H 2 S induces DNA damage in cells 
derived from oral epithelia, oral dermis, and bone. The molecular pathways acti-
vated include cell-cycle arrest, DNA repair, and apoptosis (Fig.  5.2 ). However, more 
studies are needed in order to elucidate in more detail the genotoxic effects of H 2 S 
on oral tissues.
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6.1            Introduction 

 Apoptosis, a form of programmed cell death, evolved as a key regulator of tissue 
homeostasis in all multicellular organisms. Deregulation of the apoptotic molecular 
pathways is often encountered in many systemic diseases as well as in oral infec-
tions. Periodontitis causes strong oral malodor [ 1 ], and the oral malodor compounds, 
volatile sulfur compounds (VSCs), are cytotoxic, especially in gingival tissues [ 2 , 
 3 ]. Recently we found that one of the VSCs, hydrogen sulfi de, causes apoptosis in 
human gingival cells [ 4 – 9 ]. Apoptosis is both a very old and a novel topic in peri-
odontal pathogenesis. After apoptosis had been described generally, some research 
endeavors focused on apoptosis, but they observed only the occurrence of apopto-
sis; the background and mechanisms of apoptosis had not yet been investigated in 
periodontal pathogenesis. Hence no one has described the important role apoptosis 
plays in periodontal pathogenesis. However, the aging process of oral tissue is dif-
ferent from that in other tissues, e.g. the loss of periodontal tissues without suffering 
periodontitis. Such an apoptotic process might be one of the reasons for the nature 
of aging in oral tissues.  
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6.2     Apoptosis in General 

 Apoptosis, or programmed cell death, is a vital biological process involved in the 
regulation of cell number and organ size in all living organisms. The apoptotic pro-
cess is tightly regulated by a group of caspases (cysteine-dependent aspartate- 
specifi c proteases). The caspase cascade is similar to the pathway of coagulation, 
with downstream caspases being activated through proteolysis by upstream ones. 
So far 11 caspases have been discovered, with eight of them being involved in apop-
tosis: caspase-1, -2, -8, -9, and -10 are initiator caspases while caspase-3, -6, and -7 
are executioner caspases. The activation of apical caspases is depended on different 
mechanisms. Thus in the death ligand extrinsic apoptotic pathway, the Fas receptor 
associates with Fas-associated death-domain protein (FADD) and forms the death- 
inducing signaling complex (DISC) that activates caspase-8. In the intrinsic mito-
chondrial pathway, cytochrome c released into cytosol forms the apoptosome that 
binds and activates initiator caspase-9. 

 Programmed cell death is one of the key biological processes responsible for tis-
sue homeostasis. Therefore dysfunctions along the apoptotic pathways can lead to 
either premature cell death or prolonged cell survival. Thus abnormal apoptotic 
levels are found in a wide range of diseases such as human cancers, degenerative 
disorders, infections, or infl ammation.  

6.3     Apoptosis in Oral Tissues 

 Periodontal disease is the most common chronic infl ammatory disease and repre-
sents a major global health problem, affecting around 40 % of the general popula-
tion over 35 years old [ 10 ]. The disease is characterized by the breakdown of the 
tissues supporting the teeth. Thus the condition progressively affects the oral epithe-
lial and dermal compartments, followed by bone resorption. 

 It is well established that apoptosis is actively involved in the initiation and 
development of periodontal disease [ 11 – 16 ]. Thus apoptosis is involved in the 
host immune response and infl ammation: gingival tissues affected by periodontal 
disease exhibit increased apoptotic levels in polymorphonuclear leukocytes. 
Apoptotic levels are also increased in the initial stages of periodontal diseases 
among periodontal ligament fi broblasts [ 17 ]. Apoptotic markers are elevated in 
human gingival fi broblasts from periodontal tissues affected as a result of 
 Porphyromonas gingivalis  infection. Bacterial exposure also triggers intrinsic 
mitochondrial-pathway activation and DNA degradation [ 18 ]. In another study, 
butyric acid induced apoptosis in gingival fi broblasts isolated from periodontal 
tissues [ 19 ]. Tissues affected by chronic periodontal disease show increased levels 
of apoptotic markers such as the caspase cascade or MAP kinases [ 20 ,  21 ]. Pro-
apoptotic genes such as p53, Bcl-2, or caspase-3 are markedly increased in aggres-
sive severe periodontitis [ 22 ].  
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6.4     H 2 S in General Systems and the Oral Cavity 

 In the human body, hydrogen sulfi de is one of the endogenous gaseous transmitters, 
or “gasotransmiters.” H 2 S is an important modulator of key physiological processes 
in the central nervous system, cardiovascular system, and gastrointestinal tract 
[ 23 – 25 ]. Recent data show that in hepatic cells H 2 S regulates LPS-mediated apop-
tosis [ 26 ], and we have also proved that H 2 S strongly promotes hepatogenic differ-
entiation from human dental-pulp stem cells [ 27 ]. 

 In the oral cavity, hydrogen sulfi de is the main VSC responsible for oral malodor. 
However, H 2 S has attracted much attention not only for its esthetic factor but also 
for its toxicity in oral tissues. Previous research has demonstrated that VSC levels 
are increased in patients with periodontitis as compared to healthy subjects [ 1 ]. 
VSCs in general, and H 2 S in particular, have been shown to play a role in the initia-
tion and development of periodontitis. VSCs can inhibit epithelial-cell proliferation 
[ 28 ], basal-membrane synthesis [ 29 ], collagen production [ 2 ], and protein synthesis 
[ 3 ]. VSCs can raise the levels of important mediators of tissue infl ammation such as 
PG-E 2  and collagenase. VSCs increase oral epithelial permeability and enhance 
LPS penetration into gingival tissues. H 2 S has also been shown to activate p21 pro-
tein and to induce cell-cycle arrest in oral epithelial cells [ 30 ].  

6.5     VSCs Induce Apoptosis in Periodontal Tissues 

 In several recent studies our group has focused on the relationship between pro-
grammed cell death, VSCs, and periodontal tissues. Physiological concentrations of 
H 2 S have been shown to induce apoptosis in several cell types: osteoblast cells, 
human oral fi broblasts isolated from human gingiva, normal keratinocytes, kerati-
nocyte stem cells, and dental-pulp stem cells. The apoptotic molecular pathways 
were also investigated (Table  6.1 ).

   In normal conditions oral epithelium forms a protective barrier against oral 
pathogens and their toxic compounds. This protective role is heavily affected during 
the initiation and development of periodontal disease. Normally, the integrity of the 
epithelium depends on continuous cell renewal of keratinocyte cells and more spe-
cifi cally of keratinocyte stem cells. Elevated levels of apoptosis in these cells impair 
tissue homeostasis and affect the process of constant epithelial regeneration. Our 
group has demonstrated that H 2 S induces apoptosis in several types of keratinocyte 
cells [ 7 – 9 ]: normal epithelial cells derived from human epithelium (Ca9-22 cell 
line), clonal human keratinocyte stem cells derived from adult skin, and human 
gingival keratinocyte stem cells isolated from human gingiva. In all experiments, 
cells were exposed for 24 or 48 h to an H 2 S concentration of 0.5 μmol/l, a lower 
concentration than that normally found in gingival crevicular fl uids taken from 
patients with periodontitis [ 5 ,  7 ]. Although accurate measurement of H 2 S from gin-
gival crevicular fl uids is not simple because of its highly volatile nature, the H 2 S 
concentration mentioned above is not a pathological concentration. 
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 In the Ca9-22 cell line after both 1 and 2 days of incubation the main biological 
event was early apoptosis, while necrosis and late apoptosis remained under 5 %. 
Since H 2 S strongly inhibits human-gingival superoxide dismutase, and as H 2 S at 
higher concentrations completely inhibits cytochrome c oxidase, levels of reactive 
oxygen species (ROS) causing DNA strand break are increased. Thus DNA damage 
initiates the apoptotic process [ 31 ]. 

 As described earlier, the two main pathways by which apoptosis is activated are 
the intrinsic mitochondrial pathway and the extrinsic death ligand pathway. In order 
to distinguish between the two mechanisms we analyzed mitochondrial changes. As 
shown in Fig.  6.1 , fl ow cytometry data showed that levels of ROS were increased 
following H 2 S exposure. This event causes a signifi cant loss of inner mitochondrial- 
membrane potential. In Ca9-22 membrane potential was collapsed after both 1 and 
2 days of incubation. In the next step our data show that cytochrome c was released 
from the mitochondria into cytosol in a time-dependent manner. Cytochrome c 
binds to Apaf-1 participating in the formation of the apoptosome. In turn the 

   Table 6.1    Apoptotic events in different cell types following H 2 S incubation   

 Cell type  Origin  H 2 S level/time  Apoptotic process 

 Fibroblast  Human oral mucosa  50 ng/ml Air  Main event—early apoptosis 
 24 and 48 h  Intrinsic apoptotic 

pathway—activated 
 DNA damage 

 Keratinocyte stem 
cells 

 Human oral mucosa  50 ng/ml Air  Main event—early apoptosis 
 24 h  Intrinsic apoptotic 

pathway—activated 
 DNA damage 

 Keratinocyte-normal  Ca9-22—human oral 
cancer cell line 

 50 ng/ml Air  Main event—early apoptosis 
 24 and 48 h  Intrinsic apoptotic 

pathway—activated 
 DNA damage 

 Keratinocyte stem 
cells 

 Human skin cell line  50 ng/ml Air  Main event—early apoptosis 
 24 and 48 h  Total and phosphorylated 

p53 activity increased 
 BAX activity—increased 
 Intrinsic apoptotic 

pathway—activated 
 DNA damage 

 Dental-pulp cell  Human dental pulp  50 ng/ml Air  Main event—early apoptosis 
 24 and 48 h  Intrinsic apoptotic 

pathway—activated 
 DNA damage 

 Osteoblast  Mouse calvaria cell 
line 

 50 ng/ml Air  Main event—early apoptosis 
 24 and 48 h  Intrinsic apoptotic 

pathway—activated 
 Extrinsic apoptotic 

pathway—activated 
 DNA damage 
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apoptosome activates initiator caspase-9. Our data show that caspase-9 levels were 
signifi cantly increased following H 2 S exposure. Caspase-9 is responsible for the 
downstream regulation of apoptosis activating the caspase cascade, including exe-
cutioner caspases such as caspase-3. Incubation with VSCs increased caspase-3 
levels, especially after 48 h. Furthermore, an increased number of DNA strand 
breaks were observed using single-gel cell electrophoresis. Thus H 2 S was shown to 
have a genotoxic effect on Ca2-99 cells. Interestingly, caspase-8 levels remained 
comparable to those in negative controls, suggesting that the extrinsic death ligand 
pathway is not involved in the apoptotic process.

   The results were further expanded in keratinocyte stem cells derived from human 
skin. In the fi rst part of the experiment the obtained data were consistent with those 
from normal keratinocyte cells: ROS was increased, mitochondrial-membrane 
potential was decreased, cytochrome c release into cytosol was elevated, and 
 caspase-9 and -3 levels were increased. Thus H 2 S induced apoptosis by activating 

  Fig. 6.1    Hydrogen sulfi de causes p53-dependent apoptotic pathway involving cell-cycle arrest 
and DNA repair. *Refer Chap.   7           
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the mitochondrial intrinsic pathway. At the same time, caspase-8 levels were low 
with no signifi cant increment when compared to negative controls, showing that the 
extrinsic pathway is inactive. New insights came from analyzing p53 activity fol-
lowing H 2 S exposure. It is well established that activation of p53, “the guardian of 
the genome,” can temporarily arrest the cell cycle allowing for DNA repair or can 
prevent further genomic DNA damage by initiating apoptosis. p53 Activity is regu-
lated by its phosphorylation site, i.e. serine-46 phosphorylation occurs following 
severe DNA damage and directs the cell’s fate towards apoptosis. After H 2 S incuba-
tion for either 24 or 48 h, keratinocyte stem cells had signifi cantly higher levels of 
total p53 as well as increased levels of serine-46 phosphorylated-p53. Furthermore 
RT-PCR analysis showed that the level of BAX gene, a member of the Bcl-2 family, 
was elevated following H 2 S incubation. Studies show that BAX is mostly activated 
in response to p53 activation and plays a key role in p53-mediated apoptosis. Taken 
together, these results lead to the conclusion that H 2 S induces apoptosis through 
stabilization of p53 and mitochondrial-pathway activation. 

 One interesting fi nding of the study was that of the total stabilized p53, 1/3 was 
not phosphorylated at serine 46. This suggests that p53 might also play other roles 
besides induction of apoptosis. This observation was further explored in another 
study using human keratinocyte stem cells derived from oral mucosa. RT-PCR anal-
ysis showed that H 2 S incubation induces p53 activation, which further activates 
genes involved not only in the apoptotic process but also in cell-cycle arrest and 
DNA repair. Briefl y, the following genes were activated as apoptotic markers: cas-
pase- 9, -3, -6, -7, and PTEN; cell-cycle arrest markers: E2F2, E2F4, E2F6, and 
HDAC6; DNA-repair markers: GADD45A and GADD45B (Fig.  6.1 ). For a detailed 
discussion of the roles of p53 following VSC incubation, please refer to Chap.   7     of 
the present book and also Aoyama et al.’s [ 32 ] recent review. 

 Apoptosis was increased in cells from other periodontal tissues such as osteo-
blasts or gingival fi broblasts. Thus 24 or 48 h of incubation with H 2 S triggered early 
apoptotic events in oral fi broblasts only by activating the mitochondrial apoptotic 
pathway [ 4 ,  5 ]. At the same time DNA damage was observed. Interestingly, so far 
osteoblasts have been the only cell type that reacted to VSCs not only by activation 
of the intrinsic pathway but also through the extrinsic death ligand pathway [ 33 ]. 
Thus after H 2 S exposure, osteoblasts showed increased levels of both caspase-8 and 
-9 initiator caspases. In another study, H 2 S also increased apoptotic levels in dental- 
pulp stem cells, but only by activating the mitochondrial pathway [ 6 ]. 

 So far the previous studies have shown that the apoptotic response to H 2 S is 
largely dependent on the cell type. As shown in Fig.  6.2 , after 24 h of incubation 
oral-keratinocyte stem cells have the highest apoptotic levels. This, together with 
the DNA damage data, may suggest that apoptosis is rapidly increased in stem cells 
as a response to extrinsic stressors such as H 2 S, preventing further accumulation of 
DNA damage caused by H 2 S. Also cells belonging to the dermal and alveolar peri-
odontal compartments seem to be more resistant to H 2 S than cells isolated from the 
oral epidermis.
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7.1            Introduction 

 This chapter’s objective is simply to describe and discuss the function of p53 in 
carcinogenesis and apoptosis, especially in the prevention of malignant formations 
in oral tissue. The original roles of p53 are to cause apoptosis if the DNA damage is 
irreparable, or to facilitate repair of the errors in DNA strands during the arrest of 
the cell cycle mediated by p53 [ 1 – 3 ]. As described in Fig.  7.1 , an increase in reac-
tive oxygen species (ROS) damages DNA, causing, e.g., DNA double-strand breaks 
(DSBs) or single-strand breaks, since ROS are a major cause of DNA damage. 
Increases in ROS are caused by environmental factors, etc.; however, the presence of 
certain volatile sulfur compounds is the most likely reason in the oral cavity [ 4 – 10 ]. 
Following DNA damage, a cell can take the route of either apoptosis or DNA repair, 
whereas cell-cycle arrest must always happen [ 5 ,  11 ].

   In consequence, the genome guardian p53 maintains the integrity of the genome 
by preventing malignant formations in cells [ 12 ,  13 ]. In previous chapters, DNA 
damage and apoptosis caused by oral malodorous compounds were described. As 
previously described, oral malodorous compounds can produce malignancy in oral 
tissues when the functioning of p53 or the checkpoints for DNA damage are 
impaired. In the following sections, the author gives details. Admittedly, the descrip-
tion may refl ect the author’s bias in the explanation of a great deal of the informa-
tion about these facts reported previously along with too much speculation.  
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7.2     Checkpoints for the Choice Between DNA Repair 
and Apoptosis 

 To identify the process of the signal network for p53-induced apoptosis or the repair 
of DNA damage, we must reconfi rm that all processes are carried out in a single 
cell, preserving the integrity of the host, not in the whole body system of the host. If 
DNA or genomic damage is detected, all effectors at every checkpoint of the pro-
cess are stimulated or activated to fi nd DNA damage and to repair it. Figure  7.2  
shows the signal network for responding to DNA or genomic damage by selecting 
either apoptosis or the repair of DNA breaks after cellular DNA or genomic dam-
age. The signal network for responding to DNA or genomic damage works together 
with the cell cycle (Fig.  7.3 ). For details of the cell cycle in oral carcinogenesis, see 
Todd et al.’s excellent review [ 14 ].

    The primary function of p53 is to determine a cell’s destiny following genomic 
injury as described above. In this system of checkpoints, ataxia-telangiectasia and 
   Rad3-related (ATR), and Ataxia-telangiectasia mutated (ATM) [ 15 ] protein kinase 
have important roles. One of the initial signals upon the appearance of DNA DSBs 
is the phosphorylation of Rad3 [ 16 ]. Phosphorylation of the histone H2A variant 
phosphorylated histone H2A (H2AX) to generate γ-H2AX is also another indicator 
of DSBs [ 2 ,  3 ,  17 ], ATM is activated by phosphorylated cyclin-dependent kinase 5 
(Cdk5), γ-H2AX, Mre11–Rad50–Nbs1/Xrs2 (MRN) complex, and/or DNA DSB 

  Fig. 7.1    Choices in the destiny of a cell: reactive oxygen species (ROS) damages DNA. ROS is 
increased by environmental and host factors, etc. Volatile sulfur compounds are the most likely 
cause in the oral cavity. Damage is checked by checkpoints, and the system starts either apoptosis 
or DNA repair       
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decreasing DNA strand strain [ 16 – 19 ]. ATM dimer becomes a monomer in the 
active form after activation and then triggers both p53 and Checkpoint kinase 2 
(Chk2) pathways directly. Murine double mutant 2 (Mdm2), which is a suppressor 
for p53, is restrained by ATM [ 20 ]. Consequently p53 is stimulated. The functions 

  Fig. 7.2    Signal network for responding to DNA or genomic damage: DNA double-strand breaks 
are found by Rad5, Cdk5, and γ-H2AX, which then activate Ataxia-telangiectasia mutated (ATM) 
protein kinase and other elements downstream, including p53. γ-H2AX and single-strand DNA 
itself activate Ataxia-telangiectasia and Rad3-related (ATR). p53, ATM and ATR play a crucial 
role. Genotoxicity controls the network, including the checkpoints, indirectly. There are three 
groups of checkpoints: cell-cycle checkpoints (DNA-damage checkpoints), DNA-replication 
checkpoints, and the spindle checkpoint. These checkpoints detect DNA damage, then promote 
either DNA repair or cell death. Most of the references are described in the text.  Solid line : direct 
effect.  Broken line : indirect effect       
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of p53 in the cell cycle include controlling DNA-damage checkpoints: the G 1 /S 
transition, S-phase, and the G 2 /S transition [ 21 ]. At the DNA-damage checkpoint, 
p53 causes G 1  cell-cycle arrest following the detection of DNA injury or initiates the 
apoptotic pathway if the DNA damage is not repairable [ 22 ]. p53 also stimulates 
p21, resulting in G 1  arrest [ 23 ]. Thus if apoptosis is not chosen, the DNA damage is 
repaired before starting DNA replication. Dysfunction of p53 is caused by inhibi-
tion, degradation, or mutation of p53; this may cause accretion of DNA damage in 
each cell. Finally, accumulated DNA damage may result in starting malignant for-
mations [ 22 ]. 

 ATR is activated by DNA single-strand breaks, and γ-H2AX phosphate is acti-
vated by DNA DSB [ 17 ,  24 ], and then the downstream part of the ATR pathway, 
checkpoint kinase 1 (Chk1), is stimulated. Thus Chk1, Chk2, and p53 play crucial 
roles in the DNA-damage response signaling system for determining a cell’s des-
tiny. The ATM pathway is mainly activated by DNA DSBs, whereas the ATR path-
way is stimulated mainly by single-strand breaks. The system involves several 
checkpoints to identify DNA damage and to repair DNA. Checkpoints are distin-
guished by their functions: DNA-damage, DNA-replication, and spindle checkpoints 
[ 24 ]. During the cell cycle there are G 1 /S, S phase, and G 2 /M checkpoints [ 2 ,  3 ]. 
These checkpoints are also recognized as DNA-damage checkpoints. All DNA- 
damage checkpoint signaling involving G 2 /M, S- and G 1 /S phases is indirectly stim-
ulated by p53, Chk1 and Chk2. DNA-replication checkpoints and the spindle 
checkpoint are indirectly controlled by Chk1 [ 16 ,  24 ]. At DNA-replication check-
points three kinds of DNA problems are screened: original fi ring, fork restart, and 
replication fork stability [ 24 ]. 

 The number and position of cell-cycle or other checkpoints is still disputed. Only 
G 1 , G 2 , and spindle checkpoints are confi rmed in many papers. The author, however, 
has described the number and sites of each checkpoint following basically the 
description of Dai and Grant [ 24 ]. A huge part of DNA-damage response signaling 
and the checkpoint system has not yet been unveiled. Furthermore most of the sys-
tem or network is extremely complicated; so many contradictions have been found. 
We cannot describe them all completely.  

  Fig. 7.3    Cell cycle. 
S (synthesis) phase: check 
DNA damage and replication; 
M (mitosis) phase: check 
DNA damage, chromosome 
and spindle attachment; G 0  
(Gap 0) phase: resting and no 
proliferative cell action; G 1  
(Gap 1) phase: check DNA 
damage, proliferation, and 
nucleotide; G 2  (Gap 2) phase: 
check DNA damage, cell size 
and completing DNA 
replication       
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7.3     Original Firing, Fork Restart, and Stalled-Fork Stability 

 The initiation of DNA replication is not simple, involving multistep processes with 
preservation of genomic stability. Replication starts from certain regions, replica-
tion origins, in DNA: the process is known as origin-fi ring. For a single replication 
origin there is a number of candidates to be the origin, but most of these will not be 
employed for replication. The ATR pathway controls other origins at the DNA- 
replication checkpoint (S-phase) and determines which origins fi re early and effi -
ciently. That is, the DNA-replication checkpoint excludes ineffi cient origins once 
effi cient ones have fi red. In this way, the checkpoint can limit the number of origins. 
Although origins fi re at different times during S phase, all late-fi ring origins will be 
unnecessary for the completion of DNA replication as described above [ 25 – 27 ]. 

 The process of DNA replication is also coupled to cell-cycle progression and to 
DNA repair. Replication of genomes must be an extremely coordinated process to 
maintain genome integrity. That is, replication of a DNA double-strand starts at 
replication forks formed at the DNA double-strand end as shown in Fig.  7.4 . 
Helicase, DNA polymerases, DNA ligase, Okazaki fragments, and other proteins 
are required for replication-fork progression; the system is called a replisome [ 28 ]. 
Helicase unwinds DNA at the replication fork formed by the DNA double-strand 
end, and DNA polymerase produces a leading or a lagging strand. The DNA single- 
strand synthesis takes place only from 5′ to 3′, not from 3′ to 5′. On the leading 
strand, the DNA single-strand can be replicate continuously along the DNA tem-
plate from 5′ to 3′ [ 29 ]. On the lagging strand, DNA synthesis must periodically 
restart with short RNA primers after exposing part of the unwound 3′ to 5′ template 
of the lagging strand. RNA is replaced with DNA later, and DNA ligase connects 
one fragment to another. This RNA chain is called an Okazaki fragment. Logically, 
in vitro it might be possible to replicate a much longer fragment of the lagging 
strand than the Okazaki fragment; however, the possibility of causing genomic error 
would be dramatically increased because of the length of time that the DNA would 
be exposed to the surrounding cell elements. This discontinuous synthesis of the 
lagging strand is the reason for the succession of Okazaki fragments.

   DNA-repair and DNA-replication checkpoints respond to replication stress, 
allowing them to maintain genome stability. Checkpoint signals may be represented 
by stretches of single-strand DNA originating from DNA lesions because the forks 
generate single-stranded DNA [ 30 ]. In other words, single-strand involves less ten-
sion than double-strand does. The signals would be accumulated for further consid-
eration by the DNA-duplication checkpoint or the DNA-damage-response signaling 
system. 

 Collapsed replication forks may lose their function. In fact, such a fork causes a 
major signal for downstream events, including fork repair and checkpoint activation 
[ 31 ,  32 ]. The replisome at the forks is enhanced by mediators working to repair the 
DNA [ 33 ]. The process may maintain the replication fork until the DNA damage is 
repaired. If replication is not easily accomplished, it may cause DNA errors and 
collapse in one-ended DSB [ 34 ]. When the replication fork is kept stalled for more 
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than 12 h, the number of fork-associated DSBs increases [ 35 ]. Therefore  stalled- fork 
stability is important in preventing further DNA damage. When a replication fork 
encounters a single-strand break in a template strand, this event probably collapses 
the fork to a DNA double-strand end. The collapsed fork causes another origin to 
fi re, along with homologous recombination-mediated repair, but this might not 
be completed [ 31 ]. When replication is not easily carried out, the DNA becomes 
further damaged. 

 On the other hand, replication forks may collapse at DNA lesions or genomic 
gaps on the template strand [ 30 ]. These actions would ruin the integrity of the 
genome, but homogeneous recombination or other damage-bypass processes cause 
the fork to restart [ 35 ]. These signals ensure that the response to DNA damage 
enables DNA repair in S phase. Hence checking the fork restart promotes the pres-
ervation of the replication fork, maintaining genomic integrity. 

  Fig. 7.4    Replication fork. Replisome consists of helicase, DNA polymerases, DNA ligase, the 
Okazaki fragment, and the replication fork       
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 Therefore ATM and ATR associated with DNA-replication checkpoints prevent 
DSB-accumulation during DNA replication by regulating origin-fi ring, by recover-
ing collapsed stalled replication forks, and by stimulating fork restart [ 36 ].  

7.4     Spindle Checkpoint 

 The spindle checkpoint controls cell-cycle progression during mitosis: two spindles 
originating from opposite poles attach to the chromosomes. Failure in attachment 
results in unequal segregation of chromosomes, which may cause cell death or dis-
ease [ 37 ]. During this process, the spindle checkpoint works to avoid producing 
chromosome instability or other problems, or to detect them. The spindle microtu-
bules bind to proteins rather than directly to the chromosome: the protein structures, 
known as kinetochores, settle on the centromere of each chromosome. The centro-
mere is a tightly attached central region where the two chromatins are held together 
at the cross point of the two chromatins forming an X shape. As soon as the two 
kinetochores on a pair of sister-chromosomes attach to spindle microtubules from 
the two poles, they congregate at the center of the two daughter cells that are sepa-
rating; this stage is known as anaphase [ 38 ]. Once the microtubules of the spindle 
make contact with the kinetochore, many molecules start interactions or communi-
cation, working to complete mitosis. This process regulates both the attachment and 
the movement along the microtubule [ 39 ]. The checkpoint is situated so as to moni-
tor these events or signaling. 

 There is another reason why a checkpoint during mitosis is essential. In meta-
phase, chromosomes arrange themselves in a line in the middle of the cell before 
separating into the two daughter cells. Due to the natural randomness of the process 
it is critical that chromosome segregation proceeds only when all the chromosomes 
have collected to form the metaphase plate [ 38 ], which is required to ensure that the 
entire genomic information including even the smallest part is transferred into the 
two daughter cells. This is achieved by a surveillance mechanism, the spindle 
checkpoint. This checkpoint fi nds any lack of attachment or tension at the kineto-
chores. When such an event is detected, the checkpoint restrains the chromosome 
segregation to prevent the transference of wrong genomic information to the daugh-
ter cells from the mother cell [ 40 ,  41 ]. A single unattached kinetochore can delay 
the segregation of the chromosomes [ 42 ]: an inhibitory checkpoint signal is pro-
duced by this kinetochore to block chromosome segregation. 

 During the process of connecting chromosomes to spindle kinetochores from the 
two opposite poles to produce sister nuclei, tension is caused across the sister kinet-
ochores on opposite sides of the segregated chromosome by the pulling forces of the 
spindle, to produce two sister strands of chromatin. This event produces intra- 
kinetochore stretch or tension [ 43 ]. Kinetochores attach multiple microtubules: it 
has been suggested that each microtubule-binding site is activated at a different 
time. Therefore, it has also been suggested that it would be prudent to study intra- 
kinetochore stretching [ 44 ]. May and Hardwick [ 37 ] showed that decreased tension 
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caused by decreased microtubule attachment initiates the checkpoint. Moreover 
syntelic attachment, that is losing kinetochore tension because of incidental or non- 
regulated attachment of both sister genomes to microtubules from the same pole, 
activates the checkpoint as a response to lack of tension. Moreover, chemical inhibi-
tion of the spindle microtubule attachment has been carried out to relieve tension 
but not to lose the attachments, following which the checkpoint was found to be 
activated [ 45 ]. It has also been claimed that the checkpoint signal is produced by 
this kinetochore, blocking chromosome segregation [ 42 ]. The kinetochore is the 
apparent source of the checkpoint signal in all systems. Meiosis never happens in 
the oral tissue, but intra-kinetochore tension signaling is also found acting as a 
checkpoint control in meiosis [ 44 ]. 

 One of the targets of the spindle checkpoint is the anaphase-promoting complex/
cyclosome (APC/C). In response to a sister-chromatid being incorrectly attached to 
the spindle, the checkpoint promotes proteins that inhibit the activity of APC/C and/
or delay the start of anaphase. This confi rms that this checkpoint detects improper 
chromosome segregation, which would be followed by the inaccurate division of 
the genome [ 37 ,  44 ,  46 ].  

7.5     p53 in Carcinogenesis 

 Failure of the signal network in responding to DNA damage and in repairing DNA 
damage or genomic damage may lead to carcinogenesis (Fig.  7.2 ). p53 in particular 
has an extremely important role in suppressing carcinogenesis, although all the fac-
tors in the upper part of the stream of the signal network for responding to DNA or 
genomic damage are essential to prevent malignant tumor formation [ 2 ]. The reason 
is that p53 plays another important role in the DNA-repair pathway, as well as in the 
signal network for responding to DNA or genomic damage. p53 Induces cell-cycle 
arrest for p53-facilitated DNA repair, promoting nucleotide excision repair (NER) 
and base excision repair (BER). In BER, p53 activates both Gadd44 and p48XPE 
and then removes and corrects only damaged bases. Furthermore p53 may activate 
ER through interaction with DNA polymerase β [ 47 – 49 ]. 

 Smith et al. [ 50 ,  51 ] investigated NER in ultraviolet-light (UV)-damaged DNA 
in cells involving wild-type p53 or a p53 mutant which lowers considerably the 
effect of p53. Cells with a malfunction of p53 showed defective repair of DNA dam-
age caused by UV. p53 Mutation is one of the most frequent genetic changes in 
human cancer. p53 Mutant may obstruct caspase-3 function: caspase-3 is an exci-
sion enzyme in apoptosis, especially in p53-dependent apoptosis. It has been sug-
gested that cells producing p53 mutants may remain as malignant cells in the oral 
tissues by means of inhibiting caspase-3 [ 23 ]. 

 Human papillomavirus E6 protein inactivates p53 by causing its degradation 
[ 52 ]. Moreover Raf/MEK/ERK and PI3K/Akt pathways also interact with p53 
directly or indirectly, e.g. Akt activates MDM2, which suppress p53 activity 
through these very complicated interactions [ 53 ]. Interestingly, there are p53 
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backup systems involving CHK1 and/or CHK2-driven E2F1 activation and p73 
upregulation, moreover another backup system exists: DNA damage inhibits RNA 
synthesis, which causes reduction of the products of signifi cant genes, and then 
eventually the death-receptor is activated [ 54 ]. However, anticancer activities in vivo 
of these backup systems are still obscure. The level of importance of these systems 
is not clear, especially compared with the p53-dependent apoptotic pathway. 

 There are other important anticancer systems, although p53 is not involved in 
them directly. Briefl y, the primary response triggered by DNA-damaging agents is 
a sustained proliferation block, and not apoptosis. The proliferation block refl ects 
stress-induced premature senescence in strongly p53-positive cells [ 23 ]. Since DNA 
methylation is one of the causes of malignant tumors, demethylation of methyl- 
DNA can prevent malignancies. In fact, DNA demethylation may be involved in the 
BER process [ 55 ]. Moreover, phosphorylated H2A(X) has been described as one of 
the signals from DNA DSB: the phosphorylation of H2A(X) has been demonstrated 
to involve an important function in preventing carcinogenesis [ 56 ]. H2A(X) has 
another important function. The basic unit of chromatin is the nucleosome, which is 
formed by DNA base pairs wrapping histone proteins [ 19 ]. There are entry and exit 
points of DNA from the nucleosome. The DNA entry and exit points are localized 
at histone proteins such as H2A/H2B dimer; H2A(X) may be near the dimer [ 19 ]. 
H2A(X) DNA-damage response is a cause of motif phosphorylation. Most of a 
motif’s functions are related to DNA metabolism and communications among pro-
teins and DNA [ 57 ]. Phosphorylation revises the nucleosome, providing the correct 
entry/exit points on the DNA [ 19 ].  

7.6     Conclusion 

 A signal network for DNA or genomic damage consists of checkpoints and related 
mediators, including those for detecting DNA damage. p53, ATR, and ATM protein 
kinase have important roles. The signal network works together with the cell cycle. 
Checkpoints in the network are cell-cycle checkpoints (DNA-damage checkpoints), 
DNA-replication checkpoints, and the spindle checkpoint. When these functions are 
damaged or lost, the possibility of carcinogenesis is increased. Selecting either 
apoptosis or the repair of DNA breaks after genomic damage is the crucial role of 
this system.     

   References 

    1.    Enoch T, Norbury C (1995) Cellular responses to DNA damage: cell-cycle checkpoints, apop-
tosis and the roles of p53 and ATM. Trends Biochem Sci 20:426–430  

      2.    Meyn MS (1995) Ataxia-telangiectasia and cellular responses to DNA damage. Cancer Res 
55:5991–6001  

      3.    Meyn MS (1997) Ataxia-telangiectasia and cellular responses to DNA damage. Cancer Res 
57:2313–2315  

7 The Role of p53 in Carcinogenesis and Apoptosis in Oral Tissues



104

    4.    Aoyama I, Calenic B, Imai T et al (2012) Oral malodorous compound causes caspase-8 and -9 
mediated programmed cell death in osteoblasts. J Periodontal Res 47:365–373  

    5.    Calenic B, Yaegaki K, Ishkitiev N et al (2012) p53-Pathway activity and apoptosis in hydrogen 
sulfi de-exposed stem cells separated from human gingival epithelium. J Periodontal Res. 
doi:  10.1111/jre.12011      

   6.    Calenic C, Yaegaki K, Kozhuharova A et al (2010) Oral malodorous compound causes oxida-
tive stress and p53-mediated programmed cell death in keratinocyte stem cells. J Periodontol 
81:1317–1323  

   7.    Calenic B, Yaegaki K, Murata T et al (2010) Oral malodorous compound triggers mitochondrial- 
dependent apoptosis and causes genomic DNA damage in human gingival epithelial cells. 
J Periodontal Res 45:31–37  

   8.    Kobayashi C, Yaegaki K, Calenic B et al (2011) Hydrogen sulfi de causes apoptosis in human 
pulp stem cells. J Endod 37:479–484  

   9.    Fujimura M, Calenic B, Yaegaki K et al (2010) Oral mal odorous compound activates mito-
chondrial pathway inducing apoptosis in human gingival fi broblasts. Clin Oral Investig 
14(367–373):2010  

    10.    Yaegaki K, Qian W, Murata T et al (2008) Oral malodorous compound causes apoptosis and 
genomic DNA damage in human gingival fi broblasts. J Periodontal Res 43:391–399  

    11.    Bellini MF, Cadamuro AC, Succi M et al (2012) Alterations of the TP53 gene in gastric and 
esophageal carcinogenesis. J Biomed Biotechnol 2012:891961  

    12.    Lane DP (1992) p53, guardian of the genome. Nature 358:15–16  
    13.    Sato Y, Tsurumi T (2012) Genome guardian p53 and viral infections. Rev Med Virol. 

doi:  10.1002/rmv.1738      
    14.    Todd R, Hinds PW, Munger K et al (2002) Cell cycle dysregulation in oral cancer. Crit Rev 

Oral Biol Med 13:51–61  
    15.    Trenz K, Smith E, Smith S et al (2006) ATM and ATR promote Mre11 dependent restart of 

collapsed replication forks and prevent accumulation of DNA breaks. EMBO J 25:1764–1774  
      16.    Langerak P, Russell P (2011) Regulatory networks integrating cell cycle control with DNA 

damage checkpoints and double-strand break repair. Philos Trans R Soc Lond B Biol Sci 
366:3562–3571  

     17.    Landau DA, Slack FJ (2011) MicroRNAs in mutagenesis, genomic instability and DNA repair. 
Semin Oncol 38:743–751  

   18.    Tian B, Yang Q, Mao Z (2009) Phosphorylation of ATM by Cdk5 mediates DNA damage 
signaling and regulates neuronal death. Nat Cell Biol 11:211–218  

       19.    Kinner A, Wu W, Staudt C et al (2008) c-H2AX in recognition and signaling of DNA double- 
strand breaks in the context of chromatin. Nucleic Acids Res 36:5678–5694  

    20.    Lau AW, Fukushima H, Wei W (2011) The Fbw7 and beta-TRCP E3 ubiquitin ligases and their 
roles in tumorigenesis. Front Biosci 17:2197–2212  

    21.    Doorbar J (2005) The papillomavirus life cycle. J Clin Virol 32S:S7–S15  
     22.    Feller L, Wood NH, Khammissa RA et al (2010) Human papillomavirus-mediated carcinogen-

esis and HPV-associated oral and oropharyngealsquamous cell carcinoma. Part 1: human 
papillomavirus-mediated carcinogenesis. Head Face Med 6:14  

      23.    Mirzayans R, Andrais B, Scott A et al (2012) New insights into p53 signaling and cancer cell 
response to DNA damage: implications for cancer therapy. J Biomed Biotechnol 2012:170325  

        24.    Dai Y, Grant S (2010) New insights into checkpoint kinase 1 (Chk1) in the DNA damage 
response (DDR) signaling network: rationale for employing Chk1 inhibitors in cancer thera-
peutics. Clin Cancer Res 16:376–383  

    25.    Machida YJ, Hamlin JL, Dutta A (2005) Right place, right time, and only once: replication 
initiation in metazoans. Cell 123:13–24  

   26.    Boye E, Grallert B (2009) In DNA replication, the early bird catches the worm. Cell 136:
812–814  

    27.    Katsuno Y, Suzuki A, Sugimura K et al (2009) Cyclin A-Cdk1 regulates the origin fi ring pro-
gram in mammalian cells. Proc Natl Acad Sci U S A 106:3184–3189  

K. Yaegaki

http://dx.doi.org/10.1111/jre.12011
http://dx.doi.org/10.1002/rmv.1738


105

    28.    Soultanas P (2012) Loading mechanisms of ring helicases at replication origins. Mol Microbiol 
84:6–16  

    29.    Nethanel T, Reisfeld S, Dinter-Gottlieb G et al (1988) An Okazaki piece of simian virus 40 
may be synthesized by ligation of shorter precursor chains. J Virol 62:2867–2873  

     30.    Branzei D, Foiani M (2005) The DNA damage response during DNA replication. Curr Opin 
Cell Biol 17:568–575  

     31.    Petermann E, Helleday T (2010) Pathways of mammalian replication fork restart. Nat Rev Mol 
Cell Biol 11:683–687  

    32.    Branzei D, Foiani M (2009) The checkpoint response to replication stress. DNA Repair 
8:1038–1046  

    33.    Shimada K, Oma Y, Schleker T et al (2008) Ino80 chromatin remodeling complex promotes 
recovery of stalled replication forks. Curr Biol 18:566–575  

    34.    Allen C, Ashley AK, Hromas R et al (2011) More forks on the road to replication stress recov-
ery. J Mol Cell Biol 3:4–12  

     35.    Saintigny Y, Delacote F, Vares G et al (2001) Characterization of homologous recombination 
induced by replication inhibition in mammalian cells. EMBO J 20:3861–3870  

    36.    Uchida KS, Takagaki K, Kumada K et al (2009) Kinetochore stretching inactivates the spindle 
assembly checkpoint. J Cell Biol 184:383–390  

      37.    May KM, Hardwick KG (2006) The spindle checkpoint. J Cell Sci 119:4139–4142  
     38.       Cleveland DW, Mao Y, Sullivan KF (2003) Centromeres and kinetochores: from epigenetics 

to mitotic checkpoint signaling. Cell 112:407–421  
    39.    Maiato H, DeLuca J, Salmon ED et al (2004) The dynamic kinetochore-microtubule interface. 

J Cell Sci 117:5461–5477  
    40.    Musacchio A, Hardwick KG (2002) The spindle checkpoint: structural insights into dynamic 

signalling. Nat Rev Mol Cell Biol 3:731–741  
    41.    Yu H (2002) Regulation of APC-Cdc20 by the spindle checkpoint. Curr Opin Cell Biol 

14:706–714  
     42.    Rieder CL, Cole RW, Khodjakov A et al (1995) The checkpoint delaying anaphase in response 

to chromosome monoorientation is mediated by an inhibitory signal produced by unattached 
kinetochores. J Cell Biol 130:941–948  

    43.    Maresca TJ, Salmon ED (2009) Intrakinetochore stretch is associated with changes in kineto-
chore phosphorylation and spindle assembly checkpoint activity. J Cell Biol 184:373–381  

      44.    Musacchio A (2011) Spindle assembly checkpoint: the third decade. Philos Trans R Soc Lond 
B Biol Sci 366:3595–3604  

    45.    Skoufi as DA, Andreassen PR, Lacroix FB et al (2001) Mammalian mad2 and bub1/bubR1 
recognize distinct spindle attachment and kinetochore-tension checkpoints. Proc Natl Acad 
Sci U S A 98:4492–4497  

    46.    Bharadwaj R, Yu H (2004) The spindle checkpoint, aneuploidy, and cancer. Oncogene 
23:2016–2027  

    47.    Smith ML, Seo YR (2002) p53 Regulation of DNA excision repair pathways. Mutagenesis 
17:149–156  

   48.    Lu X, Nguyen TA, Appella E et al (2004) Homeostatic regulation of base excision repair by a 
p53-induced phosphatase: linking stress response pathways with DNA repair proteins. Cell 
Cycle 3:1363–1366  

    49.    Wilson DM 3rd, Kim D, Berquist BR et al (2011) Variation in base excision repair capacity. 
Mutat Res 711:100–112  

    50.    Smith ML, Chen IT, Zhan Q et al (1995) Involvement of the p53 tumor suppressor in repair of 
UV-type DNA damage. Oncogene 10:1053–1059  

    51.    Smith ML, Ford JM, Hollander MC et al (2000) p53-Mediated DNA repair responses to UV 
radiation: studies of mouse cells lacking p53, p21, and/or gadd45 genes. Mol Cell Biol 
20:3705–3714  

    52.    Li X, Coffi no P (1996) High-risk human papilloma virus E6 protein has two distinct binding 
sites within p53, of which only one determines degradation. J Virol 70:4509–4516  

7 The Role of p53 in Carcinogenesis and Apoptosis in Oral Tissues



106

    53.    McCubrey JA, Steelman LS, Chappell WH et al (2007) Roles of the Raf/Mek/Erk pathway in 
cell growth, malignant transformation and drug resistance. Biochim Biophys Acta 1773:
1263–1284  

    54.    Roos WP, Kaina B (2006) DNA damage-induced cell death by apoptosis. Trends Mol Med 
12:440–450  

    55.    Chen ZX, Riggs AD (2011) DNA methylation and demethylation in mammals. J Biol Chem 
286:18347–18353  

    56.    Downs JA (2007) Chromatin structure and DNA double-strand break responses in cancer 
 progression and therapy. Oncogene 26:7765–7772  

    57.    Baxevanis AD, Arents G, Moudrianakis EN et al (1995) A variety of DNA-binding and multi-
meric proteins contain the histone fold motif. Nucleic Acids Res 23:2685–2691    

K. Yaegaki



107D. Ekuni et al. (eds.), Studies on Periodontal Disease, Oxidative Stress in Applied  
Basic Research and Clinical Practice, DOI 10.1007/978-1-4614-9557-4_8,
© Springer Science+Business Media New York 2014

8.1  Introduction

Upon exposure to high oxygen concentrations, most aerobic organisms (including 
aerobic bacteria, plants, and animals) exhibit toxic phenotypes, including increased 
mutation rate, growth decrease, and finally loss of viability. These effects typically 
do not reflect direct reaction of oxygen (O2) itself with biological molecules [1]. 
Instead, the sequential addition of an electron to molecular oxygen generates super-
oxide anion, hydrogen peroxide, hydroxy radical, and water, in the following series: 
O2 → O2

− (−160 mV; standard redox potential at pH 7.0), O2
− → H2O2 (+940 mV), 

H2O2 → · OH (+380 mV), · OH → H2O (+2,330 mV).
Molecular oxygen can obtain electrons from the dihydroflavin cofactors of a 

wide range of reduced redox enzymes. The higher the oxygen concentration, the 
more rapidly the reaction occurs [2, 3]. As a mixture of superoxide and hydrogen 
peroxide is usually generated in vivo, cells often employ superoxide dismutases and 
reductases as scavengers for superoxide, and catalases and peroxidases as scaven-
gers for hydrogen peroxide. In aerobic cultures of Escherichia coli, H2O2 is formed 
at a steady-state rate of 10–15 μM/s/OD (optical density of bacteria at 600 nm) [4]. 
The rate of generation increases in proportion to oxygen concentration, consistent 
with enzymatic observations and accounting for the toxicity of hyperoxia. These 
peroxide doses are sufficient to require the existence of scavenging systems, since 
either superoxide ion- or H2O2-scavenging enzyme-deficient bacterial mutants 
exhibit growth deficiencies, and the phenotype becomes more severe at increasing 
environmental oxygen concentrations [5–8]. Peroxide levels in excess of 1 μM effi-
ciently oxidize the loose (non-protein complexed) ferrous ion pool in H2O2-stressed 
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E. coli cells, generating hydroxyl radicals that in turn induce DNA damage [9]. This 
process is referred to as the Fenton reaction:

 H O2 2
2 3+ ® + × ++ - +Fe OH OH Fe  

In a mechanism similar to the Fenton reaction, H2O2 oxidizes and destroys 
solvent- exposed Fe/S (iron–sulfur) clusters. The resulting inactivation of Fe/S 
cluster- containing enzymes, such as aconitase, blocks key pathways necessary for 
biosynthesis and bioenergy production [10], and H2O2 also inactivates non-redox 
enzymes that have a single ferrous iron as a substrate-activating factor [11, 12]. 
Thus, the enzymes vulnerable to H2O2 stress catalyze a diverse set of reactions, 
ranging from epimerization to dehydrogenation.

In vitro data demonstrate that the rate constant for the reaction of H2O2 with iron 
centers may range from 1 × 103 to 5 × 104 M−1 s−1 [13], suggesting that even sub- 
micromolar H2O2 can inactivate the above-mentioned enzymes within a few min-
utes, and explaining why cells maintain high titers of peroxidase and catalase 
enzyme activities. For example, the levels of these scavenger enzymes in E. coli are 
sufficient to restrict the steady-state amount of H2O2 to approximately 20 nM, 
despite the rapidity of endogenous H2O2 formation [14].

In addition to the autoxidation of flavoproteins, oxidants are generated by extra-
cellular redox reaction mechanisms. On redox reaction interfaces, reduced metals 
and sulfur species can spontaneously encounter oxygen-containing water, and sub-
sequent redox reaction generates the O2

− and H2O2 with which bacteria have to 
struggle. The same reactive oxygen species (ROS) are made when ultraviolet light 
or short wavelength visible light illuminates extracellular chromophores, including 
(for example) pigments released by decaying plants. At physiological pH, O2

− is a 
charged molecule and therefore cannot cross the bacterial cytoplasmic membrane, 
while H2O2 penetrates phospholipid bilayers with a permeability coefficient similar 
to that of water [14, 15]. When environmental H2O2 concentrations exceed 0.2 μM 
in E. coli, the rate of H2O2 influx is more than that of its endogenous formation, and 
the steady-state intracellular peroxide concentration begins to increase [14]. A simi-
lar effect is expected when bacteria are exposed to H2O2 secreted by lactic acid 
bacteria (LAB), which has been proposed to serve as an LAB competitive strategy 
[16], a mechanism for limiting or eliminating competitive flora including common 
pathogens such as Haemophilus influenzae or Neisseria meningitidis that share the 
same microenvironment. Similarly, when bacteria are captured in macrophages 
(cells of the animal immune system), bacteria are exposed to 5–10 μM H2O2, which 
is expected to elevate intracellular H2O2 levels by more than one order of magnitude 
[17]. Scavenging enzymes are important defenses against H2O2/O2

−, and when rates 
of H2O2 generation or exposure are high, the basal levels of defenses may not be 
sufficient. For this reason, most organisms respond to increasing H2O2 levels by 
raising the rate of synthesis of catalases and/or peroxidases. These adaptive 
responses have been demonstrated in bacteria and in eukaryotes (including yeast).

The present work describes the characterization of an H2O2/O2
− scavenger pro-

tein detected in a periodontopathic bacterium, Actinobacillus actinomycetem-
comitans. However, this report first reviews other bacterial scavenger proteins 
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before returning to the quinol peroxidase (QPO) of this bacterium, some of which 
may be candidates for ROS scavenger of A. actinomycetemcomitans, as men-
tioned in the later part.

8.2  Catalase and Peroxidase

8.2.1  Properties of Catalase and Peroxidase

It was proposed in 1900 that higher organisms universally harbor an enzyme (des-
ignated catalase) that degrades hydrogen peroxide (H2O2) to oxygen (O2) and water 
(H2O) (8.1) [18]. At the time, few proteins were known to catalyze this reaction; 
later, catalase activity was identified in many bacteria as well. Subsequently, a sepa-
rate class of H2O2-degrading enzymes (designated peroxidases) was defined as the 
activity is able to reduce H2O2 disproportionately (8.2).

 H O H O O H O2 2 2 2 2 22+ ® +  (8.1)

 RH2 2 2 22+ ® +H O R H O  (8.2)

Peroxidase is able to use RH2 as an electron donor, which can correspond to any 
of a range of molecules, including NADH, NADPH, glutathione, thioredoxin, or 
cytochrome c. Some enzymes with peroxidase activity can oxidize nonphysiologi-
cal electron donors, such as dyes, although the actual (physiologically relevant) 
electron donor may be unknown. Although many organisms employ multiple, abun-
dant peroxide scavenging activities, the basis and need for this apparent redundancy 
remains unresolved. For example, the model bacterium E. coli produces at least nine 
enzymes proposed as catalases or peroxidases.

8.2.2  OxyR

OxyR, a well-known transcription factor associated with H2O2 activation, is present 
in many bacteria, including E. coli. The protein is inactive until H2O2 oxidizes a 
target cysteine residue, thereby triggering the generation of a disulfide bond that 
converts the protein into an active conformation [19, 20]. Activated (H2O2-oxidized) 
OxyR binds to the promoter regions of the OxyR-regulon, which includes the genes 
encoding catalases and peroxidases; promoter-bound OxyR then recruits RNA 
polymerase and induces transcription.

An alternative H2O2 sensor, PerR, is used in other bacteria in place of OxyR [21, 
22]. PerR generally binds iron, which is in a metallated form; in this form, PerR 
binds to promoters of the PerR regulon and represses their transcription. When the 
concentration of H2O2 increases, the Fenton reaction leads to the oxidation of the 
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bound iron and simultaneous oxidation of the corresponding PerR histidine ligand, 
irreversibly inactivating the PerR protein. The inactivated PerR cannot bind to the 
promoter regions of PerR regulon members, and the genes then are available for 
transcription. The PerR regulon has been studied in Bacillus subtilis, where the 
regulon includes separate genes that encode a peroxidase (Ahp) and a catalase 
(KatA) [23].

8.2.3  Heme Catalase

The majority of characterized bacteria harbor catalase activities, with the exceptions 
of enterococci, streptococci, and leuconostocs [13]. Catalases are categorized based 
on their cofactor, a system that distinguishes catalases into heme and non-heme 
(i.e., manganese) classes. Catalases catalyze the typical proponate H2O2 reaction as 
indicated above by (1), and some catalases additionally exhibit peroxidatic activi-
ties. That is, a “monofunctional catalase” has only catalase activity; an enzyme 
having both catalase and peroxidase activities is termed a “bifunctional catalase,” a 
“catalase-peroxidase,” or a “catalase/peroxidase.” Originally, all bacterial catalases 
detected among aerobic and anaerobic bacteria were presumed to be monofunc-
tional enzymes [24, 25]. The bifunctional catalases are less abundant. Crystal struc-
tures have been described for monofunctional catalases from E. coli [26, 27], 
Proteus mirabilis [28], Micrococcus lysodeikticus [29], Helicobacter pylori [30], 
and Pseudomonas syringae [31]. Structures have also been determined for the 
bifunctional enzymes from Synechococcus PCC 7942 [32], Mycobacterium tuber-
culosis [33], Listeria seeligeri [31], and Burkholderia pseudomallei [34]. While  
E. coli contains a catalase/peroxidase, a structure has been published only for the 
C-terminal domain of this enzyme [35]. The overall structures differ between mono-
functional and bifunctional catalases, but the classes share the presence of a deeply 
buried heme that is accessed through a narrow channel [36]. This channel selects for 
the entry of H2O2 molecules, and thus provides substrate specificity by preventing 
catalysis of organic hydroperoxides. The apparent values of Km and kcat of mono-
functional catalases are in the range of 38 mM (Pseudomonas aeruginosa KatB)–
599 mM (P. mirabilis) and 54,000–83,300 s−1, respectively, but the Km and kcat values 
of catalase activity of catalase-peroxidases are 2.4 mM (M. tuberculosis KatG)–
4.5 mM (B. pseudomallei KatG) and 4,350–5,680 s−1, respectively [37–40]. 
Consequently, catalytic efficiencies (kcat/Km) of both types of enzymes are in the 
range of approximately 105–106 M−1 s−1, demonstrating that enzymes of the two 
classes are proficient in degrading H2O2.

Initially, catalases were thought to be the primary H2O2 scavengers, with peroxi-
dases playing a secondary role. More recent observations suggest that peroxidases 
are often the primary scavengers when the dose of H2O2 is in the low-micromolar 
range [7], as is typically found in nature. The activity of catalase dominates only at 
higher peroxide levels, when peroxidase is saturated because of limiting rates of 
electron delivery and/or enzymatic inactivation due to over-oxidation. Many 
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bacteria have more than one catalase isozyme, and bifunctional catalases seem to be 
the preferred enzyme in exponential phase. These bifunctional catalases are induced 
by OxyR or PerR protein that detects environmental H2O2, but the monofunctional 
catalases are induced in stationary phase by a sigma factor specific for stationary 
phase [41–48]. Monofunctional enzymes may be more structurally stable and per-
sist during the long periods of stasis that bacteria must periodically endure [13].

The monofunctional catalase is generally a cytoplasmic protein. Some bifunc-
tional catalases are secreted to the periplasmic space, including E. coli O157: H7 
KatP [49] and Brucella abortus KatA [50]. These bacteria also harbor cytoplasmic 
catalases, and such distinct localizations potentially supply an advantage to bacte-
ria that must survive host–phagosomal environments. For phagocytosed bacteria, 
the existence of H2O2-scavenging systems in both cytoplasm and periplasm would 
provide a two-stage system, which may protect cytoplasmic targets against exoge-
nous H2O2 more effectively than a similar amount of catalase located exclusively in 
the cytoplasm.

8.2.4  Manganese Catalase

The manganese catalase reacts with substrate in two steps, a process like that used 
by heme catalase.

 2 2 2 22
2 2

3
2Mn Mn+ + ++ + ® +H O H H O  (8.3)

 2 2 23
2 2

2 2Mn Mn+ + ++ ® + +H O H O  (8.4)

Some bacteria harbor catalase activities that are azide- and cyanide-insensitive 
[51]. This type of catalase was isolated from Pediococcus grown in the absence of 
heme source [52]. Biochemical data, including atomic absorption spectroscopy 
data, have shown that this enzyme uses manganese atoms as cofactors, in place of 
heme [53, 54]. Manganese catalases have also been isolated from Thermus ther-
mophilus [55], Salmonella enterica [56], Lactobacillus plantarum [53], 
Thermoleophilum album [54], and Pyrobaculum calidiofontis [57]. Crystal struc-
tures are available for the L. plantarum and T. thermophilus catalases [58, 59]. Two 
manganeses were contained in each subunit of these enzymes [60]. The dimanga-
nese active site of the enzyme has a narrow channel, which provides substrate speci-
ficity for H2O2.

The kinetics of this class was studied using the enzymes of L. plantarum,  
T. album, T. thermophilus, and P. calidifontis. The Km values for H2O2 are in the 
range of 15 mM (T. album)–350 mM (L. plantarum), similar to those of the heme 
catalases, but the kcat/Km values range between 1.7 × 105 M−1 s−1 (P. calidifontis) and 
3.1 × 106 M−1 s−1 (T. thermophilus), which is an order of magnitude similar to those 
of the heme catalases [53, 54, 57, 61]. An inverse correlation between manganese 
catalase content and the H2O2 accumulation was reported for aerobically grown  
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L. plantarum, confirming that the manganese enzyme functions as a scavenger of 
H2O2 [53]. The heme catalases are more widespread than manganese catalases, with 
genes for manganese catalases found so far in only 100 bacteria (Peroxidase data-
base, November, 2011) [62]. The Mn enzyme is commonly found only among cya-
nobacteria, but is rarely observed in other bacteria. High level of manganese catalase 
activity in a manganese-rich bacterium, L. plantarum, in which manganese is accu-
mulated to an intracellular level of approximately 25 mM and is unable to synthe-
size heme, was observed only in a medium devoid of any heme source [63]. These 
results suggest that the manganese enzyme serves as a catalase only when more 
efficient heme catalases are not available.

In S. enterica the heme catalase (KatE) switches to the manganese enzyme in 
stationary phase. When iron levels decrease in the stationary phase, manganese 
import is induced in enteric bacteria, due to inactivation of Fur: Fe transcrip-
tional repressor. The manganese is imported through that mechanism, and activate 
manganese- specific isozyme (NrdEF: manganese-dependent ribonuclease) instead 
of iron-dependent ribonuclease (NrdAB). The iron-dependent superoxide dismutase 
(SodB) is also replaced by the manganese isozyme (SodA), which is normally 
repressed by Fur, like manganese transporter itself [64–66].

8.3  Thiol Peroxidase (Peroxiredoxin)

8.3.1  Properties of Thiol Peroxidase (Peroxiredoxin)

Peroxidases are classified into two categories: thiol-based peroxidases, also called 
peroxiredoxins, and non-thiol peroxidases. The peroxiredoxins all have a conserved 
peroxidatic cysteine residue that can react with H2O2 or organic hydroperoxide, 
resulting in the formation of a cysteine sulfenic acid (−SOH). This sulfenic acid 
subsequently forms an inter- or intramolecular disulfide bond with another cysteine, 
and the resulting cysteine is converted back to two cysteines by reduction with 
another compound, such as a reduced dithiol-containing protein or NAD(P)H. 
Peroxiredoxins can be classified into four groups: (1) alkyl hydroperoxide reductase 
(AhpCF); (2) thiol peroxidases (Tpx); (3) bacterioferritin comigratory proteins 
(BCP); (4) glutathione peroxidases (Gpx) [13].

A eukaryotic non-heme, H2O2-scavenging enzyme was first reported in 1957, but 
was not further described until the 1970s. In 1988, a thiol-specific antioxidant 
(TSA) was identified in yeast as a protein that was able to inhibit glutathione syn-
thesis from metal-catalyzed oxidation during dithionite/ferrous ion/oxygen expo-
sure [67]. TSA function requires dithiothreitol (DTT) as an artificial electron donor.

In 1995, Cha et al. [68] purified and characterized a thiol-based peroxidatic pro-
tein of E. coli; this activity was designated originally as p20, and later as thiol per-
oxidase (Tpx). Tpx proteins contain a conserved cysteine in the N-terminal region. 
However, these proteins do not exhibit homology in their primary structure (amino 
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acid sequence). The Tpx prepared from various bacteria show conservation of 
Cys61 and Cys95 (using the consensus E. coli Tpx numbering), and these cysteines 
form an intramolecular disulfide bond after exposure to H2O2 [69]. Crystal struc-
tures have been solved for the reduced and oxidized forms [70, 71]. Site-directed 
mutagenesis has demonstrated that the Cys61 residue is essential for peroxidatic 
activity [69, 72]. The physiological reductant for Tpx is not known. However, Tpx 
reacts in vitro with H2O2, t-butyl hydroperoxide, cumene hydroperoxide, and lin-
oleic acid hydroperoxide in the presence of DTT as an electron donor [73]. The 
kcat/Km values for a thioredoxin/thioredoxin reductase system were determined to be 
7.7 × 106 and 4 × 104 M−1 s−1 for cumene hydroperoxide and H2O2, respectively [69], 
suggesting that this system could serve to scavenge organic hydroperoxides. The 
localization of Tpx remains unclear. Tpx was first prepared from the periplasmic 
fraction of E. coli, but later studies indicated that the E. coli enzyme is cytoplasmic, 
and Tpx of a Gram-positive bacteria also was cytoplasmic [74, 75]. E. coli, 
Campylobacter jejuni, H. pylori, or Enterococcus faecalis lacking Tpx did not show 
any phenotypes under aerobic conditions, but the E. coli mutant showed modest 
sensitivity to organic hydroperoxides in anaerobic culture [73, 75–77]. However, 
tpx mutants of H. pylori and E. faecalis were sensitive to exogenous H2O2 and 
cumene hydroperoxide [76, 77]. In conclusion, definition of the biological function 
of Tpx requires further analysis. Although the enzyme activity has been demon-
strated in vitro, the in vivo phenotypes of tpx mutants are modest and detected only 
under conditions of stress. In E. coli and other bacteria growing under laboratory 
conditions, Ahp-containing systems are the predominant scavengers of organic per-
oxide and H2O2; other peroxidase enzymes are used only under specific circum-
stances (e.g., when Ahp and corresponding catalases are nonfunctional) or with 
particular (as-yet unidentified) substrates [13].

In 1989, a thiol-based peroxidase, AhpC, was isolated from Salmonella 
typhimurium, and was characterized as a member of the OxyR regulon, which is 
regulated by H2O2 stress [78]. The Ahp system consists of two cytoplasmic proteins, 
AhpC and AhpF, and is found throughout the aerobic and anaerobic microbiota [79].

8.3.2  Bacterioferritin Comigratory Protein

BCP exhibits thiol peroxidase activity in vitro, but the in vivo function of BCP 
remains much less obvious. BCP originally was identified in E. coli as a factor that 
co-migrates with bacterioferritin on sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) [80, 81]. Primary sequences of BCPs revealed homol-
ogy to AhpC, and biochemical characterization confirmed the ability to react with 
H2O2. Homologs of BCP are present in a wide range of Gram-positive and Gram- 
negative bacteria. A cysteine residue in the N-terminal region (Cys48 in Xanthomonas 
campestris BCP) is a peroxidatic thiol, and another conserved cysteine (Cys84) may 
contribute to the formation of a disulfide bond. Activity is lost upon deletion of 
either of these cysteine residues [82, 83]. Crystal structures are available for the 
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BCPs of X. campestris [83] and Aeropyrum pernix (2CX4 released in 2005 by 
RIKEN Structural Genomics/Proteomics Initiative). While the reduction mecha-
nism for BCP remains unknown, catalytic turnover with H2O2 and organic hydro-
peroxide has been demonstrated using both thioredoxin and glutathione/glutaredoxin 
(as physiological electron donors) and DTT (as an artificial electron donor) [75, 
83–85]. The thioredoxin system has been proposed as the most likely in vivo elec-
tron donor. Although BCP is strongly expressed during exponential growth in  
E. coli, a mutant strain that lacks both Ahp and catalase exhibit increased H2O2 
levels, indicating that the BCP acts in some other role. The BCP of E. coli reacts 
with linoleic acid hydroperoxide (10 μM) and t-butylhydroperoxide (40 μM) as well 
as with H2O2 (50 μM), suggesting that an organic hydroperoxide may be the physi-
ological substrate [86]. However, the biological source of such an organic hydroper-
oxide is unknown in bacteria. Mutants of H. pylori, C. jejuni, and Porphyromonas 
gingivalis harboring deletions exhibit reduced viability under aerobic conditions as 
well as increased sensitivity to cumene hydroperoxide, an artificial organic hydro-
peroxide, but do not exhibit altered sensitivity to H2O2 [75, 85, 87, 88]. In both 
Desulfovibrio vulgaris and E. coli, bcp expression is increased under aerobic condi-
tions [86, 89]. However, there is no evidence of a response to H2O2 or other oxidants 
in the other BCPs, and the physiological role of BCP remains unknown.

8.4  Scavengers of Superoxide

Spontaneous chemical dismutation (that is, the reaction of O2
−) is not sufficient for 

maintaining low intracellular concentrations of O2
−, since the rate of this reaction is 

very slow at physiological O2
− concentrations and decreases sharply at lower O2

− 
concentrations [13]. Gram-negative bacteria usually contain both cytoplasmic and 
periplasmic isozymes of superoxide dismutase (SOD) as a defense against O2

−.  
E. coli has two cytoplasmic SOD isozymes, a manganese-cofactored version 
(MnSOD) and an iron-cofactored version (FeSOD). E. coli also secretes a periplasmic 
copper, zinc-cofactored superoxide dismutase (CuZnSOD, also called Sod). O2

− 
cannot flow between cytoplasmic and periplasmic spaces, and thus the physiological 
roles of each enzyme must be considered separately [90, 91]. In eukaryotes, mito-
chondrial and cytoplasmic SODs employ Mn and CuZn cofactors, respectively. The 
role(s) of periplasmic SODs remain undefined. These isozymes may protect uniden-
tified periplasmic target(s) from the O2

− that leaks from respiratory chain compo-
nents on the outer face of the cytoplasmic membrane [92]. Periplasmic SODs also 
might contribute to bacterial pathogenesis by helping to neutralize the oxidative 
bursts imposed by host macrophages or neutrophils [93].

The SOD of A. actinomycetemcomitans has, to our knowledge, been the subject 
of a limited number of papers. Notably, a CuZnSOD was purified from A. actinomy-
cetemcomitans and was shown to interact with LtxA, a leukotoxin secreted by this 
bacterium [94]. This work suggested that this CuZnSOD may protect the bacterium 
and LtxA from reaction with O2

− produced by host inflammatory cells during 
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 infection [94]. In another paper, multiple MnSOD (SodA) of Haemophilus spp. and 
A. actinomycetemcomitans were characterized, and comprehensive sequence-based 
phylogenetic analysis was provided [95].

8.5  QPO Produced by Periodontopathic Bacterium

8.5.1  Properties of a Periodontopathic Bacterial QPO

A. actinomycetemcomitans is a facultatively anaerobic, carbon dioxide-requiring, 
Gram-negative bacterium in the gamma subdivision of the Proteobacteria [96]. The 
family Pasteurellaceae contains the well-studied genera Haemophilus and 
Pasteurella. A. actinomycetemcomitans is associated with a variety of human infec-
tions, including LAP, a severe disease of adolescents that is characterized by tissue 
and bone destruction and potential tooth loss [97].

In mammalian hosts, this bacterium must be able to survive exposure to ROS 
including O2

− and H2O2, which are produced by host immune system [98]. H2O2 is 
a major bactericidal agent against A. actinomycetemcomitans in the periodontal 
pocket [99], so the bacteria must be resistant to host-produced ROS [100]. In addi-
tion, the primary source of endogenous ROS is assumed to be the redox enzymes of 
the respiratory chain in the bacterial cytoplasmic membrane [3, 100–106]. Addition 
of rotenone and antimycin A, respiratory chain inhibitors, increased the H2O2 pro-
duction from the cytoplasmic membrane of E. coli. Inverted membrane vesicles of 
E. coli incubated with NADH generated superoxide anion and H2O2 in the presence 
of cyanide [104]. When reduced forms of NADH: quinone oxidoreductase II (NDH- 2), 
succinate: quinone oxidoreductase (SQR), quinol: fumarate oxidoreductase, or 
 sulfite reductase were exposed to oxygen, all generated O2

− and H2O2 [3, 104, 107].
Thus, scavenging enzymes are expected to be critical for the resistance of  

A. actinomycetemcomitans to H2O2. The catalase of this bacterium is reported to have 
a critical role in bacterial resistance to hydrogen peroxide, but a catalase-deficient 
mutant can still grow in the presence of H2O2 (0.3 mM), suggesting that the other 
proteins, such as peroxidases, also can contribute to ROS scavenging activity [108].

Cytochrome c peroxidase (CCP) has been reported in yeast and several bacteria 
and catalyzes the reduction of H2O2 to water using a reduced c-type cytochrome as 
an electron donor. The yeast CCP is monoheme b peroxidase of 294 amino acid 
residues that is found in the intermembrane space of the mitochondrion, a location 
that is functionally analogous to the bacterial periplasm. In contrast, bacterial cyto-
chrome c peroxidase (BCCP) is a di-heme c protein of 300–400 amino acid resi-
dues that localizes to the periplasmic space. BCCP (from P. aeruginosa) was first 
purified and characterized in 1970 [109]. BCCPs subsequently have been isolated 
from Pseudomonas nautica, Paracoccus pantotrophus, Rhodobacter capsulatus, 
Nitrosomonas europaea, and Methylococcus capsulatus [110–114]. The 3D struc-
tures have been determined for BCCPs from P. aeruginosa, P. nautica, N. euro-
paea, R. capsulatus, and P. pantotrophus [115–119].
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The BCCPs of P. aeruginosa and P. pantotrophus have been studied extensively 
[111, 115, 120–129], and the spectrum-data of these enzymes suggested the exis-
tence of a complicated reaction mechanism that involves changes of the redox states 
of the heme group and spin states of the corresponding electrons. For the 
Pseudomonas BCCPs, completely oxidized proteins are inactive, whereas the 
enzymes in the mixed-valence (half-reduced) state react rapidly with H2O2. In com-
pletely oxidized BCCPs, the high-potential electron-transferring C-terminal heme 
group is in a high/low-spin equilibrium and is ligated by a histidine and a methio-
nine [130]. The second heme (in the N-terminal domain) is low potential and is 
coordinated by two histidines in oxidized form (IN-form) [115]. In the mixed- 
valence (half-reduced) state, Ca2+ induces a spin-state switch at the low-potential 
heme, converting this heme from a low- to high-spin state. In the calcium–iron- 
activated mixed-valence form, the distal histidine residue that ligands the N-terminal 
heme is released from iron, permitting H2O2 to enter the active site and be reduced 
(OUT-form) [119]. The overall reaction is indicated in Fig. 8.1a.

The N. europaea enzyme exhibits high sequence similarity to that of P. aerugi-
nosa. However, in contrast to the Pseudomonas protein, the N. europaea BCCP 
reacts with H2O2 in the mixed-valence state or fully oxidized state [113, 117, 131]. 
The 3D structure of the fully oxidized N. europaea enzyme revealed that the CCP is 
already in OUT-form, in which low-potential heme is coordinated by five ligands, 
similar to the mixed-valence state of the P. aeruginosa CCP [117]. While the cal-
cium ion dependency of the N. europaea enzyme has not been fully examined, the 
crystal structure includes a calcium ion, suggesting that Ca2+ may be important for 
the N. europaea protein’s enzymatic activity. For most bacteria, the c-type cyto-
chrome of the aerobic respiratory chain is thought to be the physiologically relevant 
electron donor, providing the reducing equivalent to BCCP [118, 120]. However, 
some bacteria, including E. coli, that lack cytochrome c in their aerobic respiratory 
chain contain an additional homolog of BCCP of unknown function. This homolog 
incorporates an N-terminal extension of 140–150 amino acid residues that contains 
a potential heme c-binding motif [121]. As part of the E. coli aerobic respiratory 
chain, NADH: quinone oxidoreductase I (NDH-1), NDH-2, SQR, and d-lactate: 
quinone oxidoreductase can reduce quinones, which are then reoxidized by two 
terminal quinol oxidases, cytochrome b558-d and b562-o [132]. Notably, E. coli lacks 
the quinol: cytochrome c oxidoreductase and cytochrome c oxidase activities. There 
are three different quinones: ubiquinone (a benzoquinone), and menaquinone and 
dimethyl menaquinone (naphthoquinones). During aerobic growth, ubiquinone 
serves as the major quinone, but this molecule is replaced by the naphthoquinones 
during anaerobic growth in the presence of fumarate, nitrate, or dimethyl sulfoxide, 
which serve as electron acceptors [132].

As we discuss here, we have identified and purified a BCCP homolog from the 
membrane fraction of A. actinomycetemcomitans. In vitro, this BCCP functions as 
a QPO that uses ubiquinol-1 as an electron donor, performing an overall reaction 
that can be summarized as follows:

 ubiquinol ubiquinone¯ ¯1 1 22 2 2+ ® +H O H O  
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On the other hand, cytochrome c oxidase activity was not detected in A. actino-
mycetemcomitans membrane vesicles. Genomic DNA sequence data showed that 
this bacterium has a cytochrome bd-encoding gene, but lacks genes encoding cyto-
chromes c, bc1, or aa3. Thus, it appears that A. actinomycetemcomitans exclusively 
employs a quinol oxidase. This enzyme is expected to serve as the terminal oxidase 
of the respiratory chain, a role resembling that of cytochromes bd and bo in E. coli 
[132, 133]. BCCP activity was not observed in any of the cell fractions of  

Fig. 8.1 Mechanism of H2O2 
degradation by cytochrome c 
peroxidase (a) or quinol 
peroxidase (b)
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A. actinomycetemcomitans. Our results also suggest that QPO-dependent  peroxidatic 
activity using substrates of the respiratory chain, including NADH and succinate, 
was present in the cytoplasmic membrane vesicles of A. actinomycetemcomitans 
[134], as mentioned below.

The QPO activity of the cytoplasmic membrane fraction was measured under 
anaerobic conditions, since the ubiquinol-1 oxidase activity of the respiratory chain 
otherwise interfered with the assay of ubiquinol-1 peroxidase activity. After being 
solubilized from the membrane fraction with detergent SM-1200, QPO was purified 
using a combination of Macro-prep Ceramic Hydroxyapatite, HiTrap Phenyl HP, 
AF-red-560M, and HiPrep Sephacryl S-200HR chromatography. The purified 
enzyme was reddish in color, had a specific activity of 327 μmol min−1 mg−1, and 
migrated as a single 49-kDa band on SDS-PAGE [134]. Gel filtration of QPO from 
the Sephacryl S-200 HR column in the presence of detergent SM-1200 showed that 
QPO was approximately 40–50 kDa, suggesting that the QPO exists as a mono-
meric protein. However, this observation would be inconsistent with previous dem-
onstrations that the active form of BCCP is a dimer [120, 135].

Based on genomic sequences, we cloned the qpo open reading frame (ORF) 
along with 120 bp of upstream sequence, including a potential ribosome-binding 
site (AGGACA) centered six bases upstream of the putative start codon. The 1,383- 
base pair ORF is delimited by an ATG start codon and a TAA stop codon. The qpo 
ORF is predicted to encode a 460-amino acid polypeptide, with a predicted molecu-
lar mass of 51,730 Da, which is slightly larger than that estimated by SDS-PAGE 
(about 49 kDa). The amino acids Phe4-Tyr26 were predicted by SOSUI [136] to 
comprise a transmembrane region.

Comparison of the predicted protein to the sequences of other BCCPs suggested 
that the protein consists of two domains: an N-terminal QPO-unique region that 
contains one heme-binding motif, and a BCCP-homologous region that has two 
heme-binding motifs. The deduced amino acid sequence of QPO shared 46–54 % 
identity with homologs from Bacteroides fragilis (NCBI: AAL09840.1), E. coli 
(NCBI: AAC76543.1), S. enterica (NCBI: AAO71193.1), Shigella flexneri (NCBI: 
AAN45044.2), and Yersinia pestis (NCBI: AAM84433.1). The BCCP-homologous 
region also shared 40–43 % identity with the BCCPs of N. europaea (PDB: 1IQC), 
P. aeruginosa (PDB: 1EB7), P. pantotrophus (PDB: 2C1V), and R. capsulatus 
(PDB: 1ZZH). The Ca2+-binding residues (Asn231, Thr407, and Pro409), a trypto-
phan residue acting as conduit for electron transfer between two hemes (Trp246), a 
histidine residue interacting with the C-terminal heme propionate D group (His412), 
and a distal methionine ligand of the C-terminal heme (Met426) were conserved in 
QPO [115, 117–119, 121, 122, 134]. The three putative heme c-binding motifs 
(CXXCH) occurred at amino acids Cys56-His60, Cys203-His207, and Cys345- 
His349. The putative distal ligand for heme in the N-terminal region was predicted 
to lay at Met122 or His 131 based on conservation between QPO and its homologs. 
The histidine that acts as a distal ligand for N-terminal heme of the oxidized form 
of BCCP (His85 in P. pantotrophus BCCP) is not conserved in QPO. We did not 
find an alternative residue for the distal ligand of heme in the middle of QPO, sug-
gesting that this heme would be coordinated by five ligands. Although the oxidized 
form could possibly react with hydrogen peroxide via a mechanism similar to 
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monoheme peroxidase and BCCP from N. europaea, the absorption spectrum for 
QPO did not change on addition of H2O2. This result suggests that the oxidized form 
of QPO does not react with H2O2, thus resembling the BCCPs of P. aeruginosa and 
P. pantotrophus.

The crystal structure of P. aeruginosa BCCP contains bound Ca2+ even without 
addition of calcium to the media used for purification and crystallization, suggest-
ing that BCCP has in inherent affinity for Ca2+ [115]. When QPO was incubated 
with chelator (1 mM EGTA or EDTA), the activity of QPO was not affected. This 
result contrasts with P. pantotrophus BCCP, which is inactivated upon chelator 
treatment. Likewise, incubation of QPO with 1 mM CaCl2 had no effect on the 
enzyme’s activity. We conclude that QPO activity is Ca2+-independent, in contrast 
to other BCCPs, although putative Ca2+-binding residues (Asn231, Thr407, and 
Pro409) are retained in QPO.

8.5.2  Absorption Spectra of QPO

The absorption spectra of QPO showed that absorption maxima of the oxidized 
form were detected at 412 and 530 nm; absorption maxima of the dithionite-reduced 
form were detected at 419 nm (Soret band), 524 nm (beta band), and 553 nm (alpha 
band) [134].

8.5.3  Kinetic Characterization

The Km value for ubiquinol-1 in the presence of H2O2 was 107 μM, which is similar 
to the values determined for E. coli cytochromes bo and bd (48 and 110 μM, respec-
tively) [133, 134, 137]. The kcat value for QPO with ubiquinol-1 as the substrate was 
582 s−1, which is comparable to that of BCCP from P. pantotrophus (1,040 s−1) 
[120]. We propose a reaction mechanism (Fig. 8.1b) in which the first step can be 
modeled as a Ping–Pong Bi Bi mechanism:

 

Oxidized QPO reduced QPO

ubiquinol ubiqui
¯ ¯

¯

+ « +Q H Q

Q H Q

1 2 1

1 2 1 1; , ; nnone ¯ 1( )  

We have since confirmed this mechanism by kinetic and spectroscopic analyses 
(Kawarai and Konishi, unpublished observations).

8.5.4  Generation of qpo Null Mutant

To analyze the physiological role of QPO, an A. actinomycetemcomitans qpo null 
mutant (designated strain QPS003) was derived from strain IDH781 using a 
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homologous gene deletion method. The specific activity of the IDH781 (parent) 
membrane fraction was 6.33 μmol min−1 mg−1; the activity was not detectable in the 
QPS003 (mutant) membrane fraction. The transformation of QPS003 cells with a 
plasmid containing full-length qpo (pVJTqpo) restored the QPO activity 
(6.54 μmol min−1 mg−1) [138].

If QPO uses endogenous quinols as physiological substrates in the respiratory 
chain, the QPO activity is expected to be functionally connected to the respiratory 
chain of A. actinomycetemcomitans. To test this hypothesis, QPO activities in mem-
brane fractions of IDH781, QPS003, and QPS (pVJTqpo) were examined using two 
respiratory chain substrates, NADH and succinate. The specific activities of IDH781 
were 341 and 811 nmol min−1 mg−1 with NADH and succinate, respectively; these 
activities were not detected from QPS003. In addition, NADH-peroxidase and 
succinate- peroxidase activities of QPS003 (pVJTqpo) membrane vesicles were 299 
and 326 nmol min−1 mg−1 with NADH and succinate, respectively. These data indi-
cate that NADH- and succinate-peroxidase activities are dependent on QPO, 
 confirming that QPO is functionally connected to the respiratory chain in  
A. actinomycetemcomitans [138].

8.5.5  Properties of qpo Null Mutant

Many systemic antibiotic therapies are unable to consistently suppress subgingival 
A. actinomycetemcomitans to undetectable levels. For instance, systemic therapy 
with metronidazole or tetracycline may markedly reduce oral A. actinomycetemcom-
itans, but not eradicate the organism [139]. Thus, novel chemotherapeutic agents for 
the treatment and prevention of LAP would be highly desirable. Leukotoxin (LtxA) 
is one of the major virulence factors of this bacterium [140] and is a member of the 
RTX toxin family. LtxA, which is secreted as an approximately 114-kDa protein, 
disrupts human leukocyte and erythrocyte cytoplasmic membranes [94, 141, 142]. 
Because the amino acid sequence of the C-terminal region of QPO shares about 
40 % identity with di-heme BCCP, we grouped QPO and BCCP together in a single 
enzyme family, and we named this protein group the bacterial multiheme peroxidase 
family [143]. The qpo homologous genes in E. coli and B. fragilis are known each to 
encode BCCP with an N-terminal extension containing an additional heme c-bind-
ing motif, although the enzymatic activity and membrane localization of the proteins 
encoded by these genes have not been determined [144, 145]. Recently, a QPO 
homolog (ZmCytC) of Zymomonas mobilis was reported as a member of an aerobic 
respiratory chain; ZmCytC was postulated to bind to the bc1 complex in addition to 
ubiquinone [146]. To study the physiological role of QPO from A. actinomycetem-
comitans, a comparison was performed between the qpo null mutant (QPS003) and 
a strain (IKM001) harboring a transposon insertion mutation of the catalase (KatA)-
encoding gene. KatA localizes to the cytoplasm of this bacterium, where the protein 
serves as an antioxidant enzyme [108]. Although QPS003 exhibited a decrease in 

K. Konishi



121

growth under aerobic conditions, IKM001 grew normally, as reported previously 
[108]. The reduction of growth seen with the qpo mutation might result from oxida-
tive stress. Indeed, QPS003 cells showed increased protein damage compared to the 
parent strain (IDH781) and to the katA mutant strain (IKM001) [138], suggesting 
that QPO (but not KatA) plays an important role in scavenging endogenous ROS. 
This difference may reflect distinctions in the nature of the ROS substrates. Notably, 
as an uncharged ROS like a H2O2 can move freely across the cytoplasmic membrane; 
in contrast, a charged ROS like an O2

− is relatively membrane-impermeable and so 
can be compartmentalized in the periplasmic space [14]. Thus, membrane-perme-
able H2O2 generated from the respiratory chain could be scavenged by antioxidant 
enzymes in the periplasm, in the membrane (e.g., QPO), or in the cytoplasm (e.g., 
KatA), while periplasmic O2

− would effectively be inaccessible for scavenging by 
KatA that is localized in cytoplasm in a qpo mutant.

A disk diffusion assay using exogenous oxidants showed that qpo mutant strain 
QPS003 had decreased sensitivity to H2O2, but not to cumene hydroperoxide or 
t-butyl hydroperoxide. These results suggest that QPO has an exclusive role in pro-
tecting against exogenous oxidative stress induced by H2O2, and furthermore imply 
that QPO scavenges H2O2, but not organic hydroperoxides [138]. These results are 
consistent with the observations that purified QPO catalyzes the reduction of H2O2, 
but not that of cumene hydroperoxide or t-butyl hydroperoxide. The amount of lipid 
hydroperoxide, including linoleic acid hydroperoxide, remained undetectable in the 
qpo mutant, although the membrane localization of QPO implies that this enzyme 
plays a role in lipid hydroperoxide scavenging.

E. coli is known to express several enzymes that have been proposed to be per-
oxide scavenging enzymes. The scavenged molecules (H2O2 or organic hydroperox-
ides) then are reduced, mainly by monofunctional catalase, bifunctional catalases, 
peroxiredoxins, and the AhpCF system [13, 102, 147]. Genomic sequence analysis 
(Oralgen genome database; http://www.oralgen.lanl.gov/) shows that A. actinomy-
cetemcomitans harbors at least three loci encoding predicted peroxiredoxins that 
might scavenge organic hydroperoxides: AA02348 (bcp), encoding a bacterioferri-
tin comigratory protein; AA01514 (grx), encoding a peroxiredoxin 2 family pro-
tein/glutaredoxin; and AA02462 (tpx), encoding a thiol peroxidase [138].

We next studied LtxA production in the qpo mutant. SDS-PAGE analysis of 
secreted protein from aerobically cultured cells revealed that QPS003 exhibited a 
defect in production of LtxA, while IDH781 and QPS003 (pVJTqpo) secreted con-
siderable amounts of LtxA [138]. Notably, accumulation of ltxA transcript did not 
differ among these strains [138], indicating that LtxA depletion was mediated by a 
posttranscriptional event. Recent results show that LtxA is degraded by ROS expo-
sure in vitro and that the degraded LtxA is unable to kill HL-60 cells [94], suggest-
ing that the LtxA defect in QPS003 may reflect LtxA degradation by endogenous 
ROS. Since LtxA is one of the major virulence factors of A. actinomycetemcomi-
tans, QPS003 is expected to be exhibit reduced pathogenesis. Hence, QPO would 
be considered a target for drugs that aim to reduce the pathogenicity of  
A. actinomycetemcomitans.
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8.5.6  QPO Inhibition Prevents Secretion of LtxA

We screened approximately 300 chemical compounds, comprising metabolites of 
bacteria and fungi, in the Kitasato Institute for Life Science Chemical Library, for 
inhibitors of QPO activity [148, 149]. The strongest hit was ascofuranone, a prenyl-
phenol that has been previously identified as a strong inhibitor of trypanosome alter-
native oxidase, a terminal oxidase of the respiratory chain of Trypanosoma brucei 
brucei [150]. Ascofuranone has been proposed as a drug candidate for treatment of 
trypanosomiasis and has been shown to cure mice infected with the trypanosome by 
intraperitoneal injection of ascofuranone [151].

Investigation of ascofuranone inhibition of QPO suggests a mixed-type mecha-
nism of inhibition that can be described by equilibrium kinetics, with a Ki value for 
ubiquinone-1 of 9.56 nM. Addition of 20 μg mL−1 ascofuranone reduced the growth 
rate of IDH781, consistent with the growth-impaired phenotype of qpo mutant 
strain QPS003. Addition of 20 μg mL−1 ascofuranone did not affect the growth rate 
of QPS003, suggesting that QPO is the major in vivo target of this inhibitor [148]. 
These results suggested that treatment with ascofuranone should induce oxidative 
stress. Western blotting analysis using anti-dinitrophenyl (DNP) antibody showed 
that ascofuranone induced dose-dependent oxidative modification of proteins in 
aerobically grown cultures of IDH781. In IDH781 treated with 20 μg mL−1 inhibi-
tor, the levels of oxidatively damaged proteins were similar to those seen in 
(untreated) QPS003, suggesting that the majority of QPO activity in bacteria was 
inhibited by this concentration of ascofuranone [148]. A previous report showed 
that OxyR, a global regulator of antioxidant defense [152], is involved in the activa-
tion of E. coli yhjA, a homolog of A. actinomycetemcomitans qpo [145]. Sequence 
analysis identified a putative OxyR element in the promoter region of the qpo gene, 
and a search of the Oralgen genome database (http://www.oralgen.lanl.gov/) 
revealed an A. actinomycetemcomitans locus (accession number AA01513) that 
encodes an OxyR homolog. Together, these results suggest that qpo might be a 
member of an A. actinomycetemcomitans OxyR regulon. Consistent with this 
hypothesis, an aerobic culture of A. actinomycetemcomitans mutated for AA01513 
exhibited an approximately 2.5-fold reduction in QPO activity compared to the 
wild-type parent strain IDH781 (Konishi, unpublished observation).

To examine the effect of ascofuranone on the secretion of LtxA, A. actinomy-
cetemcomitans was cultured aerobically in the presence of different concentrations 
of inhibitor. SDS-PAGE showed a dose-dependent decrease in LtxA levels in the 
resulting culture medium. Consistent with decreased LtxA levels, culture media 
from ascofuranone-exposed A. actinomycetemcomitans exhibited reduced cytotoxic 
activity against HL-60 cells [148]. Cytotoxicity was not detected in the culture 
medium from the QPS003 mutant strain. Taken together, these data indicate that 
ascofuranone attenuated the virulence of the supernatant of the A. actinomycetem-
comitans strains by decreasing LtxA accumulation.

Minimum inhibitory concentration (MIC) values of ascofuranone for 
Streptococcus gordonii DL1 and E. coli were >50 μg mL−1, suggesting that 

K. Konishi

http://www.oralgen.lanl.gov/


123

ascofuranone is not an effective bacteriostatic agent at concentrations that would 
prevent the secretion of LtxA. Thus, ascofuranone would be expected to have a 
smaller impact on the normal bacterial flora compared to other antibiotics, and 
therefore may have fewer adverse effects. To our knowledge, there are at present no 
drugs effective for preventing the onset of LAP. The development of chemical 
agents for the prevention of LAP would greatly contribute to the periodontal health 
of adolescents, especially for high-risk individuals, such as those from a Moroccan 
immigrant family infected with a highly leukotoxic strain of A. actinomycetem-
comitans [153]. Thus, QPO inhibitors like ascofuranone are promising candidates 
for the prevention of LAP. Moreover, for individuals who do not respond to conven-
tional therapy, QPO inhibitors may provide an alternative practical approach based 
on attenuation of A. actinomycetemcomitans virulence. Ascofuranone is not signifi-
cantly cytotoxic for primary culture of rat mesangial cells [154]. The intraperitoneal 
and oral administration of ascofuranone cures T. brucei infected mice and does not 
demonstrate the toxicity for mice, suggesting that ascofuranone might exhibit in 
vivo efficacy [155].
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9.1            Introduction 

 Periodontal diseases (PD) are common infl ammatory diseases of the supporting 
apparatus of the teeth. Clinically, two main forms of periodontitis are differentially 
diagnosed by the rapidity of progression and other contributing factors. While 
aggressive periodontitis (AgP) affects healthy individuals, is associated with a posi-
tive family history of the condition and has a rapid progression [ 1 ,  2 ], chronic peri-
odontitis (CP) usually affects adults, may be associated with other predisposing 
systemic conditions and shows a slow progression of periodontal attachment and 
alveolar bone loss [ 3 ]. 

 The mechanisms linking periodontal disease pathogenesis and oxidative stress have 
been thoroughly discussed in previous chapters. This chapter will discuss the so far 
poorly researched role of redox proteins in periodontitis and will review the clinical 
evidence for changes in the redox balance in periodontal diseases, with an emphasis on 
measures of oxidative stress and oxidative damage, both locally in the periodontium 
and systemically. Published studies on this topic will be critically appraised and a set 
of overall conclusions and suggested future research  developments will be proposed.  
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9.2     Oxidative and Non-oxidative Actions of Redox Proteins 

 A growing number of proteins are being discovered which control redox events 
within the cell and its environments, and are now well recognized for their role in 
systemic pathology in conditions such as cardiovascular diseases [ 4 ]. These pro-
teins are generally members of the thioredoxin superfamily and include proteins 
such as the thioredoxins, glutaredoxins, peroxiredoxins and protein disulfi de isom-
erases (PDIs) [ 5 ] and also proteins associated with the function of these redox pro-
teins [ 6 ]. Human thioredoxin-1 (Trx-1) is part of a system of proteins which include 
a truncated form of Trx termed Trx80, thioredoxin reductase (TrxR) and a natural 
inhibitory protein known as thioredoxin-interacting protein (TXNIP). It is now rec-
ognized that this system is essential for maintaining cellular redox status and redox 
signaling and is linked to many aspects of normal cell and organismal control 
including apoptosis, growth promotion, and control of infl ammation and immunity. 
Over the past 20 years, evidence has accumulated to support the hypothesis that 
mis-regulation of this thioredoxin signaling is involved in a variety of cardiovascu-
lar conditions including the sequelae of atherosclerosis, heart failure, immune/
infl ammatory conditions, metabolic syndrome, arthritis, cancer, and neurodegener-
ative disease [ 7 ]. However, also interaction with other members of the thioredoxin 
superfamily including the PDIs [ 8 ], peroxiredoxins [ 9 ], and glutaredoxins [ 10 ] is 
implicated in controlling tissue homeostasis in health and disease. In addition to 
functioning as redox proteins, the proteins mentioned also play roles in the intracel-
lular folding of proteins and come under the heading of protein-folding catalysts 
which have actions similar to those of molecular chaperones [ 11 ]. It is important to 
appreciate that in addition to having a redox role, a growing number of the proteins 
described above are also being found to have the capacity to exhibit more than one 
unique biological activity, defi ned as protein moonlighting activity. For example, 
human thioredoxin was actually discovered as a cytokine which stimulated T lym-
phocytes to synthesize interleukin (IL)-2 [ 12 ]. Indeed, human Trx-1 has a wide 
range of biological functions and there is now substantial animal model data to sug-
gest that this protein, if administered to animals with various human disease states, 
can have potent therapeutic activity [ 13 ,  14 ]. There is now good evidence for the 
hypothesis that many molecular chaperones and protein-folding catalysts have 
moonlighting actions which are relevant to human disease conditions. Indeed, these 
proteins can be divided into those that have pathological properties and those that 
have therapeutic actions and a number of molecular chaperones are currently in 
clinical trial for various human diseases [ 15 ]. 

 In periodontitis, both host and microbial redox proteins could contribute to tissue 
pathology. It is established that a small number of molecular chaperones in a large 
number of bacteria can act as virulence factors with key roles in a range of human 
infections [ 16 ]. At the time of writing it is recognized that bacterial molecular chap-
erones can contribute to tissue pathology in periodontitis—largely through immu-
nological cross-reactivity [ 17 ]. However, to date very little attention has been paid 
to this group of redox proteins in periodontitis. The small literature on this area is 
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largely devoted to these redox proteins from the bacteria implicated in periodontitis, 
such as antioxidant protein (AOP)2, also known as peroxiredoxin 5, which was 
suspected to be predisposing to atherosclerosis in the mouse [ 18 ] and which is dif-
ferentially expressed in response to oxidative stress [ 19 ]. This protein is one of a 
small number of epithelial cell cross-reactive autoantigens (cross-reacting with 
periodontal bacteria) in patients with periodontitis [ 20 ]. Other workers have found 
the thiol peroxidase of periodontopathogen  Porphyromonas gingivalis  a key T cell 
immunogen in mice with periapical lesions induced by this organism [ 21 ]. The 
35 kDa hemin-binding protein of  P. gingivalis  (HBP35) is a member of the thiore-
doxin family of proteins and has been shown to have a growth promoting activity 
and an ability to monitor the organism redox state. Of interest, a monoclonal anti-
body to this protein can inhibit bacterial growth [ 22 ]. There is also evidence for the 
peroxiredoxin of periodontopathogen  Aggregatibacter actinomycetemcomitans  as a 
virulence factor for this bacterium [ 23 ]. 

 A possible role for redox proteins in periodontitis can be deduced from the fi nd-
ing that thioredoxin transfection into the mouse monocyte cell line RAW264.7 
accentuates the formation of osteoclasts from these cells. In contrast, transfection 
with glutathione peroxidase-1 or peroxiredoxin-1 inhibited osteoclast formation 
[ 24 ]. This suggests that osteoclast formation, a key parameter in periodontal bone 
loss, could be controlled by the state of the osteoclast’s redox environment and the 
redox proteins it produces. Thus one of the future directions that research into 
redox status in periodontitis needs to take is to pay more attention to the redox and 
non- redox actions of the large number of redox proteins that are involved in con-
trolling cellular homeostasis and are clearly intimately involved in infl ammation 
and immunity [ 25 ].  

9.3     Measures of Oxidative Stress 

 As recently reviewed [ 26 ], three subgroups of oxidative stress measures associated 
with periodontitis can be identifi ed: (1) free radicals/oxidants, (2) antioxidants, and 
(3) measures of oxidative damage. 

9.3.1     Redox Balance (Oxidants/Antioxidants Balance) 

 Different methods have been employed for measuring free radicals in biological 
fl uids and tissues, including UV–visible spectroscopy (colorimetry), fl uorescence, 
chemiluminescence, and electron paramagnetic resonance (EPR) spectroscopy. 
However, direct measurement of free radical levels is diffi cult because of their 
short half-life [ 27 ]. In the periodontal literature, free radicals have mainly been 
measured as: (1) Diacron Reactive Oxygen Metabolites (D-ROM), using an 
assay [ 28 – 30 ] which measures whole oxidant capacity of serum against 
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 N , N - diethylparaphenylendiamine  in acidic buffer using a spectrophotometer (this 
evaluates the ability of transition metals to catalyze, in the presence of peroxides, 
the formation of free radicals, which are trapped by an alkylamine) [ 31 – 33 ]. The 
validity of this method has been under question, as the alkylamine is also a substrate 
for the ceruloplasmin oxidase, whose activity can account for the results observed 
[ 34 ]; (2) total oxidant status (TOS) [ 35 ], using oxidation of ferric ion to ferrous ion 
and the measurement of ferric ion by xylenol orange (colorimetric) [ 36 – 38 ]. 

 Total antioxidant levels can be measured in the plasma, usually by the decolor-
ization technique, where the radical cation 2,2′-azinobis-(3-ethylbenzothiazoline- 6-
sulfonic acid) (ABTS) is generated by reaction with potassium persulfate. In the 
periodontal literature, total antioxidant capacity (TAOC or TAC) has been mea-
sured: (1) based on reduction of ABTS cation by antioxidants [ 37 ,  39 – 42 ]; (2) by 
inhibition of ABTS oxidation by metmyoglobin [ 43 ]; (3) plasma biological antioxi-
dant potential, testing agents able to reduce the iron from its ferric to ferrous form 
measured with the BAP test [ 44 ,  45 ] or with the ferric reducing antioxidant power 
(FRAP) assay [ 46 ,  47 ]; (4) enhanced chemiluminescent (ECL) assay [ 48 ] based 
upon the inhibition by a test plasma sample of light output generated by the 
horseradish- peroxidase catalyzed oxidation of luminal, depending on the constant 
production of free radical intermediates and therefore sensitive to interference by 
scavenging water-soluble antioxidants [ 49 – 51 ]. Further antioxidant measures have 
been reported in the periodontal literature such as: superoxide dismutase (SOD) 
measured by reduction of nitroblue tetrazolium (NBT) by xanthine–xanthine oxi-
dase system [ 41 ,  52 – 54 ]; catalase activity by measuring the decay of peroxide solu-
tion [ 55 ,  56 ]; glutathione (GSH) by spectrophotometric assay [ 57 ] or by high 
performance liquid chromatography (HPLC) using a fl uorometric detector after 
derivatization with dansyl chloride [ 58 ,  59 ]; glutathione peroxidase (GPx) through 
the glutathione/NADPH/glutathione reductase system by the dismutation of  tert - 
butyl  hydroperoxide [ 56 ]. One study [ 60 ] reported total blood antioxidant capacity, 
taking into account also the antioxidant capacity of erythrocytes, measured with the 
NBT test [ 61 ]. It is worth to notice that while both serum and plasma measurements 
have been reported, serum is claimed to be more prone to oxidation, therefore 
plasma redox measures are thought to be more reliable [ 60 ]. 

9.3.1.1     Clinical Studies on Redox Balance in Periodontitis 

   Local (Periodontal) Redox Balance 

 Local levels of oxidative stress markers have been measured in saliva or in gingival 
crevicular fl uid (GCF), which is a transudate resulting from an increase in the per-
meability of the vessels underlying junctional and sulcular epithelium or derived by 
a gradient between a capillary fi ltrate and lymphatic uptake [ 62 ]. A Turkish group 
collected GCF and gingival tissue samples in 26 patients with chronic periodontitis 
and 18 healthy controls and measured SOD activities spectrophotometrically. They 
found similar levels of SOD in the GCF, but increased SOD activity in the gingival 
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tissues in periodontitis patients, suggesting this might be due to increased need for 
antioxidant protection during disease [ 63 ]. Reductions in TAOC and SOD in the 
GCF were observed in another sample of chronic periodontitis patients compared to 
healthy controls by the same group [ 41 ]. Comparing both the saliva and GCF of 
pregnant women with periodontitis, compared to non-pregnant periodontitis patients 
and healthy subjects, similar reductions were observed, particularly pronounced in 
the third trimester of pregnancy [ 39 ]. The same investigators observed higher TOS 
measured by a colorimetric method based on the oxidation of ferrous iron to ferric 
iron in a separate cohort [ 36 ]. Reductions in TAOC from the above-mentioned stud-
ies are consistent with what was observed in studies on UK patients [ 49 ,  50 ], but 
they are in contrast with an increase in TAOC reported in the saliva of periodontitis 
patients by ABTS assay by Su et al. [ 43 ]. In a cross-sectional study on 120 individu-
als ranging from periodontal health to advanced periodontitis, lower antioxidant 
levels were detected in the GCF of patients with worse clinical periodontal scores 
[ 47 ]. Esen et al. [ 37 ] found higher TOS and oxidative stress index (balance between 
free radicals and antioxidants) in the GCF of patients with chronic periodontitis and 
rheumatoid arthritis. An abnormal glutathione-redox balance, with a potential effect 
in regulating cellular immune responses, was detected in the GCF of 20 non- 
smoking periodontitis patients [ 59 ]. Glutathione peroxidase (eGPx) levels were 
investigated in the GCF of ten healthy, ten gingivitis and ten periodontitis patients 
and were found to increase according to periodontal disease severity [ 64 ].  

   Systemic Redox Balance 

 The local shift in the redox balance in the infl amed periodontium may have an effect 
on systemic redox balance. In addition to a series of studies in animal models [ 65 , 
 66 ], which have been covered in an earlier chapter, human epidemiological studies 
have also reported association between parameters of oxidative stress and presence 
of periodontitis. 

 Several of the above-described methods for the measurement of circulating oxy-
gen species have been used for comparing oxidative stress measures between peri-
odontitis and healthy controls. Serum TOS was found to be higher in periodontitis 
patients compared to healthy individuals in two separate studies [ 36 ,  54 ]. An asso-
ciation was observed between reactive oxygen metabolites and presence of peri-
odontitis in Japanese populations [ 31 ] and in a large cohort of severe periodontitis 
patients including CP and AgP, compared to healthy subjects [ 45 ,  67 ]. Smokers 
were included in these studies, with the potential residual confounding despite 
adjustment in the analysis. 

 In a Syrian sample of 30 non-smoking chronic periodontitis, plasma TAOC lev-
els measured with the ABTS assay were found to be lower than in the same number 
of healthy controls [ 40 ]. TAC measured as serum concentrations of mainly uric 
acid, vitamin A, vitamin C, and vitamin E, was found to be inversely associated 
with the presence of periodontitis when data from the large NHANES III survey on 
11,480 U.S. adults were examined [ 68 ]. The same group, in a smaller cross- sectional 
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study, had observed no difference in plasma TAOC between chronic periodontitis 
and healthy subjects as measured by enhanced chemiluminescence [ 50 ].    Systemic 
reductions in TAOC were also detected in the above-mentioned studies by Masi 
et al. [ 45 ] and Baltacioglu et al. [ 41 ]. Using the same assay, TAC (renamed small 
molecule antioxidant capacity) was found to be lower in the plasma of diabetic 
patients with periodontitis compared to diabetic patients with healthy periodontia 
[ 51 ]. On the other hand, the antioxidant capacity of venous blood measured by 
reduction of NBT test was found to be higher in periodontitis patients compared to 
healthy subjects [ 60 ]. Serum SOD levels measured by the reduction of NBT by 
xanthine–xanthine oxidase system, were found to be higher in periodontitis patients 
compared to healthy individuals [ 54 ], in contrast with a Turkish study [ 41 ].     

9.4     Oxidative Stress Fingerprints 

 Consequences of oxidative stress include cell adaptation, damage, or death [ 69 ]. 
Efforts in periodontal research have recently moved towards attempting to estimate 
DNA damage due to oxidative stress. Owing to the diffi culty in reliably assessing 
total oxidative stress [ 27 ,  69 ], measures of oxidant damage have acquired an impor-
tant role in the epidemiological research in this fi eld. Oxidative stress leaves mea-
surable “fi ngerprints” in the form of damage to several molecules such as 
carbohydrates, lipids, proteins, and DNA. Table  9.1  reports a summary of measures 
of oxidative stress damage in periodontal research.

   Table 9.1    Summary of measures of oxidative stress damage in periodontal research, divided by 
protein, lipid, and DNA damage   

 Oxidative stress damage 
 Measurable compounds/assays used 
in the periodontal literature 

 Proteins  • Folding or unfolding 
 • Fragmentation and polymerization 

reactions 
 • Degradation 
 • Formation of protein radicals, 

protein-bound ROS 
 • Formation of carbonyl compounds 

 • Protein carbonyl assay 

 Lipids  • Oxidation 
 • Nitration 
 • Chlorination 

 • Oxidized LDL 
 • Lipid peroxidation (TBARS assay) 
 • Malondialdehyde 
 • F-2 isoprostanes 
 • Serum-8 isoprostanes 

 DNA  • Mutations 
 • Insertions 
 • Deletions 
 • Conversion of guanine to 

8-hydroxyguanine 
 • Strand breaks 

 • 8-OHdG 
 • Leukocyte telomere lengths 
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9.4.1       Lipid Oxidative Fingerprints 

 Lipids can be oxidized, chlorinated, and nitrated by reactive oxygen species. In the 
periodontal literature, the most frequently measured lipid oxidative stress damage 
markers are (1) oxidized LDL, (2) colorimetric assay for measurement of levels of 
thiobarbituric acid reactive substances (TBARS) to estimate lipid peroxidation [ 70 , 
 71 ], (3) serum 8-isoprostane, and (4) malondialdehyde (MDA), an end product of 
lipid peroxidation by ROS, measured by HPLC [ 72 ]. In this assay, samples are 
reacted with thiobarbituric acid (TBA) by heating under acidic conditions. Pre- 
formed MDA in the sample reacts with TBA to form a TBA–MDA adduct consist-
ing of two molecules of TBA and one of MDA [ 36 ,  54 ]. 

 Oxidized LDL (oxLDL) levels and antibodies against oxidized LDL in blood 
were found to be higher in periodontitis patients than in healthy controls in two 
separate investigations [ 33 ,  73 ]. Levels of MDA were found to be higher in peri-
odontitis cases [ 54 ], while in another study they did not signifi cantly differ between 
periodontitis and healthy subjects but showed a positive correlation with periodon-
tal parameters in periodontitis patients [ 36 ]. MDA in plasma was found to be associ-
ated with severity of periodontal disease in 120 Brazilian subjects including 
diabetics and healthy individuals [ 74 ]. Among other lipid peroxidation markers, 
serum 8-isoprostane was found to be associated with periodontal disease severity 
and with decreased IgG antibodies to oral bacteria in 4,717 participants in the ARIC 
survey [ 75 ]. The same association was observed examining data from the Oral 
Conditions and Pregnancy study in North Carolina including 791 pregnant women 
[ 76 ]. In this study, moderate to severe periodontal disease was associated with an 
elevated serum 8-isoprostane level (O.R. 2.9 after adjustments). The authors sug-
gested that maternal periodontal disease is associated with oxidative stress during 
pregnancy. TBARS levels were found to be higher in periodontitis patients, suggest-
ing higher lipid peroxidation processes, associated with higher enzymatic antioxi-
dant activities and lower levels of non-enzymatic antioxidants [ 71 ]. When oxidative 
stress markers were analyzed in gingival biopsies from periodontitis patients and 
healthy subjects [ 56 ], individuals with periodontal disease exhibited a signifi cant 
increase in the activities of myeloperoxidase activity (MPO), glutathione peroxi-
dase (GPx), glutathione S-transferase (GST), and TBARS and GSSG levels, indi-
cating disturbances in the endogenous antioxidant defense system due to the 
over-production of lipid peroxidation products. Other reliable markers of lipid per-
oxidation such as F2-isoprostanes may be used to assess oxidative stress in various 
biological fl uids. The measurement of F2-isoprostanes by methods utilizing mass 
spectrometry is widely regarded as the best currently available biomarker of lipid 
peroxidation. F2-isoprostanes and their metabolites can be measured accurately in 
plasma, urine, and other body fl uids using mass spectrometric techniques [ 77 ]. The 
importance of such biomarkers is underscored by a previous study demonstrating 
that salivary F2-isoprostanes can reliably assess the degree of oxidative stress and 
suggesting that isoprostanes might be increased in the saliva of periodontitis 
patients, especially in smokers [ 78 ].  
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9.4.2     Protein Oxidative Fingerprints 

 Oxygen metabolites can cause protein folding or unfolding, fragmentation and 
polymerization reactions, degradation, formation of protein radicals, protein-bound 
ROS, and formation of carbonyl compounds [ 79 ]. The most stable and measurable, 
although not very specifi c, markers of protein oxidative damage are the carbonyl 
compounds. The carbonyl assay measures carbonyls generated as a result of protein 
glycation by sugars, by the binding of aldehydes to proteins and by the direct oxida-
tion of amino-acid chains [ 69 ]. Protein carbonyl assays have been used in the peri-
odontal literature to measure protein oxidative damage [ 47 ,  51 ,  80 ] and were found 
to be increased in the GCF of periodontitis patients [ 43 ,  47 ]. Protein carbonyl levels 
were also found to be higher in periodontitis cases compared with healthy controls 
[ 41 ,  47 ,  51 ].  

9.4.3     DNA Damage Caused by Oxidative Stress 

 DNA subjected to attack by free radicals generates base and sugar modifi cation 
products [ 81 ], ranging from mutations, insertions, deletions, conversion of guanine 
to 8-hydroxyguanine, and strand breaks. One report exists of mitochondrial DNA 
damage (accumulation of DNA mutations) in human gingival tissues possibly due 
to oxidative stress [ 82 ]. 8-Hydroxy-2′-deoxyguanosine (8-OHdG, a marker of DNA 
damage derived from conversion of guanine to 8-hydroxyguanine) levels can be 
measured by enzyme linked immunosorbent assay (ELISA) [ 83 ,  84 ]. 
8-Hydroxydeoxyguanosine was found to be higher in samples from subjects with 
chronic periodontitis compared with periodontally healthy controls in saliva, but no 
data on serum levels were reported [ 83 ,  85 ]. Another study by Konopka et al. [ 42 ] 
analyzed oxidative stress markers by puncture and blood collection from a gingival 
papilla and found increased 8-OHdG in aggressive and chronic periodontitis. This 
measure of DNA oxidative damage in GCF was consistently higher also in studies 
from Japanese populations [ 43 ,  83 ,  84 ]. 

 Telomeres are repetitive nucleoprotein complexes at the ends of chromosomes, 
with a “capping role” which protects chromosomes from degradation. Telomere 
ends become shorter following each cell division, representing a sort of cellular 
clock which will eventually signal senescence and apoptosis [ 86 ]. Telomere lengths 
are affected by number of cell divisions over a life-span but also by cumulative 
exposure to infl ammatory and oxidative stressors [ 87 ,  88 ]. Epidemiological studies 
have identifi ed associations between telomere lengths and cardiovascular disease 
[ 89 ], cancer [ 90 ,  91 ], and diabetes [ 92 ]. However, whether telomere shortening is 
cause or consequence of aging and chronic disease is still not clear. Leukocytes 
telomere lengths have been investigated in case–control studies involving periodon-
titis cases. The fi rst report was published by Takahashi et al. [ 93 ], who studied by 
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Southern blotting telomere lengths of genomic DNA extracted peripheral leuko-
cytes in 21 aggressive periodontitis (localized and generalized) and 50 healthy indi-
viduals. No telomere length reduction was detected in aggressive periodontitis 
subjects in this study compared with healthy subjects, rejecting the hypothesis of 
premature cellular aging in this group of patients. A similar case–control study from 
our group included 356 periodontitis patients and 207 healthy individuals [ 45 ]. In 
these subjects, the ratio of telomere repeats to single-copy gene (SCG) copies was 
obtained by PCR. A signifi cant reduction in telomere length was detected in patients 
with CP (but not AgP) independent of age, gender, ethnicity, and smoking differ-
ences. The difference between cases and controls for LTL was estimated to be 641 
base pairs. LTL showed a reverse association with total levels of reactive oxidative 
metabolites and severity of periodontitis. The lack of association between AgP and 
telomere length is in agreement with the above-mentioned Japanese study [ 93 ], and 
suggests that such association may become evident only with the presence of dis-
ease over a longer period of time in adulthood. However, the association with 
chronic periodontitis suggests that exposure to chronic periodontal infl ammation 
and consequent oxidative stress may leave irreversible fi ngerprints in the form of 
reduced telomere length, which is in turn associated with higher mortality rates and 
shorter life-span, as observed in epidemiological studies in periodontitis cases [ 94 ].   

9.5    Summary 

 Overall, the evidence from the literature suggests an increase in reactive oxygen 
metabolites measured in GCF, saliva, and serum of periodontitis patients com-
pared with healthy controls. The magnitude of the elevation in oxidative stress 
markers is more pronounced locally than systemically, confi rming that the source 
of production of oxygen metabolites is mainly from defensive cells in the peri-
odontal lesion. Antioxidant levels have consistently been found to be low in peri-
odontitis cases, with a clear shift in the redox balance both locally and systemically. 
Furthermore, studies have almost unanimously reported an increase in oxidative 
stress fi ngerprints, measured as damage to proteins, lipids, and DNA in periodon-
titis cases both locally (gingival tissues, GCF) and systemically (plasma). 
Generally most preliminary treatment studies point towards a re-balancing of the 
local and systemic redox balance in periodontitis cases following successful non-
surgical therapy. Collectively, these observations lead to the concept that the local 
microbial trigger leads to an excessive local production of oxygen metabolites 
associated with systemic propagation of the redox response. However, the limita-
tions of these studies include the low reliability of some of the tests used [ 69 ], the 
inclusion of smokers in some studies with a high chance of residual confounding 
effects (even despite adjustments), usually small sample sizes and unknown blind 
status of the personnel dedicated to the laboratory analyses, which could have 
introduced bias.  
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9.6     Conclusions and Future Steps 

 The phagocytic response to oral bacteria leads to a shift in the redox balance, with 
an excessive local production of reactive oxygen metabolites and a depletion of the 
antioxidant capacity, measurable in the GCF. As well as contributing to tissue dam-
age in periodontal diseases, this is associated with systemic redox balance 
 modifi cations and with oxidative stress fi ngerprints systemically, such as reduced 
leukocyte telomere lengths. The redox balance in periodontitis cases appears to fol-
low the same pattern and kinetics of the associated infl ammatory response. Future 
studies should aim to clarify mechanisms for redox balance alterations locally and 
systemically in periodontal disease and to identify whether interventions directed to 
specifi cally affect the redox balance could bring signifi cant clinical benefi ts.     
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10.1            Introduction 

 Periodontal disease is a chronic infl ammatory disease of the supporting tissues of 
teeth, leading to tooth loss [ 1 ,  2 ]. Subgingival plaque biofi lm is responsible for 
the initiation and progression of periodontitis [ 3 ,  4 ]. Abnormal host responses 
to bacterial pathogens also play a crucial role in the progression of periodontal 
disease [ 5 ]. 

 Reactive oxygen species (ROS), including superoxide, hydrogen peroxide, and 
hydroxyl anions, are products of normal cellular metabolism. When stimulated by 
oral bacterial pathogens, host cells such as polymorphonuclear leukocytes produce 
ROS as part of the immune response [ 6 ,  7 ]. However, as ROS are not target-specifi c, 
overproduced ROS oxidize DNA, lipids, and proteins, contributing to tissue damage 
(oxidative stress) [ 8 ]. Studies have indicated that oxidative stress is involved in the 
pathogenesis of periodontitis. For instance, clinical studies have demonstrated that 
periodontitis is positively correlated with increased lipid, DNA, and protein oxida-
tion in gingival crevicular fl uid (GCF) and saliva [ 9 – 13 ]. In addition, animal studies 
have shown that oxidative DNA damage [ 14 ,  15 ], and increased hydrogen peroxide 
[ 16 ,  17 ], protein nitration [ 18 ], and lipid peroxidation [ 19 ] are present in infl amed 
periodontal tissue. 

 With the progression of periodontitis, ROS produced by periodontal infl amma-
tion diffuse into the blood stream [ 20 ,  21 ]. This induces oxidation of various mole-
cules in the blood, leading to circulating oxidative stress that may gradually damage 
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multiple organs [ 22 – 24 ]. Therefore, increases in circulating oxidative stress after 
periodontitis may negatively affect systemic health. 

 Clinical studies have demonstrated that periodontal therapy decreases oxidative 
stress in GCF and saliva [ 25 ,  26 ]. If periodontitis causes circulating oxidative stress, 
improvement of periodontitis by periodontal therapy would result in a decrease in 
both oral and blood oxidative stress. In this chapter, we summarized the effects of 
periodontal therapy on circulating oxidative stress. We also discuss the possibility 
of periodontal therapy decreasing the risk of systemic diseases in periodontitis 
patients.  

10.2     Periodontitis as a Risk Factor for Circulating 
Oxidative Stress 

 Various studies have examined the relationship between periodontitis and circulat-
ing oxidative stress. For example, it has been reported that plasma levels of lipid 
peroxidation [ 27 ] and reactive oxygen metabolites (ROM) [ 28 ] are associated with 
severity of periodontitis. It is also known that plasma or serum levels of total oxida-
tive status [ 9 ,  29 ], protein oxidation [ 12 ], ROM [ 30 ,  31 ], and oxidized low-density 
lipoprotein (LDL) [ 32 ] are signifi cantly higher in chronic periodontitis patients 
than in control subjects. Furthermore, a recent clinical study found that the mean 
plasma glutathione peroxidase increased from healthy status to gingivitis, and then 
to periodontitis in serum [ 33 ]. These fi ndings indicate that periodontitis can lead to 
increased oxidative stress at the systemic level. However, some studies have found 
no signifi cant differences in serum lipid peroxidation [ 9 ,  33 ], serum oxidative 
stress index [ 34 ], and oxidative DNA damage in venous blood [ 35 ] between sub-
jects with and without periodontitis. Therefore, further studies are necessary to 
investigate the factors that affect the relationship between periodontitis and circu-
lating oxidative stress. 

 Information regarding blood levels of antioxidants is also important to assess the 
relationship between periodontitis and circulating oxidative stress. Some clinical 
studies have found that plasma or serum levels of total antioxidant capacity in sub-
jects with periodontitis are lower than those in subjects with healthy gingiva [ 36 , 
 37 ], while others have suggested that there were no signifi cant differences in serum 
or plasma antioxidant concentration between the group with chronic periodontitis 
and controls [ 10 ,  38 ]. Thus, there is no consensus regarding the relationship between 
periodontitis and blood antioxidant status. In addition, a previous study using 
plasma samples has demonstrated that the activities of superoxide dismutase, cata-
lase, and glutathione peroxide were signifi cantly higher, whereas the levels of vita-
min C, vitamin E, and reduced glutathione were signifi cantly lower in periodontitis 
patients than in controls [ 39 ]. The relationship between periodontitis and blood 
antioxidant status may differ depending on the antioxidant examined.  
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149

10.3     Changes in GCF and Salivary Oxidative Stress 
After Periodontal Therapy 

 The effects of periodontal therapy on oral oxidative stress have been reported. 
Clinical studies have found that successful periodontal therapy can decrease oxida-
tive DNA damage in saliva [ 40 ] and GCF [ 41 ], plasma glutathione peroxidase in 
GCF [ 33 ], and lipid peroxidation in saliva [ 25 ] and GCF [ 29 ]. It has also been 
reported that locally delivered lycopene reduced oxidative DNA damage in GCF 
with an improvement of periodontitis [ 42 ]. These fi ndings show that improvement 
of periodontitis by periodontal therapy could contribute to decrease in oxidative 
stress within the oral cavity. Such a condition would result in decreased oxidative 
stress at the systemic level. 

 On the other hand, clinical studies also showed that periodontal therapy increases 
total antioxidant capacity [ 10 ] and reduced/oxidized glutathione ratio [ 26 ] in GCF. 
These fi ndings indicate that periodontal therapy can improve GCF antioxidant sta-
tus. In contrast, salivary levels of total antioxidants and superoxide dismutase activ-
ity in periodontitis patients decreased after non-surgical periodontal therapy [ 29 , 
 43 ]. The mechanisms of fl uctuations in salivary antioxidant status following peri-
odontal therapy may differ from those in GCF.  

10.4     Effects of Periodontal Therapy on Circulating 
Oxidative Stress in Periodontitis Patients 

 If periodontitis causes circulating oxidative stress, periodontal therapy would result 
in a decrease in circulating oxidative stress. To clarify this issue, studies have evalu-
ated the effects of periodontal therapy on circulating oxidative stress (Table  10.1 ).

   To the best of our knowledge, fi ve clinical studies have shown that periodontal 
therapy reduces oxidative parameters in blood [ 29 ,  32 ,  44 – 46 ]. Sonoki et al. [ 44 ] 
reported that non-surgical therapy decreased plasma levels of lipid peroxidation and 
anti-malondialdehyde modifi ed LDL cholesterol in periodontitis patients with dia-
betes at 6 months. In our previous studies, plasma levels of oxLDL [ 32 ] and ROM 
[ 45 ] in subjects with chronic periodontitis decreased after periodontal therapy for 2 
months. Furthermore, reductions in serum total oxidant status have been observed 
in periodontitis patients at 6 weeks after non-surgical periodontal therapy [ 46 ]. 
These observations indicate that periodontal therapy offers clinical benefi ts in 
decreasing circulating oxidative stress in periodontitis patients. We also found a 
positive association between the degrees of changes in circulating oxidative stress 
and the percentage of sites with bleeding on probing (BOP) after periodontal ther-
apy [ 32 ,  45 ]. This suggests that circulating oxidative stress showed a dose–response 
type decrease, depending on the degree of improvement in BOP. As BOP refl ects 
disease activity in the periodontium [ 47 ], the decrease in circulating oxidative stress 
may be due to the reduction in disease activity in the periodontium. On the other 

10 Effects of Periodontal Therapy on Circulating Oxidative Stress
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hand, in severe periodontitis patients, it has been reported that sustained increases in 
plasma ROM levels are observed up to 5 days from a single session of initial peri-
odontal therapy [ 30 ]. In patients with severe periodontitis, the changes in circulating 
oxidative stress after periodontal therapy may differ from those with mild or moder-
ate periodontitis. 

 Periodontal therapy may also modify immunological reactions in the blood. 
Christgau et al. [ 48 ] compared the oxidative burst response of polymorphonuclear 
granulocytes to tumor necrosis factor (TNF)-α and bacterial peptide  N -formyl- 
methionyl -leucyl-phenylalanin (FMLP) in venous blood samples before and after 
periodontal therapy. They found that the burst reaction following combined stimu-
lation with TNF-α and FMLP was signifi cantly increased at 4 months after peri-
odontal therapy, as compared to the fi rst and second examinations ( p  < 0.05). 
Matthews et al. [ 49 ] also demonstrated that the well-characterized hyper-reactive 
peripheral blood neutrophil phenotype relative to total radical production after Fcγ-
receptor stimulation was reduced, but not removed, by periodontal therapy. These 
observations suggest that periodontal therapy infl uences circulating oxidative stress 
by changing reactions of polymorphonuclear granulocytes and neutrophils in 
venous blood. 

 In addition, four studies investigated the effects of periodontal therapy on circu-
lating antioxidant status (Table  10.2 ). One study showed that plasma total antioxi-
dant levels at 1 month post-therapy increased signifi cantly when compared with 
baseline levels ( p  < 0.001) [ 36 ]. However, two studies indicate that periodontal ther-
apy had no effect on circulating total antioxidant status [ 10 ,  46 ]. Furthermore, the 
remaining study states that there was a signifi cant reduction in plasma glutathione 
peroxidase concentration in serum after periodontal therapy ( p  < 0.05) [ 33 ]. Further 
studies are necessary in order to clarify how periodontal therapy affects circulating 
antioxidant status in periodontitis patients.

10.5        Periodontal and Systemic Health: Is Circulating 
Oxidative Stress a Common Link? 

 Oxidative stress plays an important etiological role in a number of diseases: diabe-
tes mellitus, heart disease, liver disease, stroke, acquired immunodefi ciency syn-
drome, Alzheimer’s disease, Parkinson’s disease, and alcoholism [ 50 – 53 ]. 
Therefore, circulating oxidative stress could be a common mechanism in the devel-
opment of several features related to both systemic diseases and periodontitis. This 
notion is supported by clinical studies investigating the relationships between peri-
odontitis and type 2 diabetes mellitus [ 54 ] and between periodontitis and hepatocel-
lular carcinoma [ 55 ], as well as a review summarizing the relationship between 
periodontitis and metabolic syndrome [ 56 ]. However, it remains unclear whether 
periodontal therapy has benefi cial effects on systemic health by decreasing circulat-
ing oxidative stress. Further studies are required to clarify this point.  

10 Effects of Periodontal Therapy on Circulating Oxidative Stress
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10.6     Recommendations for Future Research 

 Clinical studies have indicated that periodontitis and circulating oxidative stress are 
positively associated, and that periodontal therapy may provide benefi cial effects on 
circulating oxidative stress. However, the evidence could be further strengthened by 
future studies incorporating the following design features:

    1.    Randomized, multicenter studies that are properly powered;   
   2.    Development of large cohorts to assess the impact of periodontal condition on 

circulating oxidative stress;   
   3.    Inclusion of populations with differing characteristics, such as overweight/obese 

populations, the elderly and persons with unhealthy eating habits;   
   4.    Recording nutrition and exercise habits;   
   5.    Accounting for periodontitis defi nitions that include extent, severity and defi ni-

tions of cases.      

10.7     Conclusion 

 Several studies have indicated that periodontitis causes circulating oxidative stress 
in humans. In periodontitis patients, periodontal therapy may be useful for main-
taining systemic health, as well as improving periodontal health, by decreasing cir-
culating oxidative stress.     
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11.1           Introduction 

11.1.1     Role of HMGB1 in Disease 

 HMGB1 is one of the most abundant nuclear non-histone proteins and is expressed in 
all eukaryotic cells [ 1 ]. HMGB1 has intracellular and extracellular functions. In the 
nucleus, HMGB1 binds to DNA and act as a DNA chaperone, facilitating rate- limiting 
DNA distortion during nucleosome sliding and regulating transcription. HMGB1 
knockout mice die shortly after birth because of hypoglycemia resulting from a defect 
in transcription activation by the glucocorticoid receptor [ 2 ]. HMGB1 can also serve 
as a cytokine when released in the extracellular milieu upon tissue injury or infl am-
mation [ 3 ]. Extracellular HMGB1 promotes tissue repair and proliferation of cells, 
and induces the maturation of dendritic cells [ 4 ], recruitment of neutrophils [ 5 ], or 
activation of monocytes/macrophages [ 6 ]. Therefore, HMGB1 is considered to be a 
danger signal (alarmin) that triggers repair and defense programs (Fig.  11.1 ).

   HMGB1 induces autoimmune responses and becomes pathogenic when released 
chronically and/or in the absence of infection. HMGB1 has been found to act as a 
late mediator of endotoxin lethality in mice [ 7 ]. HMGB1 administrated in vivo 
induces rheumatoid arthritis [ 8 ] and acute lung injury [ 9 ]. Because administration 
of antibodies to HMGB1 attenuates endotoxin lethality [ 7 ], HMGB1 is currently 
considered a new potential therapeutic target. 

 In most cells, HMGB1 is located in the nucleus, where it acts in replication, 
recombination, transcription, and DNA repair processes. In all cells, HMGB1 shut-
tles actively between the nucleus and cytoplasm. In lipopolysaccharide (LPS)-
stimulated monocytes and macrophages, HMGB1 is relocated to the cytoplasm, 
possibly via hyperacetylation [ 10 ], and subsequently accumulates in secretory lyso-
somes and is then actively released [ 11 ]. In the case of tissue injury, it is considered 
that HMGB1, transiently existing in the cytoplasm during the course of nucleocyto-
plasmic shuttling, is passively released when the cells lose integrity of the plasma 
membrane as a result of necrosis [ 3 ]. The relocation of HMGB1 from the nucleus 
occurs during some types of necrosis, such as induction by DNA-alkylating damage [ 12 ]. 

  Fig. 11.1    Schematic summary of the HMGB1 release and action. HMGB1 is a nuclear protein 
and acts as a transcription factor. Upon cell activation and cell death, HMGB1 is released to the 
extracellular space and functions as an alarmin. Extracellular HMGB1 acts as a trigger of infl am-
mation and tissue repair       
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In HeLa cells, HMGB1 is retained in the nucleus by condensed chromatin  during 
apoptosis. Therefore, the release of HMGB1 does not occur, even when plasma 
membranes are impaired after secondary necrosis [ 6 ]. However, some contradictory 
results have been demonstrated [ 13 ], implying that the release of HMGB1 from 
apoptotic cells is context-dependent.  

11.1.2     Oxidative Stress and HMGB1 

 HMGB1 has several functions, and the function of HMGB1 changes with the oxida-
tion state. In liver grafts, oxidation of HMGB1 that is induced during prolonged 
liver ischemia and by reoxygenation during reperfusion in vivo might also attenuate 
its proinfl ammatory activity [ 14 ]. As a redox-sensitive protein, HMGB1 contains 
three cysteines (Cys23, 45, and 106). In the setting of oxidative stress, HMGB1 can 
form a Cys23–Cys45 disulfi de bond. The oxidation of Cys106 does not occur in 
mild oxidative conditions [ 15 ]. The oxidation of Cys106 abolishes the ability of 
HMGB1 to activate dendritic cells. Therefore, oxidation of Cys106 is necessary and 
suffi cient to inactivate the immunostimulatory activity of HMGB1 [ 16 ]. However, 
in necrotic cells, HMGB1 is released from dying cells possessing full immunogenic 
activity, including dendritic cells [ 17 ]. 

 Recently, Venereau et al. have found that activity of HMGB1 depends on its 
reduced or oxidized form. All-thiol-HMGB1 plays a role as a chemoattractant, 
whereas a disulfi de bond results in HMGB1 being a proinfl ammatory cytokine, and 
further cysteine oxidation to sulfonates by reactive oxygen species (ROS) abrogates 
both activities. They used the human acute monocytic leukemia cell line THP-1 and 
measured the redox status of intracellular and extracellular HMGB1. HMGB1 from 
cells treated with or without LPS and from the supernatant of cells mechanically 
necrotized with freeze–thaw cycles was analyzed. Intracellular HMGB1 had all-
thiol- HMGB1, whereas extracellular HMGB1 contained all-thiol-HMGB1 and 
disulfi de HMGB1. HMGB1 orchestrates leukocyte recruitment and their induction 
to secrete infl ammatory cytokines by redox states (Fig.  11.2 ) [ 18 ].

  Fig. 11.2    Activity of HMGB1 depends on its reduced or oxidized form [ 18 ]       

 

11 Role of HMGB1 in Periodontal Disease



160

   Tang et al. proposed that HMGB1 is a redox-sensitive regulator of the balance 
between autophagy and apoptosis. In pancreatic and colon cancer cells, anticancer 
agents enhance autophagy and apoptosis, as well as HMGB1 release. Reduced 
HMGB1 binds to the receptor for advanced glycation end products (RAGE) and 
promotes tumor resistance to anticancer agents. Conversely, oxidized HMGB1 
increases the cytotoxicity of anticancer agents and induces apoptosis mediated by 
the caspase-9/-3 intrinsic pathway [ 19 ].   

11.2     HMGB1 and Periodontal Disease 

11.2.1     Gingival Soft Tissues and HMGB1 
in Periodontal Disease 

 Periodontal disease is the chronic infl ammation of periodontal tissues, mainly 
caused by gram-negative bacteria populating the gingival sulcus and periodontal 
pocket.  Aggregatibacter actinomycetemcomitans ,  Porphyromonas gingivalis , 
 Tannerella forsythia , and  Treponema denticola  are considered as major periodontal 
pathogens involved in periodontal disease [ 20 ]. These bacteria produce an elaborate 
variety of virulence factors, such as proteases, LPS, and short-chain fatty acids, 
such as butyric acid and propionic acid, which are major by-products of anaerobic 
metabolism that are released into the microenvironment at the infection site. The 
pathogenesis of periodontal disease is characterized by complex interaction between 
pathogens and host responses, through cytokines and infl ammatory mediators in 
periodontal tissues [ 21 ]. Acute infl ammation of periodontal tissues induces alveolar 
bone to be dissolved and leads to loss of teeth. Previous studies have demonstrated 
high levels of HMGB1 in gingival crevicular fl uid (GCF) from periodontal patients 
and have reported the release of HMGB1 from gingival epithelial cells (Ca9-22) by 
tumor necrosis factor (TNF-α) [ 22 ]. Luo et al. suggested that the expression of 
HMGB1 is increased in gingival tissues and GCF in chronic periodontitis (CP), and 
in generalized aggressive periodontitis and peri-implant crevicular fl uid of peri- 
implantitis. HMGB1 expression is highest in gingival tissues and GCF from CP 
patients and is accompanied by increased concentrations of interleukin (IL)-1β, 
IL-6, and IL-8 (proinfl ammatory cytokines) [ 23 ]. Feghali et al. [ 24 ] observed active 
secretion of HMGB1 from human gingival fi broblasts stimulated by LPS. IL-1β 
promotes HMGB1 production in human gingival epithelial cells and fi broblast cells 
in a nitric oxide-dependent manner, and RAGE, which is a ligand of HMGB1, is 
increased [ 25 ]. These studies showed active release of HMGB1 from periodontal 
tissues by TNF-α, LPS, and IL-1β. They suggested a role of HMGB1 in infl amma-
tory periodontal disease, and gingival epithelial cells were the main origin of 
HMGB1 in periodontal tissues (Fig.  11.3a ).
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  Fig. 11.3    ( a ) Schematic diagram showing the release of HMGB1 from various periodontal cells. 
( b ) Immunohistochemical localization of HMGB1 in gingival tissue from a patient with chronic 
periodontitis (pocket depth: 10 mm). The section was stained with H.E. ( upper panels ) or anti- 
HMGB1 antibody (HMGB1) ( lower panels ). Areas corresponding to gingival epithelium ( left pan-
els ) and pocket epithelium ( right panels ) are magnifi ed. Scale bar: ( upper left panel ), 20 μm. 
( c ) Ca9-22 cells were incubated without ( gray ) and with ( black ) 10 μg/ml CHX for 48 h in the 
absence or presence of 10 mM butyric acid, and cell death was evaluated. Values are means ± s.d. 
( n  = 3). BA = butyric acid. ** p  < 0.01.  (d ) Ca9-22 cells were incubated with 10 mM butyric acid for 
the indicated time and the conditioned medium was subjected to 11 % SDS-polyaclylamidegel 
electrophoresis (SDS-PAGE) in non-reducing conditions. Band intensities of HMGB1 in the slow- 
and fast-migrating forms ( white  and  gray , respectively) are shown. Densitometric analysis of the 
band intensity was carried out using ImageJ software (  http://rsbweb.nih.gov/ij/    ). It is necessary to 
concentrate the culture medium to detect released HMGB1 by immunoblotting using a currently 
available anti-HMGB1 antibody. Therefore, to minimize oxidation of HMGB1 during such a prep-
aration step, a stable transfectant expressing HMGB1 with a triple FLAG tag at the N-terminus was 
used. Values are means ± s.d. ( n  = 4). ** p  < 0.01; * p  < 0.05       
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11.2.2        Cytokine-Dependent Expression of HMGB1 
in Periodontal Ligament Cells 

 Periodontal ligament (PDL) cells are a heterogeneous population, mainly consisting 
of fi broblasts and osteoblasts. In an in vivo study, HMGB1 was found in periodontal 
cells and expression was increased in the healing process after orthodontic treat-
ment in rat PDL [ 26 ]. Wolf et al. indicated a regulatory role for HMGB1 in the 
response of PDL cells to tissue damage induced by mechanical loading and in the 
initiation of the subsequent repair processes. 

 In vitro, human PDL cells express RAGE, TLR2, and TLR4 m-RNA, and pro-
duce IL-6 and IL-11 in response to HMGB1 via RAGE, TLR2, and TLR4 [ 27 ]. 
HMGB1 up-regulates the expression of proinfl ammatory and osteoclastogenic cyto-
kines, such as TNF-α IL-1β, IL-6, IL-17, and receptor activator of nuclear factor 
kappa-B ligand (RANKL) [ 28 ]. These results suggest that PDL releases infl amma-
tory cytokines by secreting HMGB1, and HMGB1 may enhance the progression 
and development of periodontal disease (Fig.  11.3a ).  

11.2.3     HMGB1 Localization in the Periodontal Pocket 

 In our previous study, we hypothesized that a periodontal pocket causes a unique 
pathological setting to induce HMGB1 release [ 29 ]. We demonstrated the distribu-
tion of HMGB1 around the periodontal pocket by immunohistochemistry. 
Hematoxylin and eosin (H.E.) staining (Fig.  11.3b  upper panels) showed infi ltration 
of infl ammatory cells in the pocket epithelium (Fig.  11.3b  right upper panel). In the 
gingival epithelium, HMGB1 was mainly localized in the nucleus (Fig.  11.3b  left 
lower panel). In contrast, in the pocket epithelium, the localization of HMGB1 was 
exclusively cytoplasmic (Fig.  11.3b  right lower panel). Immunohistochemical stain-
ing of gingiva showed that HMGB1 is dislocated from the nucleus to the cytoplasm 
of infl amed epithelial cells in pocket epithelium, whereas it is mainly present in the 
nucleus in the gingival epithelium. Furthermore, infi ltration of leukocytes did not 
result in localization of HMGB1 in the nucleus (Fig.  11.3b  right lower panel). The 
nature of these leukocyte cells was not identifi ed in our study. 

 Butyric acid, an extracellular metabolite from periodontopathic bacteria populat-
ing the periodontal pocket, also known as a histone deacetylase (HDAC) inhibitor, 
is a virulence factor common to  P. gingivalis ,  Prevotella loescheii ,  Fusobacterium 
nucleatum ,  T. denticola , and  T. forsythia  [ 30 ]. The concentration of butyric acid 
reaches 14–20 mM in subgingival plaques at the site of periodontitis [ 31 ]. When 
periodontal disease treatment is effective, butyrate concentrations in the GCF are 
low [ 32 ]. Therefore, butyric acid could be used as an indicator for the development 
and progression of periodontitis. 

 Butyric acid is involved in the pathogenesis of periodontal diseases via the induc-
tion of ROS production and the impairment of cell growth, cell cycle progression, 
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and expression of cell cycle-related genes in gingival fi broblasts [ 33 ]. Pretreatment 
of cells with the antioxidant  N -acetyl-cysteine or 3-aminobenzamide attenuates 
butyric acid-induced apoptosis through a reduction of ROS generation in human 
Jurkat cells [ 34 ]. A previous study showed that during incubation with butyric acid, 
a human gingival epithelial cell line (Ca9-22 cells) was detached from the substra-
tum and swelled [ 35 ]. In our previous study [ 29 ], we investigated the effect of 
butyric acid (0–10 mM) on the release of HMGB1. We found that butyric acid 
induces cell death, mainly by inducing necrotic cell death, and promotes generation 
of ROS in Ca9-22 cells. Butyric acid induces the release of HMGB1 time and dose 
dependently (Fig.  11.3a ). 

 Butyric acid induces necrotic cell death in Ca9-22 cells. Because butyric 
 acid- induced cell death is suppressed by cycloheximide (CHX), which is a known 
protein synthesis inhibitor (Fig.  11.3c ), new synthesis of proteins due to increased 
gene expression by HDAC inhibitor activity of butyric acid may be involved in 
necrosis, such as proteins causing oxidative stress (Ebe et al., unpublished result). 

 Production of ROS was evident after incubation of Ca9-22 cells for 12 h with 
butyric acid at 10 mM, which coincided with the release of oxidized HMGB1 
(Fig.  11.3d ). Therefore, HMGB1 could be a target of oxidative stress induced by 
butyric acid (Ebe et al., unpublished result).      
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12.1            Introduction 

 Currently, periodontal diseases are considered as an infl ammatory condition  triggered 
by some bacterial species living in the gingival sulcus or the periodontal pocket. 
Numerous epidemiological studies have found associations between periodontitis 
and conditions such as diabetes, cardiovascular disease (CVD), osteoporosis, respi-
ratory diseases, rheumatoid arthritis, kidney disease, and dementia, among others, 
but there is a lack of consensus on the nature of these associations [ 1 ]. Other approach 
using the prevalence of cardiovascular and autoimmune diseases among patients 
attending a dental or periodontal clinic revealed that the prevalence of hypertension, 
diabetes mellitus, and rheumatoid arthritis is signifi cantly increased in patients with 
periodontitis. However, when controlled for confounder factors, periodontitis was 
associated with diabetes only in patients from the dental clinic, whereas hypertension 
does not seem to be associated with periodontitis. An important fi nding is that peri-
odontitis may be associated with rheumatoid arthritis, regardless the clinic type [ 2 ]. 

 One important challenge to elucidate this relationship is the little evidence about 
the link connecting periodontitis with other systemic conditions. One interesting 
hypothesis is that infl ammation could be that connecting link between them. In this 
chapter, our goal will be to show the recent advances regarding:

•    systemic infl ammatory markers in periodontitis patients, either systemically 
healthy or suffering from other systemic conditions;  

•   the effect of periodontal therapy over several systemic infl ammatory markers, 
either systemically healthy or suffering from other systemic conditions;  
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•   putative pathogenic mechanisms that could be shared with other conditions, such 
as cross-reactivity to  Porphyromonas gingivalis  ( Pg ) heat shock proteins (HSP) 
or citrullination of host proteins.     

12.2     Systemic Infl ammatory Markers and Periodontitis 

 When the terms  systemic infl ammation  or  systemic infl ammatory response  are used, 
we refer to the occurrence of some infl ammatory markers in serum, released from 
relevant organs, such as liver, in response to a local infl ammatory challenge as 
occurs in periodontitis and other oral conditions. To assess this systemic response, 
it is necessary to determine which of those markers are more relevant, and the vast 
majority of studies consider C-reactive protein (CRP) as one of the main markers, 
in addition to interleukin 6 (IL-6) and others. 

 The acute-phase response is a set of biochemical responses to tissue damage, 
that comprise essentially the synthesis of proteins in hepatocytes and other cell 
types, under the control of cytokines (IL-6 and others) released by macrophages and 
other cells at the affected site. CRP is considered the main acute-phase protein, and 
is found in high levels in the blood in response to infl ammation, infection, trauma 
and tissue necrosis, cancer, and autoimmune disorders. Among their roles, it can 
bind to phosphocholine expressed on the surface of affected cells and some bacte-
rial species in order to activate the complement system and thus facilitating their 
clearance [ 3 – 5 ]. 

12.2.1     Animal Models 

 In recent years, several animal model-based studies have been published regarding the 
relationship of periodontitis or the effect of some periodontal species over the serum 
levels of some infl ammatory molecules. In this sense, the studies by the group from 
the Department of Preventive Dentistry, Okayama University Graduate School of 
Medicine, Dentistry and Pharmaceutical Sciences are very interesting. Using a rat 
model, they measured systemic infl ammatory markers in obese and lean rats, with and 
without ligature induced periodontitis. The production of CRP, IL-6, and tumor 
necrosis factor alpha (TNF-α) in the liver, as well as CRP and IL-6 in the white adi-
pose tissue of the obesity/periodontitis group was signifi cantly higher than in the 
remaining groups after 4 weeks. Moreover, some serum markers, such as TNF-α in 
the periodontitis or obesity groups, were signifi cantly higher than in the control group, 
or serum CRP and TNF-α in the obesity/periodontitis group were signifi cantly higher 
than in the remaining groups [ 6 ]. These data indicate the additive effect of periodon-
titis on infl ammatory markers when other conditions, such as obesity, are present. 

 The same research group, also using a rat model, studied whether the generation 
of lipid peroxide in periodontal tissue infl ammation could induce tissue injury in the 
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liver, heart, kidney, and brain. By topical application of bacterial lipopolysaccharide 
and proteases to the gingival sulcus for 4 weeks they induced periodontal infl amma-
tion in a test group that was compared to a control group. The induced periodontal 
infl ammation in test group led to increasing gingival and serum levels of a lipid 
peroxide marker, hexanoyl-lysine. The level of another oxidative stress marker, 
8-hydroxydeoxyguanosine, increased in an important manner in mitochondrial 
DNA from the liver, heart, kidney, and brain of rats with periodontal infl ammation. 
Thus, the excessive production of lipid peroxide following periodontal infl amma-
tion is involved in oxidative DNA damage of other organs, such as brain, heart, liver, 
and kidney [ 7 ]. 

 Other studies have focused on the effect of  P. gingivalis  infection. One of these 
reports show a murine model in which periodontitis was induced by ligatures previ-
ously incubated or not with  Pg , or by oral gavage with  Pg . Periodontal tissue 
destruction and osteoclast number were signifi cantly elevated in the group with 
ligature incubated with  Pg  compared to the remaining groups. The synthesis of 
some tissue destruction markers, such as cathepsin B and matrix metalloproteinase 
9 (MMP9), was related to bone destruction processes and  Pg  infection. The highest 
serum levels of IL-6 and IL-1β were observed in the group with ligature incubated 
with  Pg , but also this group showed a decrease of IL-6 and an increase of IL-1β 
serum level with time [ 8 ]. Thus,  Pg  infection appears to be able to modify the sys-
temic response to periodontal infl ammation. Findings from this one and previously 
described studies support the role of periodontitis in the onset and progression of 
systemic infl ammation in several animal species.  

12.2.2     Observational Studies in Systemically Healthy Humans 

 The fi rst step to search a link between a putative risk factor and a condition is con-
ducting observational studies in human populations. As previously mentioned, the 
main systemic infl ammatory marker that has been determined in most studies is 
CRP. This protein has been found in gingival tissue and gingival crevicular fl uid in 
healthy and pathological locations from periodontitis and healthy subjects, although 
gingival tissue had not detectable amounts of CRP mRNA. This indicates that CRP 
in gingival locations appears to have a systemic origin [ 9 ]. In another study evaluat-
ing systemically healthy subjects, either affected by severe periodontitis or without 
a history of periodontal disease, full-mouth bleeding score was a predictor of CRP 
levels in periodontitis patients [ 10 ]. Another report reveals that patients suffering 
from severe and moderate periodontitis had higher mean serum CRP levels, with a 
close association with higher clinical attachment loss. The presence of  Pg  and 
 Aggregatibacter actinomycetemcomitans  was also associated with elevated CRP 
levels and poor periodontal status [ 11 ]. When evaluating differences in the infl am-
matory profi le of young systemically healthy periodontal patients with chronic or 
aggressive periodontitis, no statistically signifi cant difference between the two 
groups was detected for periodontal variables and for CRP or other cytokines [ 12 ]. 
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All these fi ndings support the close association among different clinical and micro-
biological periodontal parameters and serum and local levels of CRP, but always of 
systemic origin. 

 In addition to CRP, other infl ammatory markers have been studied in humans. 
Certain genetic polymorphisms or defi ciencies in specifi c complement components 
appear to predispose to increased susceptibility to periodontitis. Moreover,  Pg  sub-
verts complement receptor 3 and C5a anaphylatoxin receptor signaling, thus allow-
ing its adaptation to host [ 13 ]. Another report found that chronic periodontitis 
patients had higher serum leptin and IL-6 levels than healthy subjects. Moreover, 
the serum leptin level was associated with mean probing depth, mean clinical attach-
ment level, and mean alveolar bone loss [ 14 ]. This hormone has been associated 
with some conditions, such as obesity or CVD. 

 Another way to measure infl ammation is by using blood leukocyte numbers and 
differential counts. Higher neutrophil numbers and serum globulin levels have been 
found in patients with aggressive periodontitis compared to healthy individuals, in 
such a way that those infl ammatory markers were positively correlated with peri-
odontal parameters [ 15 ]. When taking account possible confounder factors such as 
age, gender, smoking, and ethnicity, subjects with severe periodontitis exhibit 
higher white cell counts, with a trend for an association between the number of 
periodontal pockets and this infl ammatory marker [ 16 ]. 

 Our group evaluated adults with or without periodontitis regarding total plasma 
fatty acids, saturated, n-6 polyunsaturated and monounsaturated fatty acids, perox-
idability index or TNF-α, among other markers, and we found these markers were 
signifi cantly higher in the periodontitis group compared to the non-periodontitis 
group, thus noting that periodontitis appear to enhance a low-grade infl ammatory 
state that could contribute to the pathogenesis or progression of other systemic con-
ditions [ 17 ]. 

 As conclusion derived from these studies, we can note that periodontitis has an 
enhancing effect of systemic infl ammation, in such a way that higher CRP, IL-6, 
TNF-α, leptin, white cell counts, or lipid parameters could be predicted in periodon-
titis subjects compared to in periodontally healthy individuals, thus increasing the 
risk of other systemic conditions sharing an infl ammatory component.  

12.2.3     Observational Studies in Humans with Systemic 
Conditions 

 In recent years, an increasing number of reports regarding infl ammatory markers in 
periodontitis subjects suffering from other systemic conditions have been published. 
In this sense, it is important to show the relevance of oral health in patients with 
chronic kidney disease, as one recent review has emphasized [ 18 ]. One study has 
used the National Health and Nutrition Examination Survey 1988–1994 (NHANES 
III) dataset including individuals with chronic kidney disease, 12.3 % of them 
with periodontitis. Among these, 41.8 % had serum CRP higher than 0.3 mg/dL 
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compared with 27.1 % of periodontally healthy individuals. A strong association 
between extent of periodontitis and serum CRP levels was found after adjusting by 
confounder factors [ 19 ]. On the other hand, patients on chronic dialysis have also 
been studied. One report found a prevalence of 57.5 % of subjects with periodontitis 
in its sample. Near 52.2 % of them had CRP levels >1 mg/dL, in comparison to only 
29.4 % of subjects with healthy periodontium [ 20 ]. With respect to transplant recip-
ients, one study compared patients with renal and cardiac transplant to age-matched 
controls. The prevalence of severe periodontitis was not statistically signifi cantly 
different between transplant and control subjects. However, serum IL-6 and CRP 
were higher in transplant compared to control subjects, but severe periodontitis was 
not a signifi cant positive predictor of serum IL-6 in transplant group when multi-
variate analysis was performed [ 21 ]. 

 Infl ammatory response as a link between metabolic conditions and periodontitis 
is increasingly studied. Our group wrote a review about metabolic syndrome (MetS) 
[ 22 ], but new fi ndings have been reported. The association of alveolar bone loss and 
MetS parameters was analyzed using data from subjects participating in a large 
longitudinal study. Participants with radiographic evidence of moderate to advanced 
alveolar bone loss were signifi cantly more likely to have MetS than those with mini-
mal or no bone loss. However, there were no signifi cant    differences in systemic 
infl ammation measured by using white blood cells count between subjects with or 
without periodontitis [ 23 ]. Another study has found that TNF-α and IL-6 were asso-
ciated with the periodontitis–MetS coexistence [ 24 ]. With respect to CVD, one 
report compared two groups of patients suffering from chronic periodontitis with or 
without CVD. CRP levels were signifi cantly higher in the CVD group compared to 
the control group. With respect to periodontitis, its main fi nding is a negative cor-
relation between tooth loss and protein C and between CRP and protein C [ 25 ]. In 
subjects with type 2 diabetes and periodontitis, an increased mean probing depth 
was signifi cantly associated to higher levels of CRP, after taking account confounder 
factors such as age, gender, body mass index, duration of diabetes mellitus, smok-
ing, regular physical exercise, and alcohol consumption. No signifi cant difference 
was found among different groups in the levels of serum TNF-α, fasting glucose, 
and lipid profi les [ 26 ]. 

 In conclusion, there is a trend to higher CRP levels in periodontitis subjects 
affected by chronic kidney disease, dialysis, or type 2 diabetes compared to peri-
odontally healthy, but there is not a clear additional rising of infl ammatory markers 
in subjects with MetS, other CVDs, or transplant recipients when affected by 
periodontitis.  

12.2.4     Rheumatoid Arthritis and Periodontitis: A Strong 
Link Between Two Infl ammatory Conditions 

 Rheumatoid arthritis (RA) is an autoimmune condition characterized by a progres-
sive destruction of joint structures [ 27 ]. We think that this disease is a good model 
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to understand possible pathogenic mechanisms linking periodontitis and other 
infl ammatory conditions. Recent years have plenty of fi ndings enhancing the asso-
ciation between rheumatoid arthritis and periodontitis [ 28 ]. It is worth noting the 
importance of  Pg , either indirectly through the host immune responses or directly 
through virulence factors from this bacterial species [ 29 ]. 

 Prevalence of severe periodontitis appears to be higher in rheumatoid arthritis 
subjects (27 %) in comparison to healthy individuals (12 %) [ 28 ], although another 
study reported a prevalence of 12.5 % for mild periodontitis and 75 % for moderate 
cases [ 30 ]. Patients with RA and severe periodontitis have higher activity scores 
than those with RA but no or moderate periodontitis, in addition to higher anti- Pg  
antibody titers than subjects with non-RA severe periodontitis. Interestingly, sub-
gingival occurrence of  Pg  was similar, so a key fact is the distinct response to the 
same microbial load in RA subjects [ 28 ]. An association between occurrence of RA 
and some periodontal parameters, such as bleeding on probing or clinical attach-
ment loss when comparing a group of RA cases to another control group has been 
noted [ 31 ], in addition to a positive correlation between severity of periodontal 
disease and rheumatoid arthritis [ 30 ]. In a long-term longitudinal study that evalu-
ated more than 9,000 participants, those with periodontitis or fi ve or more missing 
teeth showed higher prevalence and incidence of RA, but without reaching statisti-
cal signifi cance [ 32 ]. Nevertheless, a recent review also noted no consistent differ-
ences in periodontal parameters and infl ammatory biomarkers between RA subjects 
and healthy adults with periodontitis [ 33 ]. Another comparative study determined 
IL-1β and IL-10 in serum of subjects with either RA under therapy, chronic peri-
odontitis, and systemically/periodontally healthy. The total amount and level of 
IL-10 was not signifi cantly different between the groups, but IL-1β was signifi -
cantly lower in the RA group compared to the remaining groups. Nevertheless, 
internal validity of this study is questionable, as different groups were not properly 
age and gender matched [ 34 ]. 

 In conclusion, whether some studies support the close association between peri-
odontitis and rheumatoid arthritis, either taking account the prevalence of periodon-
tal affectation in rheumatic subjects or other parameters such as immune response 
to periodontopathogen bacteria, other reports fi nd inconsistent results to support 
this hypothesis, so future research with better designs are warranted.   

12.3     Effect of Periodontal Therapy Over Systemic 
Infl ammatory Markers 

 Epidemiological studies are very important to understand the possible association 
between systemic conditions and periodontitis, as previously mentioned. But 
another approach is to analyze the infl uence of periodontal therapy over systemic 
infl ammatory markers, in systemically healthy subjects and in subjects suffering 
other conditions, by means of clinical trials, if possible with randomized controlled 
trials [ 35 ]. In this section, we will show the more recent studies on this topic. 
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12.3.1     Systemically Healthy Individuals with Periodontitis 

 A randomized controlled trial with individuals suffering from chronic periodontitis 
allocated to either initial periodontal treatment or no therapy in a 3-month period, 
test group showed a no signifi cant decrease in fi brinogen level, in addition to signifi -
cant increases in hemoglobin and hematocrit [ 36 ]. Another interesting report evalu-
ated the variation in infl ammatory parameters following nonsurgical and surgical 
periodontal therapy. Fourteen chronic periodontitis subjects received nonsurgical 
treatment and at least two surgical sessions after 6 months. In addition to the 
improvement in periodontal parameters, important increases in the serum levels of 
CRP and serum amyloid-A were found soon after nonsurgical and surgical thera-
pies, but a greater increase in D-dimer and CRP levels was found following nonsur-
gical therapy [ 37 ]. In relation to renal function evaluated by glomerular fi ltration 
rate in systemically healthy subjects with periodontitis, another study found that 
periodontal therapy appeared to be associated with a signifi cant decrease in cystatin 
C level along the 180 days of follow-up. In the short term, periodontal therapy was 
related to greater increases for CRP and serum amyloid-A, while D-dimer and 
fi brinogen showed only mild variations. After 30 days, infl ammatory markers were 
normalized [ 38 ]. One interesting fi nding in patients with severe periodontitis is that 
plasma glucose, lipids, and markers of systemic infl ammation were not signifi cantly 
altered following 3 months therapy, but one year after, IL-18 and interferon-gamma 
levels were lower. There was no variation in plasma levels of IgA, IgG1, IgG2 anti-
bodies against HSP [ 39 ]. Another report describes a signifi cant reduction of serum 
leptin, IL-6, and CRP levels after nonsurgical periodontal therapy [ 14 ]. In conclu-
sion, most studies agree in a rising of levels of some acute-phase proteins just after 
periodontal therapy, especially if nonsurgical, but subsequently there is a trend to 
the reduction or normalization of these markers. 

 With respect to oxidative stress, a study compared diacron-reactive oxygen 
metabolites (D-ROM) levels and total antioxidant capacity in periodontitis and 
healthy individuals. Patients with severe periodontitis exhibited higher D-ROM lev-
els and lower total antioxidant capacity. There was a positive correlation between 
D-ROM levels and CRP or periodontal parameters, but an interesting fi nding was 
that oxidative stress increased following periodontal therapy, as signifi cant increases 
of D-ROM were found in treated cases [ 40 ]. As previously mentioned, we might 
hypothesize a long-term reduction of the oxidative stress, once tissues recover from 
surgical challenge. 

 In contrast to previous studies, some reports note the variability in infl ammatory 
responses across subjects. In severe periodontitis patients, following treatment com-
pletion, some adhesion molecules, defense or tissue destruction markers, such as 
PAI-1, sE-selectin, sVCAM-1, MMP-9, and myeloperoxidase, were signifi cantly 
reduced. However, only sE-selectin, sICAM, and serum amyloid P sustained a 
reduction after 4 weeks. It is surprising the fi nding that changes in infl ammatory 
markers hardly correlated with clinical, microbiological, and serological parameters 
of periodontitis, and moreover, the responses were inconsistent across subjects [ 41 ]. 
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 All these inconsistent fi ndings warrant the conduction of new trials with 
 assessment of systemic infl ammatory markers at short and long-term after nonsurgi-
cal and surgical therapy.  

12.3.2     Rheumatoid Arthritis 

 One trial compared patients suffering from chronic periodontitis and rheumatoid 
arthritis, either with moderate to high disease activity or with low disease activity. 
Erythrocyte sedimentation rate, CRP and TNF-α levels in serum signifi cantly 
decreased 3 months after the nonsurgical periodontal treatment, without differences 
between groups. In addition to these fi ndings, there was an improvement of arthritis 
activity and periodontal parameters [ 42 ], results shared by another recent study [ 30 ].  

12.3.3     Metabolic Syndrome 

 With respect to MetS, a clinical trial evaluated the effect of nonsurgical periodontal 
therapy in subjects with chronic generalized periodontitis, either with MetS or sys-
temically healthy subjects. At 2 months after the periodontal therapy, in MetS sub-
jects, a signifi cant decrease was found in mean serum CRP, total leukocyte counts, 
and serum triglycerides, along with a signifi cant increase in serum high-density 
lipoprotein (HDL), whereas in systemically healthy periodontal patients, changes in 
these parameters were not statistically signifi cant [ 43 ]. In another study, patients 
with MetS and periodontitis were randomized to an experimental group that received 
plaque control and root planing plus amoxicillin and metronidazole or to a control 
treatment group that received plaque control instructions, supragingival scaling, and 
two placebos. The periodontal parameters signifi cantly improved in both groups 
following 3 months therapy and were lower than baseline at 12 months, with better 
results in the experimental group. CRP levels decreased progressively and were 
signifi cantly lower following 9 and 12 months after the therapy. Fibrinogen levels 
signifi cantly decreased only in the experimental group at 6 and 12 months [ 44 ].  

12.3.4     Hemodialysis 

 One trial describes a high prevalence of periodontitis in hemodialysis patients 
(63 %). CRP levels were positively associated with clinical periodontal status before 
treatment, and decreased signifi cantly following periodontal therapy, in such a way 
that erythropoietin dosage could be reduced from 8,000 to 6,000 unit/week after 
treatment. Pre-dialysis blood urea nitrogen and serum albumin level increased after 
periodontal treatment [ 45 ].  

J.M. Morillo-Velázquez



175

12.3.5     Diabetes Mellitus 

 An interesting trial evaluated 30 periodontitis subjects, 15 of them with type 2 
 diabetes, either well or poorly controlled, and 15 systemically healthy. HbA1c lev-
els in the poorly controlled group with diabetes decreased signifi cantly following 3 
months therapy. However, no signifi cant decreases in TNF-α and CRP levels were 
noted. IL-6 levels decreased in well-controlled diabetic and healthy, whereas an 
interesting response in adipokines was found, with higher adiponectin levels in 
healthy individuals and higher leptin levels in well-controlled diabetic subjects after 
therapy [ 46 ].  

12.3.6     Pregnancy 

 An interesting study analyzed the effect of scaling and root planing in pregnant 
women with periodontitis, either before 21 weeks of gestation or after delivery. 
Periodontal treatment didn’t modify the level of CRP, PGE2, MMP-9, fi brinogen, 
endotoxin, and cytokines such as IL-1β, IL-6, IL-8, or TNF-α. Levels of any infl am-
matory marker were not signifi cantly associated with preterm birth or infant birth 
weight. However, only the variation in endotoxin was negatively associated with 
the change in probing depth [ 47 ]. In this sense, another study describes a new sensi-
tive assay to determine endotoxin activity that was used with sera from pregnant 
women with periodontitis in order to detect a low-level bacteremia in chronic peri-
odontitis. These authors found a positive endotoxin activity in 35.5 % of the preg-
nant women [ 48 ]. 

 In conclusion, there is scarcity of studies analyzing the effect of periodontal ther-
apy on systemic infl ammatory markers in subjects with other systemic conditions. 
Nevertheless, there is a trend to a clear improvement in individuals affected by 
rheumatoid arthritis, MetS, or hemodialysis, but the infl uence is not clear in diabetic 
subjects or pregnant women.   

12.4     Autoimmune Processes as Infl ammatory Link Between 
Periodontitis and Systemic Conditions 

 Previous sections in this chapter have focused in the epidemiological association 
between infl ammatory markers and periodontitis, either in systemically healthy or 
affected individuals. But it is very important to analyze the underlying pathogenic 
mechanisms that support this association. One interesting area of increasing knowl-
edge is the elicitation of autoimmune responses related to oral pathogens, among 
them,  Pg  has a preeminent role. Two possible mechanisms related to this species are 
the cross-reactivity between HSP derived from  Pg  and human cells, and the citrulli-
nation enhanced by bacterial enzymes that facilitate the formation of neo-epitopes. 
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12.4.1      Pg  HSP and Systemic Diseases: Molecular Mimicry 
as Pathogenic Mechanism 

 HSP are groups of proteins whose main role is to protect microorganisms and 
eukaryotic cells from stress conditions. From an evolutionary viewpoint, these pro-
teins are highly conserved. They act as molecular chaperones in the assembly and 
folding of proteins, and as proteases when damaged or toxic proteins have to be 
degraded. Some HSP of oral bacteria have been discovered and characterized 
regarding location, cytotoxic effects, or sequence homology, and these proteins are 
important antigens from an immunologic perspective in many human pathogens. 
Two of these proteins are GroEL and HSP60. The presence of shared epitopes 
between host proteins and microbial HSP may lead to autoimmune responses that 
act as mechanism of tissue destruction [ 49 ]. 

 Although research has been led to the study of HSP of several periodontopatho-
gen species, our focus will be those from  Pg . Occurrence of serum antibodies to  Pg  
GroEL in periodontitis patients is higher than in healthy subjects, and moreover, 
these antibodies have been also detected in all samples of gingival tissue extracts. 
Serum antibodies to human HSP60 are also more prevalent in periodontitis patients, 
with stronger reactivity. More interesting, this same study demonstrated cross- 
reactivity of serum antibodies to human HSP60 and  Pg  GroEL [ 50 ]. Another rele-
vant fi nding is the variable response among individuals regarding levels of serum 
anti- Pg  GroEL antibody after periodontal therapy, and the apparent independence 
of anti-human HSP60 antibodies related to periodontal treatment [ 51 ]. Another 
report found showed a signifi cant correlation between a cross-reactive epitope pep-
tide belonging to  Pg  HSP60 and the amount of alveolar bone [ 52 ]. 

 In the last decade, several studies have found a strong association between 
immune response against  Pg  HSP and atherosclerosis. Reactivity of anti- Pg  anti-
bodies with  Pg  HSP and human HSP has been observed in sera from periodontitis 
or atherosclerosis subjects, thus emphasizing the importance of cross-reactivity 
against HSP as pathogenic mechanism in infl ammatory conditions [ 53 ]. When 
humoral and cellular responses against human and  Pg  HSP60 have been studied, 
increasing levels were observed from healthy subjects compared to periodontitis 
and atherosclerosis patients. With respect to cellular response, the occurrence of 
human HSP60 and  Pg  GroEL-reactive T-cell populations has been described in the 
peripheral circulation and atherosclerotic lesions of atherosclerosis subjects [ 54 ]. 
Another interesting study found  Pg  in all of the artery specimens from atheroscle-
rosis patients, and these subjects also showed cross-reactivity between anti-GroEL 
or anti- Pg  antibodies with human HSP60 [ 55 ]. Human HSP60 expression has been 
documented on endothelial cells and other cells with the appearance of smooth 
muscle cells and lymphocytes in the infl ammatory cell infi ltrate of carotid endarter-
ectomy specimens, which also showed  Pg  occurrence in the 52 % of arteries. 
Furthermore, GroEL and bacteria were detected within intimal cells [ 56 ]. In cardio-
vascular patients with history of myocardial infarction, increasing anti-human 
HSP60 antibody was noted as the number of bacterial species increased. There was 
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a correlation between anti-human HSP60 level and anti-GroEL levels. Moreover, 
patients with deepest pockets had higher numbers of  Pg  and anti-human HSP60 
levels [ 57 ]. 

 The peptide 19 is a region of  Pg  and human HSP60 that shows cross-reactivity 
between them. Sera from 30 % of periodontitis subjects and 100 % of atherosclero-
sis patients with periodontal disease and previous surgical intervention for athero-
matous plaques reacted positively to this peptide from both  Pg  and human HSP60 
[ 58 ]. Furthermore, sera from periodontal patients with atherosclerosis, type 2 diabe-
tes, rheumatoid arthritis or systemically healthy reacted with the peptide 19 from  Pg  
HSP60 as relevant epitope [ 59 ]. 

 All these fi ndings support the hypothesis of cross-reactivity between  Pg  and 
human HSP as a triggering factor of a systemic infl ammatory response that could 
have an effect on the progression of periodontitis and other infl ammatory condi-
tions. The putative relationship between anti-HSP antibody levels and infl ammatory 
markers, such as CRP, needs to be explored.  

12.4.2     Citrullination of Proteins as Enhancing 
of Autoimmune Processes 

 The amino acid citrulline is generated by an enzymatic modifi cation of the amino 
acid arginine by peptidyl arginine deiminases (PAD). Arginine is an amino acid 
associated with autoantigenicity in proteins. Their conversion to citrulline in certain 
self-proteins generates neo-epitope structures that result in reduced self-tolerance, 
development of autoimmunity, and the production of anti-citrullinated peptide 
(anti- CCP) antibodies. Citrullination plays a physiologic role in the regulation of 
protein folding and degradation. Whereas the generation of citrullinated peptides is 
not unique to rheumatoid arthritis, the development of antibodies against them is 
quite specifi c to this condition. In the last years, an important discovery has been 
the presence of an arginine-specifi c proteinase in several oral bacteria, with  Pg  
among them [ 60 – 62 ]. A recent fi nding that supports the relevance of this bacterial 
species is that anti- Pg  antibody titers in patients with rheumatoid arthritis are asso-
ciated with the concentration of rheumatoid factor and anti-citrullinated peptides 
antibodies [ 63 ,  64 ]. 

 As biological process, citrullination has been evaluated in gingival tissues. 
Citrullinated proteins, PAD-2 and PAD-4 have been detected in gingiva. Whereas 
expression of both enzymes was detected in both infl amed and non-infl amed gingi-
val tissues, a positive correlation between infl ammation and expression of these 
proteins has been found. Nevertheless, the presence of anti-CCP antibodies in gin-
gival fl uid was almost exclusive to a subset of patients with periodontitis [ 65 ]. An 
interesting histological study with polyclonal and monoclonal antibodies against 
citrullinated proteins found that, in the periodontal epithelium, citrullination is a 
physiological process, whereas in the periodontal connective tissue, citrullination is 
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an infl ammation-dependent process. The presence of citrullinated protein was 
higher in periodontitis stroma (80 %) compared to control stroma (33 %) [ 66 ]. In an 
in vitro study, citrullination of proteins within infl amed periodontal tissues was 
evaluated.  Pg  produces a PAD which can citrullinate extracellular proteins and may 
increase the citrullinated protein levels in gingival tissues, but it doesn’t affect PAD 
expression or citrullination by host monocytes or macrophages [ 67 ]. 

 In the last years, the identifi cation of specifi c citrullinated antigens has been a 
focus of research. Fibrinogen, vimentin, collagen type II, and α-enolase, are four 
main antigens expressed in the joint, and antibodies to citrullinated fi brinogen and 
collagen type II mediate infl ammation by the formation of immune complexes [ 68 ]. 
In this sense, endogenous protein citrullination by  Pg  has been a signifi cant fi nding. 
Incubation of  Pg  with fi brinogen or α-enolase generated degradation of the proteins 
and citrullination of the resulting peptides [ 69 ]. Moreover, in a murine model, 
arthritis was induced by immunization with  Pg  citrullinated and uncitrullinated 
enolase [ 70 ]. 

 As conclusion, there is scarcity of data about the relationship between anti-CCP 
antibodies and infl ammatory markers or clinical parameters in periodontitis sub-
jects, or the relevance of other periodontopathogen species in the triggering of the 
citrullination process, so more research is warranted about this topic.   

12.5     Conclusions 

 Increasing research is supporting the close link between periodontal and systemic 
conditions, with infl ammatory markers as a main focus of interest. CRP has been 
the most studied marker, but other cytokines, included adipokines, have also been 
related to both types of conditions. Moreover, there is evidence of the effect of peri-
odontal therapy on some of these infl ammatory markers, and a possible infl uence of 
this fact over the progression of the systemic condition. 

 Rheumatoid arthritis is a good model to study common infl ammatory processes 
with periodontitis. Two pathogenic mechanisms, cross-reactivity to  Pg  HSP and 
citrullination of host proteins by  Pg , should be studied thoroughly, either related to 
periodontal pathogenesis or other systemic conditions, such as atherosclerosis.     
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13.1            Introduction 

 Oxidative stress has been implicated in a variety of diseases and syndromes because 
of a weakening of the antioxidant defense or excess production of radicals that can 
overwhelm the scavenging capacity of cellular antioxidant systems. Oxidant stress 
plays an important role in the pathogenesis of atherosclerosis and periodontitis. 
Several studies have suggested that there is an association between cardiovascular 
disease (CVD) and periodontitis, and that periodontitis plays an etiological role in 
CVD, including atherosclerosis [ 1 – 6 ]. 

 In this chapter, we summarize the relationship between periodontitis and athero-
sclerosis, and the involvement of oxidative stress. Due to the vast nature of this 
topic, we will review only a single important hypothesis, that is, that oxidative stress 
by periodontitis may be an initiating or promoting factor leading to infl ammatory 
injury in the pathogenesis of atherosclerosis. In addition, the role of antioxidants for 
controlling atherosclerosis will be discussed.  

13.2     Atherosclerosis and Oxidative Stress 

 Atherosclerosis is a progressive disease characterized by the accumulation of lipid 
deposits in macrophages (foam cells) in large and medium arteries [ 7 ]. This deposi-
tion leads to a proliferation of certain cell types within the arterial wall, which 
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gradually infl uences the vessel lumen and impedes blood fl ow. These early lesions 
or fatty streaks are the precursors of more advanced lesions characterized by the 
accumulation of lipid-rich necrotic debris and smooth muscle cells (SMCs) [ 8 ]. In 
advanced lesions, plaques can become increasingly complex, with calcifi cation, 
ulceration at the luminal surface, and hemorrhages from small vessels that grow into 
the lesion from the media of the blood vessel wall [ 7 ]. Age, gender, obesity, ciga-
rette smoking, hypertension, diabetes mellitus, dyslipidemia, and periodontitis are 
known atherogenic risk factors that promote the impairment of endothelial function, 
smooth muscle function, and vessel wall metabolism [ 7 ,  9 – 15 ]. These risk factors 
are associated with an increased production of reactive oxygen species (ROS) [ 16 ]. 

 ROS are metabolites of oxygen that are prone to participation in oxidation–
reduction reactions. An increasing number of studies have demonstrated that oxida-
tive stress plays a pivotal role in the pathogenesis of atherosclerosis, especially 
vascular endothelial dysfunction. ROS have detrimental effects on vascular function 
through several mechanisms: (1) ROS, especially hydroxyl radicals, directly 
injure cell membranes and nuclei; (2) ROS modulate vasomotion and the athero-
genic process; and (3) ROS peroxidize lipid components, leading to the formation 
of oxidized low-density lipoprotein-cholesterol (ox-LDL), one of the key mediators 
of atherosclerosis. 

 Ox-LDL plays a major role in the development and progression of atherosclero-
sis and its complications [ 17 ], although native LDL does not cause cholesterol ester 
accumulation in macrophages and is not atherogenic. Ox-LDL can damage endo-
thelial cells and induce the expression of adhesion molecules such as P-selectin [ 18 ] 
and chemotactic factors such as monocyte chemoattractant protein-1 and macro-
phage colony-stimulating factor [ 19 ,  20 ]. These processes lead to the tethering, acti-
vation, and attachment of monocytes and T lymphocytes to endothelial cells [ 21 ]. 
Endothelial cells, leukocytes, and SMCs secrete growth factors and chemoattrac-
tants, which induce the migration of monocytes and leukocytes into the subendothe-
lial space [ 22 ]. Monocytes ingest lipoproteins and morph into macrophages. 
Macrophages engulf ox-LDL particles and other modifi ed lipoproteins, thus becom-
ing foam cells. Foam cells combine with leukocytes to become the fatty streak, and 
as the process continues, foam cells secrete growth factors that induce SMC migra-
tion into the intima [ 23 ].  

13.3     Relationship Between Periodontitis and Atherosclerosis 

 Periodontitis may play an etiological role in CVD, including atherosclerosis [ 1 – 5 ]. 
An editors’ consensus between the American Journal of Cardiology and the Journal 
of Periodontology was also published in 2009 [ 24 ]. This document provides health 
professionals, especially cardiologists and periodontists, a better understanding of 
the link between atherosclerosis and periodontitis and, on the basis of current infor-
mation, an approach to reducing the risk for primary and secondary atherosclerotic 
CVD events in patients with periodontitis. Systemic reviews suggest that periodontal 
infections are independently associated with subclinical and clinical atherosclerosis 
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[ 1 – 6 ,  25 ,  26 ]. Analysis of limited data from interventional studies suggests that 
 periodontal treatment generally results in favorable effects on subclinical markers of 
atherosclerosis, although there are some inconsistent fi ndings. For example, some 
clinical studies show that periodontal therapy reduced plasma C-reactive protein 
(CRP) and ox-LDL levels [ 27 ] or serum CRP, interleukin (IL)-6, and native LDL 
levels [ 28 ] after 2 months, or serum CRP and IL-6 [ 29 ] levels after 6 months of treat-
ment. Other studies [ 30 ,  31 ] reported no signifi cant changes in serum levels of CRP, 
IL-6, or tumor necrosis factor alpha (TNF-α) 3 months after completion of therapy. 
A large randomized controlled trial [ 3 ] reported no signifi cant differences in post-
treatment plasma levels of CRP, IL-6, and plasminogen activator inhibitor-1 (PAI-1) 
levels between the periodontal treatment and control groups at 6 months, although 
the treatment group demonstrated improvement of endothelial dysfunction; this 
effect has also been seen in other small size intervention studies [ 32 – 34 ]. A system-
atic review of six treatment studies investigating the effects of periodontal therapy 
(scaling and root planing, with or without adjunctive local or systemic antibiotics) 
on serum CRP levels [ 35 ] concluded that there is modest evidence for a treatment-
induced reduction of CRP levels [weighted mean difference of reductions: 0.50 mg/L, 
95 % confi dence interval (CI): 0.08–0.93]. On the other hand, there is no evidence 
that they prevent atherosclerotic CVD or modify its outcomes [ 36 ]. Thus, further 
well-designed controlled interventional studies are still required.  

13.4     Oxidative Stress by Periodontitis and Pathogenesis 
of Atherosclerosis 

 Two prevailing hypotheses may explain the relationship between periodontitis and 
CVD. First, periodontal bacteria may have a direct effect on the vasculature. Several 
studies using ApoE-defi cient mice, a mouse model prone to accelerated atheroscle-
rosis, evaluated the direct effect of  Porphyromonas gingivalis  ( P. gingivalis ) infec-
tion on atherogenesis. Intravenous injection of  P. gingivalis  [ 37 ],  P. gingivalis LPS  
[ 38 ], or repeated oral/anal bacterial applications [ 39 ] resulted in enhanced athero-
sclerosis in infected animals when compared to uninfected controls. Second, local 
infl ammation causes an enhanced infl ammatory response at distant sites without the 
spread of the infectious agent. We focused on the second hypothesis because oxida-
tive stress by periodontitis may be an initiating or promoting factor leading to 
infl ammatory injury in the pathogenesis of atherosclerosis. 

13.4.1     Lipid Peroxidation by Periodontitis and the Initial 
Stage of Atherosclerosis 

 Because ROS have detrimental effects on vascular function through several mecha-
nisms, including lipid peroxidation, our fi rst study [ 15 ] was conducted to investigate 
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the relationship between lipid peroxidation induced by rat periodontitis and the 
 initial stage of an atherosclerotic lesion and to profi le the gene expression pattern in 
the aorta associated with atherosclerosis. Sixteen rats were randomly divided into 
two groups. A 3/0 cotton ligature was placed in a sub-marginal position around the 
mandibular fi rst molars for 4 weeks to induce periodontitis; the control group was 
left untreated. Periodontitis-induced rats exhibited higher lipid peroxidation in the 
serum and aorta as well as periodontal tissue than the control rats. The aorta samples 
in the experimental group showed accumulation of lipids, increased ROS produc-
tion, and changes of atherosclerosis-related gene expression. The ROS, such as lipid 
peroxides produced as a result of periodontitis, may diffuse into the blood from the 
site of infl ammation, because diffusion of lipid peroxides in plasma has been 
reported in rat periodontitis [ 40 ]. The level of circulating lipid peroxides increases 
in atherosclerosis [ 41 ]. These data support the hypothesis that periodontitis is a 
local infl ammatory reaction that causes an enhanced infl ammatory response at dis-
tant sites without the spread of the infectious agent [ 42 ], and lipid peroxidation by 
periodontitis may be an initiating factor leading to infl ammatory injury in the early 
stage of atherosclerosis.  

13.4.2     Roles of Ox-LDL Linking Periodontitis 
and Atherosclerosis 

 Ox-LDL plays a major role in the development and progression of atherosclerosis 
and affects the vascular endothelium both directly and indirectly. Direct effects 
include the induction of cellular activation and apoptosis by interaction with lectin- 
like oxidized low-density lipoprotein receptor (LOX-1) [ 43 ,  44 ]. Indirect effects 
include down-regulation of the expression of endothelial nitric oxide synthase 
(eNOS), which results in increased production of ROS, ongoing LDL oxidation, 
and endothelial dysfunction [ 45 ]. 

 In vitro studies have shown that  P. gingivalis  increases ox-LDL, apolipoprotein 
M, and cleavage of apolipoprotein B-100 [ 46 ].  P. gingivalis -modifi ed ox-LDL 
induces vascular SMC proliferation in vitro, which suggests a potential role in 
intima–media thickening [ 47 ]. In addition, combined effects of  P. gingivalis -LPS 
and ox-LDL on activation of the nuclear factor kappa beta pathway in macrophages 
were observed [ 48 ]. 

 In a rat model study, we further investigated the effects of periodontitis on serum 
ox-LDL levels and oxidative damage in the descending aorta [ 48 ]. Twelve 8-week- 
old male Wistar rats were divided into two groups of six rats: the ligature-induced 
periodontitis group and no treatment (control) group. After the 4-week experimen-
tal period, animals were sacrifi ced under general anesthesia and blood samples were 
collected from the heart to measure serum levels of hexanoyl-lysine (HEL) (a 
marker of early stages of lipid peroxidation), reactive oxygen metabolites (ROM) 
(whole oxidant capacity of serum against  N , N -diethylparaphenylendiamine in 
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acidic buffer, a marker of circulating ROS levels), and ox-LDL. The descending 
aorta was evaluated by immunohistochemical analysis or enzyme-linked immuno-
sorbent assay (ELISA). The serum levels of ROM and ox-LDL in the periodontitis 
group were signifi cantly higher than those in the control group (Fig.  13.1 ). 
Nitrotyrosine (a marker of protein nitration), 8-hydroxydeoxyguanosine (8-OHdG) 
(a marker of oxidative DNA damage), and HEL expression of the aortic lumen were 
signifi cantly higher in the periodontitis group compared to the control group 
(Fig.  13.2 ). These results suggest that ROS induced by periodontitis directly injure 
DNA, protein, and lipid in the aorta, and/or that ROS leads to the formation of ox- 
LDL, which may induce endothelial dysfunction and contribute to atherogenesis 
(Fig.  13.3 ).

     Experimental mechanistic studies in vitro and in vivo have established the plau-
sibility of a link between periodontal infections and atherogenesis, and have identi-
fi ed biological pathways by which these effects may be mediated. However, the 
models used are mostly mono-infections of host cells by a limited number of 
“model” periodontal pathogens or ligature-induced acute periodontal infl ammation. 
Thus, these models may not adequately portray human periodontitis as a polymicro-
bial, biofi lm-mediated disease [ 6 ]. Future research must identify in vivo pathways 
in humans that may lead to periodontitis-induced atherogenesis or result in 
treatment- induced reduction of atherosclerosis risk [ 6 ]. Based on these studies, fur-
ther evidence will be provided by determining whether periodontal interventions 
have a role in the primary or secondary prevention of atherosclerosis.   

  Fig. 13.1    Difference in serum markers between control and periodontitis groups. The serum lev-
els of reactive oxygen metabolites ( a ) and oxidized low-density lipoprotein ( b ) in the periodontitis 
group were signifi cantly higher than those in the control group (mean ± SD of six rats) (* p  < 0.05, 
Mann–Whitney  U -test). Data are given in terms of Carratelli Units (CARR U), with 1 CARR U 
corresponding to 0.08 mg/dL hydrogen peroxide ( a )       
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  Fig. 13.2    Nitrotyrosine 
(a marker of protein 
nitration), hexanoyl-lysine 
(a marker of early stages of 
lipid peroxidation), and 
8-hydroxydeoxyguanosine 
(a marker of oxidative DNA 
damage) expression in rat 
descending aorta. The 
percentages of nitrotyrosine- 
positive lumen ( a ) and 
hexanoyl-lysine-positive 
lumen ( b ), and aortic 
8-hydroxydeoxyguanosine 
level ( c ) in the periodontitis 
group were signifi cantly 
higher than those in the 
control group (mean ± SD of 
six rats) (* p  < 0.05, Mann–
Whitney  U -test)       
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13.5     Antioxidants 

 Vitamin C, vitamin E, and beta-carotene, often referred to as antioxidant vitamins, 
have been suggested to limit oxidative damage in humans, thereby lowering the risk 
of certain chronic diseases, such as CVD [ 49 ]. Vitamin C is a pivotal redox modula-
tor in many biological reactions. 

 We previously reported the effects of systemic administration of vitamin C on 
periodontitis-induced endothelial oxidative stress in the aorta of a rat model [ 14 ]. 
Eighteen rats were divided into three groups and all rats received daily fresh water 
and powdered food throughout the 6-week study. In the vitamin C and periodontitis 
groups, periodontitis was ligature-induced for the fi rst 4 weeks. In the vitamin C 
group, rats were given distilled water containing 1 g/L vitamin C for 2 weeks after 
removing the ligature. In this study of rats with ligature-induced periodontitis, vita-
min C reduced polymorphonuclear leukocyte infi ltration in the gingiva, the serum 
level of HEL, the degree of lipid deposition in the aorta, and the degrees of nitroty-
rosine, HEL, and 8-OHdG formation in the aorta. These fi ndings support the 
hypothesis that vitamin C attenuates not only gingival infl ammation, but also the 
degree of experimental atherosclerosis in the rat periodontitis model with decreased 
oxidative damage to protein, lipid, and DNA. Aortic nitrotyrosine expression was 
signifi cantly increased by induction of periodontitis and decreased by vitamin C 
intake in a previous study [ 14 ]. In another model, hypercholesterolemia induced 
upregulation of nitrotyrosine expression and was inhibited by vitamin C and E 

  Fig. 13.3    Schematic overview of potential mechanisms linking periodontal oxidative stress and 
endothelial dysfunction/initial stage of atherosclerosis. The level of circulating reactive oxygen 
species (ROS) is increased by periodontal disease and leads to increased oxidized low-density 
lipoprotein (ox-LDL) and oxidative stress in the aorta. Monocytes activated by periodontal patho-
gens, such as  Porphyromonas gingivalis  ( P. gingivalis ), migrate into the subendothelial space, and 
transform into foam cells after uptake of ox-LDL. Foam cells secrete growth factors that induce 
smooth muscle cell (SMC) migration into the intima       
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intervention in pig myocardial tissue [ 50 ], which may support the effects of vitamin 
C on nitrotyrosine expression in our results. Studies have demonstrated that protein 
nitration is evident in human atherosclerotic tissues, associated with different stages 
of atherosclerosis, and even correlated with plaque instability in patients [ 51 ,  52 ]. 
Nitrotyrosine also directly increases aortic SMC migration in vitro and may contrib-
ute to cardiovascular pathogenesis [ 53 ]. 

 Recently, molecular hydrogen, which selectively reduces cytotoxic ROS and oxi-
dative stress, is considered to be a novel antioxidant [ 54 ]. Drinking water containing 
a therapeutic dose of hydrogen (hydrogen-rich water; HW) represents an alternative 
mode of delivery for molecular hydrogen. A previous animal study demonstrated 
that HW reduces atherosclerosis in apolipoprotein E knockout mice [ 55 ]. Therefore, 
it is possible that HW is of potential therapeutic value in the prevention of athero-
sclerosis induced by periodontitis. We reported the effects of systemic administra-
tion of HW on periodontitis-induced endothelial oxidative stress in the aorta of a rat 
model [ 48 ]. Rats were allocated randomly using a random number table to one of 
three groups (one control and two experimental groups). The control group received 
distilled water instead of active intervention for 4 weeks. In the periodontitis and 
periodontitis + HW groups, a 3/0 cotton ligature was placed in a sub-marginal posi-
tion around the mandibular fi rst molars for 4 weeks to induce periodontitis [ 15 ]. The 
rats in the periodontitis group received distilled water during the 4-week study, 
while the periodontitis + HW group received water containing 800–1,000 μg/L 
hydrogen for 4 weeks [ 56 ]. In the periodontitis group, lipid deposition in the 
descending aorta was observed. The periodontitis group also showed signifi cantly 
higher serum levels of ROS and ox-LDL (1.7 and 1.4 times, respectively), and 
higher aortic expression levels of nitrotyrosine HEL (7.9 and 16.0 times, respec-
tively) compared to the control group. In the periodontitis + HW group, lipid deposi-
tion was lower. Signifi cantly lower serum levels of ROS and ox-LDL (0.46 and 0.82 
times, respectively) and lower aortic levels of nitrotyrosine and HEL (0.27 and 0.19 
times, respectively) were observed in the periodontitis + HW group than in the peri-
odontitis group. These results suggest that HW intake may prevent lipid deposition 
in the rat aorta induced by periodontitis by decreasing serum ox-LDL levels and 
aortic oxidative stress. 

 Effects of antioxidants have also been shown in in vitro studies with  P. gingivalis  
as a model organism. Antioxidant treatment ( N -acetyl- l -cysteine, glutathione, or 
diphenylene iodonium) of endothelial cells infected with  P. gingivalis  resulted in an 
attenuated production of monocyte chemoattractant protein-1 [ 57 ]. These results 
suggest an inhibition of monocyte migration into subendothelial spaces, the site 
where oxidation of LDL primarily takes place, likely due to the limited activity of 
antioxidants outside of the vessel lumen [ 58 ]. 

 These effects of antioxidants may contribute to human periodontitis and/or 
arthrosclerosis. Antioxidants are currently in wide use in routine general clinical 
practice. For example, antioxidant therapies for atherosclerosis have been evaluated 
in placebo-controlled trials involving tens of thousands of patients with atheroscle-
rosis [ 59 ]. Despite pathophysiological, epidemiological, and mechanistic data sug-
gesting otherwise, these clinical trial results have yielded mostly negative results in 
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terms of chronic preventative therapy. However, the lack of benefi ts seen in clinical 
trials to date does not disprove the central role of oxidative stress in atherosclerosis. 
Rather, these results challenge us to re-evaluate antioxidant therapies, patient selec-
tion, and trial duration [ 59 ]. The Danish Fitness and Nutrition Council has evaluated 
the basis for recommendations on the intake of antioxidants and has found limited 
reasons for increasing the recommended intake levels for some antioxidants. The 
amount of an antioxidant that may offer protection against chronic diseases is 
unknown and varies among individuals. Antioxidants could be benefi cial for people 
with innate or acquired high baseline levels of ROS, but may be harmful for people 
with lower innate levels. It is critical to remember that monitoring serum antioxi-
dant levels is necessary for the safe use of antioxidant therapy for patients with 
periodontitis and/or atherosclerosis.  

13.6     Conclusion 

 Oxidative stress by periodontitis may be an initiating or promoting factor leading to 
infl ammatory injury in the pathogenesis of atherosclerosis. Antioxidants attenuate 
systemic ox-LDL levels and endothelial dysfunction in in vitro and in vivo models. 
These results suggest that the effects may contribute to human periodontitis and/or 
atherosclerosis. However, further evidence will be provided by determining whether 
periodontal interventions and antioxidants have a role in the primary or secondary 
prevention of atherosclerosis (Fig.  13.4 ).

  Fig. 13.4    Relationship between periodontitis and atherosclerosis. Periodontal interventions and 
antioxidants may have a role in the prevention of atherosclerosis       
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14.1            Introduction 

 Periodontitis is the infl ammation of supporting structures of the tooth caused by 
chronic bacterial infection [ 1 ]. Periodontitis is a risk factor for systemic diseases, 
including diabetes mellitus [ 2 ], hyperlipidemia [ 3 ], and coronary heart diseases [ 4 ]. 
The mechanisms by which periodontitis increases the likelihood of these systemic 
diseases have not been clearly defi ned, but the prerequisite is believed to be the host 
response to long-term systemic exposure to bacterial pathogens, such as lipopoly-
saccharide (LPS), and to oxidative stress. When stimulated by bacterial pathogens, 
host infl ammatory cells produce reactive oxygen species (ROS) as part of the 
immune response [ 5 ]. ROS have a detrimental effect on the cellular antioxidant 
defense system and induce the oxidation of proteins, lipids, and DNA that contrib-
utes to tissue damage [ 6 ,  7 ]. Furthermore, studies have reported that lipid peroxide 
produced by periodontal infl ammation diffuses into the blood stream [ 8 – 10 ], and 
lipid peroxide is involved in the progression of brain [ 11 ,  12 ], heart [ 13 ], kidney 
[ 14 ], and liver diseases [ 15 ]. 

 Epidemiological studies have suggested a positive association between periodon-
tal condition and liver diseases [ 16 ]. Recently, animal and clinical studies indicated 
that periodontitis is involved in increased blood ROS levels and that such conditions 
may be detrimental to hepatic health [ 17 ,  18 ]. In addition, studies on animals have 
also demonstrated that periodontitis may be a risk factor for the progression of non-
alcoholic fatty liver disease (NAFLD) and alcoholic fatty liver disease (AFLD) [ 18 ]. 
These data suggest that periodontitis could damage hepatic health due to the 
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increased serum ROS levels. Therefore, maintaining and/or improving periodontal 
health may offer clinical benefi ts with respect to hepatic health. 

 In this chapter, the relationship between periodontitis and liver diseases is 
reviewed and clarifi ed using the clinical and animal studies as references.  

14.2     Pathogenesis of NAFLD/NASH Involves Many Factors 

 A large number of adults show excessive hepatic fat accumulation. NAFLD is the 
most common form of chronic liver disease in many countries [ 19 ,  20 ]. The diagno-
sis of NAFLD is often confi rmed after identifi cation of elevated serum alanine ami-
notransferase (ALT), which is most commonly used for screening of liver diseases. 
In NAFLD patients, serum ALT levels range from mildly increased to fi ve times 
those of normal persons [ 21 ]. 

 NAFLD means a wide spectrum of conditions ranging from non-alcoholic fatty 
liver (NAFL) to non-alcoholic steatohepatitis (NASH) [ 22 ]. NAFL generally shows 
a non-progressive clinical course, but NASH is a more serious form of NAFLD and 
may progress to cirrhosis [ 23 – 25 ]. 

 Although there is controversy about the exact pathogenic mechanism behind 
NAFLD [ 26 ,  27 ], the following features contribute to the mechanism [ 28 ]: (1) adi-
posopathy involving infl ammation, expansion, and increased turnover of adipose 
tissue leading to excess free fatty acid fl ux to the liver [ 29 ]; (2) impaired hepatic free 
fatty acid oxidation and decreased levels of protein, such as adiponectin, leading to 
fat accumulation; and (3) hepatic lipogenesis stimulated by a high carbohydrate 
intake and hyperinsulinemia, and hepatic insulin resistance leading to further 
increases in hepatic fat. 

 NAFLD is often independent of visceral fat-derived insulin resistance [ 26 ,  27 ]. 
Patients with lipodystrophy or lipoatrophy have severe hepatic insulin resistance but 
lack visceral fat [ 30 ]. Leptin therapy for lipodystrophy improves hepatic insulin 
resistance and steatosis, and visceral liposuction results in no change in hepatic fat. 
Patients with microsomal transfer protein or apolipoprotein B mutations associated 
with abetalipoproteinemia or hypobetalipoproteinemia also show severe hepatic 
steatosis but lack insulin resistance [ 31 ]. 

 Lipid-related genes are intimately involved in hepatic steatosis [ 28 ]. In animal 
models, specifi c hepatic overexpression of lipoprotein lipase contributes to the 
development of NAFLD, as does overexpression of the scavenger receptor CD36, 
whereas knockdown of lipoprotein lipase, CD36, or fatty acid transport protein 1 
(FATP1) or the more liver specifi c FATP2 or FATP5, protects against the develop-
ment of NAFLD [ 27 ]. Plasma lipoproteins also affect hepatic steatosis by regulating 
the balance between peripheral and hepatic fat stores. In humans, Carriers of the 
apolipoprotein C3 variant alleles (C-482T, T-455C, or both) had higher levels of 
plasma apolipoprotein C3 and triglyceride, and higher prevalence of NAFLD, as 
compared with the wildtype homozygotes [ 32 ]. Both PPAR-α and PPAR-γ are 
involved in the pathogenesis of NAFLD and causally linked to mixed 
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hyperlipidemia [ 33 ]. Mitochondrial myopathies and ceramide and sphingomyelin 
production are involved in hepatic insulin resistance [ 28 ]. A single nucleotide poly-
morphism in patatin-like phospholipase domain-containing protein 3 (PNPLA3) 
adiponutrin is also associated with NAFLD but not insulin resistance in humans 
[ 34 ]. Lipids themselves also activate the unfolded protein response [endoplasmic 
reticulum (ER) stress], and changes in ER stress correlate with changes in liver fat 
acting through glucose-regulated protein 78, inositol-requiring enzyme-1α, and 
protein kinase R-like ER kinase [ 35 ]. 

 Infl ammation also plays a key role in hepatic insulin resistance [ 36 ]. Tumor 
necrosis factor (TNF)-α in adipose tissue induces insulin resistance, and macro-
phages play a key role driven by expression of chemokine ligand (CCL) 2 and its 
receptor CCR-2 [ 28 ]. The pathways of chemokine activation converge on the activa-
tion of c-jun NH 2 -kinase (JNK) 1, which is also involved in the ER stress response 
[ 27 ,  37 ]. Overexpression of JNK-1 induces hepatic steatosis [ 27 ]. 

 There are many risk factors for the development of NAFLD, such as obesity, 
diabetes, insulin resistance, oxidative stress, and infl ammation. However, it is still 
unclear whether any other factors might be involved in the pathogenesis and pro-
gression of NASH. Therefore, it would be helpful for the treatment of NASH to 
identify the factors responsible for its progression. 

 Because the liver, as the fi rst gate, is exposed to high concentrations of xenobiot-
ics and other chemicals before delivery to the systemic circulation, it is equipped 
with several defense mechanisms for protection against harmful chemicals and their 
potentially damaging metabolites [ 38 ]. Nevertheless, the liver is highly susceptible 
to oxidative damage by reactive intermediates. Thus, we have to consider how to 
protect liver health or control oxidative stress, because oxidative damage has been 
linked to several types of liver injury and disease, including NASH [ 39 ], cirrhosis 
[ 40 ], acute hepatitis [ 41 ], and hepatocellular carcinoma [ 42 ]. Furthermore, oxida-
tive stress-induced liver injury frequently creates an obstacle in therapeutic develop-
ment. Therefore, the ability to prevent oxidative stress or decrease hepatic 
susceptibility to this toxicity seems to be extremely valuable [ 38 ].  

14.3     Relationship Between Periodontitis and Liver Disease 

 Epidemiological studies suggest positive correlations between periodontal condi-
tion and liver diseases. One of these studies clarifi ed the relationship between peri-
odontitis and hepatic condition in apparently healthy Japanese women [ 16 ]. The 
incidence of periodontitis (deepest probing depth ≥4 mm) in females was signifi -
cantly increased with elevated serum levels of AST, ALT, and cholinesterase, as 
well as an AST-to-ALT ratio of less than one [ 16 ]. In our study, a higher ALT level 
was associated with increased risk of periodontitis (PPD ≥ 4 mm) in Japanese uni-
versity male students aged 18–19 years [ 43 ]. Periodontal breakdown and the ALT 
level in liver cirrhosis patients showed strong positive correlations [ 44 ]. Elevation of 
ALT is associated with liver diseases such as chronic viral hepatitis, autoimmune 
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liver disease, drug hepatotoxicity, liver cirrhosis, and NAFLD [ 44 ,  45 ]. The 
 possibility of a relationship between liver function and periodontal condition has 
been explained in relation to lipid metabolism [ 16 ]. These results suggested that 
increases in ALT could be a potential risk factor for periodontitis. 

 Conversely, periodontitis could also contribute to hepatic abnormalities. In the 
case of carcinoma, hepatocellular carcinoma (HCC) patients with periodontitis also 
showed higher Japan Integrated Staging (JIS) scores and higher serum levels of total 
bilirubin than those without periodontitis [ 46 ]. Progression of the JIS score was 
signifi cantly associated with probing pocket depth. Increased serum levels of reac-
tive oxygen metabolites (ROM) were also seen in HCC patients with chronic peri-
odontitis when compared to those without [ 46 ]. These fi ndings suggest that oxidative 
stress may be involved in HCC progression induced by periodontitis. In NAFLD, 
LPS may lead to its development [ 47 ]. In an animal study, chronic administration of 
LPS and protease in the gingival sulcus caused not only periodontitis but also 
NAFLD by increasing the serum LPS level (Fig.  14.1 ) [ 48 ]. Other animal studies 
also indicated that experimental periodontitis can induce oxidative damage in the 
liver and hepatic infl ammation with increasing serum ROS levels [ 18 ]. Furthermore, 
a clinical study has demonstrated that periodontal infection is a potential source of 
infection in the formation of pyogenic liver abscess [ 17 ]. LPS induces the produc-
tion of various cytokines that affect lipid metabolism, leading to dyslipidemia [ 48 ]. 
LPS itself enters the bloodstream as a result of periodontal pathogens and can 
directly affect the liver and induce hepatic dyslipidemia [ 49 ,  50 ]. These results indi-
cate that periodontitis can induce liver injury via systemic LPS and ROS.

   Another clinical study suggested that  Porphyromonas gingivalis  ( P. gingivalis ) 
infection was signifi cantly more frequent in NAFLD/NASH patients [ 51 ]. The 
paper concluded that infection with high-virulence  P. gingivalis  might be an 

  Fig. 14.1    Systemic 
lipopolysaccharide levels in 
control and periodontitis 
groups. The serum levels of 
lipopolysaccharide are 
signifi cantly higher in the 
periodontitis group than that 
in the control group 
(mean ± SD of seven rats) 
(* p  < 0.05, Mann–Whitney 
 U -test)       
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additional risk factor for the development or progression of NAFLD/NASH. 
Because  P. gingivalis  itself or its LPS can enter the blood circulation easily, the pos-
sible mechanism is shown in this study. It has been considered that NASH patho-
genesis involves two stages. First, insulin resistance causes lipid accumulation in 
the hepatocytes. Second, cellular damage due to oxidative stress, lipid toxicity, 
mitochondrial dysfunction, and bacterial LPS causes hepatic infl ammation, result-
ing in the development of NASH [ 19 – 25 ]. In fact, administration of LPS induces 
hepatic steatosis [ 48 ]; liver samples showed hepatocellular steatosis, ballooning, 
apoptosis, and infl ammatory infi ltration in addition to fi brosis. Furthermore,  P. gin-
givalis  exacerbates high-fat diet (HFD)-induced steatohepatitis via the induction of 
infl ammasomes and infl ammatory cytokines and induces infl ammation and a fi bro-
genic response in steatosis [ 52 ]. These results indicate that both HFD condition and 
 P. gingivalis  infection cooperate to increase the risk of the development of NAFLD. 
LPS might directly affect liver cells through the systemic circulation. An increased 
number of blood vessels and extension of blood vessels were found in rat gingiva of 
a group with periodontitis on a normal diet and a combination group of periodontitis 
and a high-cholesterol diet [ 53 ]. These microvascular changes would enable entry 
of LPS from gingival connective tissue into the systemic circulation. In fact, LPS 
applied into the gingival sulcus is transferred to blood vessels 2 h after application 
[ 54 ]. Infl ammatory cytokines, such as TNF-α, which are also produced in periodon-
tal infl ammation, might directly affect liver cells. Steatosis is associated with 
increased TNF-α [ 55 ], the level of which was elevated in the serum of rats fed a 
high-cholesterol diet and with topical application of a combination of LPS and pro-
tease [ 53 ]. These results indicated that  P. gingivalis  may generate a large amount of 
LPS and infl ammatory cytokines, and this may result in infl ammation of not only 
the local gingival tissue but also involve other systemic organs [ 56 – 58 ]. In addition, 
 P. gingivalis  can easily enter the blood stream from the gingival sulcus after several 
periodontal procedures, including tooth brushing, chewing, subgingival irrigation, 
and dental extractions [ 59 – 61 ]. 

 Immune mediators originating from infection or severe trauma activate acute- 
phase protein synthesis, which are secreted by the liver and released into the sys-
temic circulation [ 62 ]. C-reactive protein (CRP) is a well-known acute phase 
reactant produced by the liver in response to infl ammation due to various stimuli. 
A study indicated that there is a signifi cant correlation between attachment loss, 
probing pocket depth, and CRP levels [ 63 ,  64 ]. They found increased CRP levels in 
deeper pockets, which could be due to the presence of periodontal Gram-negative 
pathogens [ 64 ]. Our animal study also indicated that serum CRP levels were higher 
in the periodontitis group than in the control group [ 48 ]. Elevation of CRP levels is 
a risk factor for several systemic diseases, including cardiovascular disease, diabetes 
mellitus, and obesity [ 65 ]. For example, a study investigating the direct and indirect 
effects of periodontal pathogens on the cardiovascular system suggested that CRP 
levels were elevated in periodontitis [ 66 ,  67 ]. CRP shows a dose- dependent response 
to the severity of periodontal infl ammation, and CRP concentrations become higher 
with more extensive disease [ 68 – 71 ]. These studies suggest that CRP is also a key 
mediator explaining the relationship between liver diseases and periodontitis.  
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14.4     Relationship Between Periodontal Infl ammation 
and Oxidative Damage of Other Organs 

 Evidence implies that periodontal infl ammation may be a potential risk factor for 
systemic diseases, although the mechanisms by which periodontitis affects systemic 
diseases are still unclear. One of the possible mechanisms may be ROS overproduc-
tion and oxidative stress. 

 Polymorphonuclear leukocytes in periodontal tissue produce ROS as the initial 
host defense against bacterial pathogens. However, excessive ROS production 
impairs the tissue oxidative/antioxidative balance that contributes to generate oxida-
tive damage. In animal model studies, periodontal infl ammation increased not only 
the gingival level of hexanoyl-lysine (HEL) expression (lipid peroxide) but also 
the serum level of HEL [ 72 ,  73 ]. Furthermore, increased levels of tissue 
8- hydroxydeoxyguanosine (8-OHdG) were found in the brain, heart, liver, and kid-
ney in the periodontal infl ammation model [ 74 ]. These results suggest that increased 
blood lipid peroxide caused by periodontal infl ammation could induce oxidative 
DNA damage of the liver, brain, heart, and kidney. The periodontal group showed 
increased levels of mitochondrial 8-OHdG of 127, 101, 49, and 40 % in the liver, 
heart, kidney, and brain, respectively (Fig.  14.2 ). The increase in the tissue 8-OHdG 
level seemed to be greater in the liver than in the other organs. Furthermore, the 
pathological changes induced by periodontal infl ammation were observed only in 
the liver tissue. These results suggested that periodontal infl ammation damaged the 

  Fig. 14.2    Levels of mitochondrial 8-OHdG in rat gingiva, liver, heart, kidney, and brain. The 
levels of mitochondrial 8-OHdG in the gingiva, liver, heart, kidney, and brain are 3.94, 2.27, 2.01, 
1.49, and 1.40 times higher in the periodontitis group than in the control group ( p  < 0.05, using 
Mann–Whitney  U -test)       
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liver more than the brain, heart, and kidney. Since the liver plays a central role in 
detoxifi cation, it may have a higher sensitivity to circulating lipid peroxide than any 
other organ. This concept is in agreement with a previous study showing that a long- 
term hyperglycemic state induced more pronounced oxidative damage in the liver 
than in the brain, kidney, and heart [ 75 ].

   Another study also suggested that the submandibular glands in the periodontitis 
group showed increased vacuolization, 8-OHdG levels, and numbers of apoptosis 
acinar cells [ 76 ]. ROS generation in cases of periodontitis may induce oxidative 
damage of the submandibular glands and contribute to apoptosis of acinar cells with 
vacuolization [ 77 ]. A relationship between ROS and salivary gland function has 
been reported [ 78 – 80 ]. Since oxidative stress by periodontitis induces circulating 
ROS [ 81 ], there is a possibility that oxidative stress in periodontitis may lead to sali-
vary gland dysfunction. These results suggested that tissue oxidative damage fol-
lowing increased blood lipid peroxide levels may play a key role in systemic 
diseases induced by periodontal infl ammation.  

14.5     Periodontal Treatments in Improving Liver Function 

 Our study revealed that improvement in periodontitis by tooth brushing decreased 
plasma 8-OHdG levels [ 81 ]. In addition, a decrease in serum LPS by tooth brushing 
improved oxidative damage of the liver (Fig.  14.3 ) and could suppress liver injury 
in the periodontitis model [ 82 ]. These results suggested that tooth brushing may 
decrease LPS within the gingival sulcus and heal infl amed gingival tissue. 

  Fig. 14.3    The effects of 
tooth brushing on the levels 
of mitochondrial 8-OHdG in 
rat liver. Hepatic 8-OHdG 
level is signifi cantly lower in 
the tooth brushing group than 
in the periodontitis group at 
the end of an 8-week 
experiment (* p  < 0.05, using 
the Mann–Whitney  U -test)       
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Furthermore, tooth brushing may suppress the transfer of LPS from the gingival 
sulcus into the blood stream. Another study also suggested that non-surgical peri-
odontal treatment of NAFLD patients carried out for 3 months improved liver func-
tion parameters, such as serum AST and ALT [ 51 ].

   Periodontal treatment decreased serum levels of ROM [ 80 ] and improved the 
circulating pro-oxidant/antioxidant balance [ 83 ] in chronic periodontitis patients. 
These observations indicated that ROS produced in periodontal lesions diffuse into 
the blood stream. Furthermore, clinical studies also indicated that periodontal treat-
ment may improve periodontitis-driven impaired serum LDL cholesterol [ 84 ], 
increased CRP [ 85 ], increased interleukin 6 [ 86 ], and increased glycated hemoglo-
bin levels [ 87 ]. Such responses may improve chronic liver damage. These results 
suggest that periodontal treatments may be useful supportive measures in the man-
agement of patients with NAFLD. Moreover, these observations support the con-
cept that local treatment of periodontitis could be clinically effective not only for 
periodontal infl ammation but also for prevention of systemic diseases induced by 
periodontal infl ammation.  

14.6     Conclusion 

 These observations support the notion that periodontitis might be an additional risk 
factor for the development or progression of liver disease via oxidative stress and 
LPS (Fig.  14.4 ). Maintaining and/or improving periodontal health may offer clinical 

  Fig. 14.4    Schema of the relationship between liver diseases and periodontitis. Periodontal infl am-
mation induces oxidative stress and contributes to liver diseases. Increases of alanine aminotrans-
ferase (ALT) and ROS could be a potential risk factor for periodontitis. The possible mediators 
may include reactive oxygen species (ROS), lipid peroxide (LPO), lipopolysaccharide (LPS), 
 Porphyromonas gingivalis  ( P. gingivalis ), cytokines such as tumor necrosis factor alpha, and ALT. 
Liver injury by oxidative stress and other factors may lead to non-alcoholic fatty liver disease 
(NAFLD), cirrhosis, and hepatocellular carcinoma (HCC)       
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benefi ts for hepatic health. However, longitudinal clinical studies are needed to 
examine the causal relationships between periodontitis and hepatic conditions to 
clarify this issue.
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15.1            Introduction 

 The various symptoms of Down syndrome (DS) were fi rst described in the medical 
literature by English physician Dr. John Langdon Down in 1866. The management 
of clinical problems in children with DS remains a major medical challenge and 
depends on the understanding of the unique metabolic imbalance induced by over-
expression of genes on chromosome 21. Individuals with DS undergo an acceler-
ated process of aging, which is thought to be associated with high levels of oxidative 
stress throughout the lifespan [ 1 ]. 

 The endogenous antioxidant enzyme superoxide dismutase (SOD) is responsible 
for the regulation of reactive oxygen species (ROS) homeostasis [ 2 ]. Increased levels 
or activity of SOD may contribute to neuronal death and disease progression in DS 
and precede the signature manifestations of the disease by decades. Various studies 
have indicated that SOD plays an important role in both DS and Alzheimer’s 
disease (AD) [ 3 ]. 

 Periodontal disease in DS patients is often severe, especially in the region of the 
lower anterior teeth. Rapid progression of DS-related periodontal disease is most 
common among younger age groups. Individuals with DS have a higher prevalence 
and severity of periodontal disease, which cannot be explained by poor oral hygiene 
alone and is related to changes in the immune response. ROS generation by acti-
vated neutrophils has been implicated in the pathogenesis of various infl ammatory 
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diseases, and in DS patients, it appears that the ROS-generating capacity of neutrophils 
is enhanced. Using electron spin resonance (ESR) and spin trapping, we demon-
strated directly that ROS are generated by cultured gingival fi broblasts from DS 
patients [ 4 ]. It is possible that the increased generation of ROS in DS causes a 
variety of clinical disorders, including severe periodontal disease and early aging. 

 There are many advantages associated with the use of saliva as a clinical diagnostic 
biofl uid. It has been reported that the presence of 8-hydroxy-2′-deoxyguanosine 
(8-OHdG) in saliva is associated with oxidative stress in aging [ 5 ], disorders such as 
DS [ 6 ], and periodontal disease [ 7 ], and that the salivary levels of 8-OHdG can be 
used to predict severe erectile dysfunction [ 8 ]. The most interesting and novel fi nding 
of the current study was that the levels of 8-OHdG in saliva, urine, and leukocytes 
were signifi cantly higher in DS patients versus controls regardless of age; this 
phenomenon may be associated with accelerated aging in DS patients [ 9 ]. 

15.1.1     Down Syndrome 

 John Langdon Down, a nineteenth century English physician, identifi ed the pheno-
typic expression of patients with circulation and coordination problems as DS, but 
failed to determine the underlying mechanism [ 10 ,  11 ]. Similarity of the distinct 
features of DS among patients with the disease led early researchers to suspect a 
chromosomal aberration as the cause. More than a century later, in the late 1950s, it 
was hypothesized that meiotic non-disjunction could lead to trisomy of chromo-
some 21 [ 10 ,  12 ]. 

 Full trisomy of chromosome 21 accounts for approximately 95 % of chromosome 
21 trisomy cases, and the remaining cases are attributable to other chromosomal 
abnormalities, including translocations to chromosome 14 or 21 (3 %), mosaicism 
(2 %), and partial trisomy [ 13 ]. DS is a multifactorial disease, where in abnormal 
expression of trisomic genes arises not only from genetic but also environmental 
factors. Thus, trisomy leads to deregulation that also affects disomic genes and ulti-
mately results in largely different phenotypes. DS is associated with mental retarda-
tion and short stature, and it shared a common set of extraoral features, including 
epicanthal folds at the eyelids, a broad nasal bridge, frontal bossing, open mouth, 
and an underdeveloped midface. Intraorally, patients exhibit macroglossia, high-
arch plates, pronathism, fi ssured tongue [ 14 ], and congenital missing teeth. Patients 
with DS have an increased incidence of gastrointestinal tract anomalies, congenital 
heart disease, acute myeloid leukemia (AML   ), cataractogenesis [ 15 ], nutritional 
diffi culties during infancy, seizure disorders, asleep apnea, visual impairment, audi-
ological dysfunction, cataracts, growth retardation, and weight gain at adulthood. 
Moreover, immune disorders such as respiratory infections, celiac disease [ 16 ], 
thyroid disorders [ 17 ], and diabetes mellitus [ 18 ,  19 ] are prevalent. Currently, DS is 
one of the most common birth defects, affecting about 1 in every 750–1,000 live 
births [ 11 ]. DS is associated with premature aging and Alzheimer- like dementia, as 
well as shortened life expectancy [ 20 ]. Worldwide, life expectancy among this 
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population is increasing [ 21 ]. Generally, these patients now live to age 50 and some 
to age 60. As the life expectancy of DS patients continues to increase, new medical 
and social interventions should be sought to improve quality of life [ 11 ,  22 ].  

15.1.2     Down Syndrome and ROS 

 The complete DNA sequence of chromosome 21, which is the smallest human 
chromosome, was fi rst reported in 2000 [ 16 ]. The successful management of clinical 
complications in children with DS is a major medical challenge and depends on the 
understanding of the unique metabolic imbalance induced by overexpression of genes 
on chromosome 21. Individuals with DS undergo an accelerated process of aging, 
which is thought to be associated with high levels of oxidative stress throughout the 
lifespan [ 1 ]. The evidence for a multiple prooxidant state in young DS patients 
supports the role of oxidative stress associated with the DS phenotype, with relevant 
distinctions according to patients’ ages [ 23 ]. The presence of an extra copy of chro-
mosome 21, or rather the consecutive overexpression of the genes located on it, has 
been regarded as the central point for the development of the DS phenotype. 
Overexpression of the encoded proteins leads to overconsumption of their substrates 
and overproduction of their metabolic end-products [ 15 ,  19 ]. 

 Many proteins coded on chromosome 21 play important roles in immune and 
nervous system function; these proteins include amyloid precursor protein (APP) 
mapping in 21q21.3–22.05, the cytoplasmic enzyme Cu 2+ /Zn 2+  SOD-1 (mapping in 
21q22.1), the DS critical/candidate region (DSCR) (q22.3), cystathionine-synthase 
(CBS), glycinamide ribonucleotide synthase–aminoimidazole ribonucleotide 
synthase–glycinamide formyl transferase (GARS–AIRS–GART) (q22.1), CD18-β 
chain of LFA-1, interferon receptor, and protein S-100β (Fig.  15.1 ). APP and SOD- 1, 
both of which are responsible for the regulation of ROS homeostasis [ 2 ], are impor-
tant factors in the development of oxidative stress. Elevated levels and/or activity of 
these enzymes, which occurs decades prior to the appearance of the signature patho-
logical features of DS, are thought to contribute to neuronal death and disease pro-
gression in DS patients. DSCR is also found on the long arm of chromosome 21 
(21q), including CBS. GARS–AIRS–GART is the gene coding for the trifunctional 
enzyme complex, which catalyzes certain display overexpression, suggesting that 
the DS phenotype cannot be explained simply by the “gene dosage effect” [ 24 ].

   SODs are also activated by H 2 O 2  and Cu(II) [ 25 ]. The presence of CuZn-SOD, 
Mn-SOD, or Mn(II) has also been shown to enhance the frequency of DNA damage 
induced by H 2 O 2  and Cu(II), and to alter the site specifi city of the latter: H 2 O 2  induces 
Cu(II)-dependent DNA damage with high frequency at 5′-guanine of poly G sequences; 
in the presence of SODs, the frequency of cleavages at thymine and cytosine resi-
dues is increased and 8-oxo-7,8-dihydro-2′-deoxyguanosine is formed [ 25 ]. 

 Peroxynitrite, formed by the reaction of nitric oxide (NO·) with superoxide (O 2  ·– ), 
is a highly reactive molecule that breaks down to form the hydroxyl radical HO·. 
ROS can interact with cellular components such as proteins, lipids, and DNA [ 26 ], 
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and ultimately cause cell death. Oxidative stress is defi ned as an imbalance between 
the generation and removal of ROS, and the process may play a signifi cant role in the 
pathogenesis of DS. 

 A considerable amount of research regarding the role of SOD in the central nervous 
system (CNS) has been published to data. Evidence of elevated SOD concentrations 
in the adult DS brain suggests the existence of a “gene dosage effect” as a response 
to oxidative injury [ 27 ,  28 ]. The increase in SOD levels results in enhanced produc-
tion of H 2 O 2 . These results are consistent with the “gene dosage effect” hypothesis, 
confi rming the signifi cance of oxidative stress. In contrast, fetal DS neurons were 
not found to overexpress SOD, and therefore the impaired oxidative status may 
occur only as a consequence of the low levels of reducing agents and enzymes 
involved in the removal of H 2 O 2  [ 29 ]. In agreement with these fi ndings, the increased 
rate of apoptosis in these neurons could be inhibited by scavengers of H 2 O 2 , sug-
gesting that unbalanced H 2 O 2  metabolism plays a central role in the enhanced cell 
death that has been postulated to be associated with the progressive mental decline 
in DS and Alzheimer’s disease (AD) [ 3 ]. 

 In patients with DS, an altered SOD/GPX activity ratio is observed not only in 
the CNS but in all other tissues as well [ 30 ]. SOD levels approximately 50 % higher 
than normal have been reported for a variety of DS cells and tissues, including 
erythrocytes, B and T lymphocytes, and fi broblasts. Systemic increases in SOD, 
SOD/GPX, or the SOD/(GPX + CAT) activity ratio are seen in erythrocytes from 
children, adolescents, and adults with DS [ 31 ,  32 ]. 

 Likewise, elevated SOD activity is also detected in neutrophils from DS patients, 
regardless of the age of the probands [ 31 ]. Consistent with these observations, 

  Fig. 15.1    Regional assignment of genes to chromosome 21 related to antioxidant, oxidative stress       

 

T. Komatsu and M.-C. Lee



215

enhanced antioxidant enzyme activity ratios have also been reported in fi broblasts 
and lymphocytes of DS patients [ 33 ], which may affect gene expression by altering 
the binding and/or availability of transcription factors such as nuclear factor-κB 
(NF-κB) [ 30 ] Taken together, despite some confl icting results, the majority of studies 
have suggested that antioxidant enzymes, and particularly SOD, play an important 
role in both DS and AD, which is consistent with the notion that oxidative stress 
underlies these disorders and serves as a necessary insult to initiate (although not 
suffi cient alone to propagate) disease pathogenesis [ 34 ,  35 ].  

15.1.3     Down Syndrome and Periodontal Disease 

 Despite anatomic differences among patients with DS, the clinical features include 
a high prevalence of periodontal disease in association with physiological alterations. 
Cohen and colleagues [ 14 ] conducted an investigation of 100 young patients with 
DS and found that virtually all had some degree of periodontal disease, ranging 
from severe gingivitis in the youngest patients to periodontal disease with pocket 
formation and alveolar bone loss in the older patients. Both the prevalence and 
severity of periodontal disease was greater in the 212 individuals with DS than in 
their 124 unaffected siblings [ 36 ]. 

 In those with DS, the onset of the disease process is apparent even in the deciduous 
dentition. Periodontal disease is often severe, especially in the region of the lower 
anterior teeth. Its progression is rapid and particularly so in younger age groups. 
Individuals with DS have a higher prevalence and severity of periodontal disease, 
which cannot be explained by poor oral hygiene alone and is related to changes in 
the immune response. In an extensive review of periodontal disease in DS, Roland-
Bousma and Van Dijk [ 37 ] examined both endogenous conditions and exogenous 
factors that may predispose affected patients to aggressive periodontal disease. 
They divided the exogenous factors into local factors, related mostly to oral hygiene, 
and secondary factors, such as tongue thrust, malocclusion, and lack of lip seal. 
The bulk of the evidence suggests that although these exogenous factors clearly 
contribute to the development of periodontal disease they do not correlate with the 
severity of periodontal disease in DS patients. 

 Endogenous factors might contribute to the rapid progression of periodontal 
breakdown. The main immune defect occurs in the thymus-dependent system, 
which may result in a reduced amount of mature T cells together with a relatively 
large proportion of immature ones. This, together with the possibility of differences 
in collagen biosynthesis and an abnormal capillary morphology, may explain the 
higher susceptibility to periodontal disease observed in DS patients. Defects in neu-
trophils are among the endogenous factors that may exacerbate periodontal disease 
in DS. The fi rst cellular anomaly linked to DS was the tendency of the nucleus of 
neutrophils to be consistently less segmented in DS patients than in other types of 
patients [ 38 ]. While circulating neutrophil counts in DS patients are not signifi -
cantly different from healthy controls, some authors have reported a preponderance 
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of younger cell forms that is independent of both the total leukocyte count and the 
relative number of neutrophils [ 39 ]. The abnormal function of neutrophils in DS 
was noted with regard to random mobility and phagocytosis. It has been reported 
that neutrophil chemotaxis is signifi cantly impaired in children with DS [ 40 ,  41 ], 
and this effect would be expected to lead to a diminished ability for neutrophil 
phagocytosis of     Candida albicans . Reduced bacteriocidal capacity has been 
reported for a number of organisms, including  Staphylococcus aureus    ,  Escherichia 
coli , and  C. albicans  [ 42 ,  43 ]. The results of tests using nitroblue tetrazolium reduc-
tion in neutrophils from DS patients have also been mixed, with lower than expected 
values found by Tan and colleagues and normal values noted by Seger and Barkin 
[ 38 ,  40 ,  44 ]. Taken together, these studies suggest that the oxidative metabolic 
potential of neutrophils in DS patients varies considerably. Oxidative stress due to 
the generation of ROS has been implicated in the pathogenesis of a variety of infl am-
matory diseases. ROS are generated enzymatically during infl ammation as a result of 
the neutrophil oxidative burst [ 45 ,  46 ]. ROS can lead to various pathophysiological 
phenomena including periodontal disease [ 47 ,  48 ], temporomandibular disease [ 49 ], 
and impaired wound healing of periodontal tissue after implant surgery [ 50 ]. 

 Questions remain regarding the extent of ROS generation from gingival fi broblasts 
(GFs) in DS, since the concentrations of GF-mediated ROS have not been directly 
monitored. Using ESR and spin trapping, we found clear and direct evidence that 
HO· is generated in culture media from the GFs of DS patients (Fig.  15.2 ) [ 4 ]; the 
involvement of a Fenton-type reaction in the generation of HO· was suggested by 
the ability of CAT to reduce the formation of DMPO-OH spin adduct (Fig.  15.3 ) [ 4 ]. 

  Fig. 15.2    Hydroxyl radical (HO·) generation from cultured Down syndrome-gingival fi broblasts 
(DS-GF) or non-DS-GF. ( A ) ESR spin trapping measurement of HO· generation from cultured 
DS-GF or non-DS-GF. ( a ) Culture medium, ( b ) 5,5-dimetyl-1-pyrolline-N-oxide (DMPO) and 
culture medium, ( c ) DMPO and cultured DS-GF, ( d ) DMPO and cultured non-DS-GF. In ( B) , 
are shown DMPO spin concentration of HO· generation from DS-GF or non-DS-GF. Data are 
presented as mean S.E. of triplicate experiments. *Signifi cance  p  < 0.05 difference from the cor-
responding value of non-DS-GF [ 4 ]       
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These results are consistent with the possibility that SOD-1 overexpression [ 51 ] in 
DS could result in an increase in the formation of H 2 O 2 . In this present study, 
DMPO-OH spin adduct in the culture media from GFs of DS patients was signifi -
cantly decreased by desferrioxamine (DFO) (Fig.  15.4 ) [ 4 ]. Other clinical groups 
at our institution previously reported that HO· production and subsequent lipid per-
oxidation via the iron-catalyzed Fenton-type reaction is of critical importance in the 
pathophysiology of tempromadibular disease [ 49 ]. These results suggest that HO· 
generated via the Fenton reaction may lead to periodontal disease in individuals 
with DS [ 4 ].

     We also showed that the concentration of DMPO-OH was enhanced in GFs from 
DS patients compared with non-DS subjects (Fig.  15.2B ) [ 4 ]. Increased generation 
of HO· in DS implies an abundance of H 2 O 2  due to dismutation of O 2  ·–  resulting 
from overexpression of SOD. This would arise from the ability of SOD to catalyze 
the formation of H 2 O 2  from O 2  ·– , thereby increasing the availability of H 2 O 2  as a 
substrate for the iron-dependent generation of HO· via the Fenton reaction. It is pos-
sible that the increased generation of HO· in DS causes a variety of clinical disorders, 
including severe periodontal disease and early aging. In addition, neutrophils acti-
vated by periodontal pathogens and/or periodontal fi broblasts induced by  cytokines 
may refl ect the periodontal destruction seen in patients with DS. 

 The fi ndings to date suggest that DS patients may have inappropriate regulation 
of enzymes and T-cell immunodefi ciency together with functional defects of PMNs 

  Fig. 15.3    Effects of H 2 O 2  scavenger, catalase (CAT) on hydroxyl radical (HO·) generation from 
cultured Down syndrome-gingival fi broblasts (DS-GF). ( A ) ESR spin trapping measurement of 
HO· generation from cultured DS-GF or non-DS-GF. ( a ) 5,5-Dimetyl-1-pyrolline-N-oxide 
(DMPO) and cultured DS-GF, ( b ) DMPO with the pretreatment (1 h) of CAT (100 unit/ml) to 
cultured DS-GF. In ( B ), are shown the effects of CAT on DMPO spin concentration of HO· genera-
tion from DS-GF. Data are presented as mean S.E. of triplicate experiments. *Signifi cance  p  < 0.05 
difference from the corresponding value of DS-GF [ 4 ]       
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and monocytes. This, together with potential differences in collagen biosynthesis as 
well as abnormal capillary morphology and hyperinnervation of the gingiva, may 
contribute to the rapid periodontal destruction observed in DS patients.  

15.1.4     Measurement of Oxidative Stress in DS-Related 
Periodontal Disease 

 It is well known that proteins, lipids, and DNA are susceptible to oxidation, which 
results in a wide variety of chronic diseases and acute pathologic processes. ROS 
can attack nucleic acids in living cells. One of the byproducts of oxidative damage 
of DNA in the nucleus is 8-OHdG, which arises from specifi c enzymatic cleavage 
after 8-hydroxylation of guanine. Several studies have indicated that the 8-OHdG 
levels in body fl uids are a biomarker of oxidative stress [ 52 ]. The urinary levels of 
8-OHdG have been shown to be increased in association with aging and in patients 
with cancer, atherosclerosis, rheumatoid arthritis, Parkinson disease, diabetes, and 
DS [ 6 ,  53 ]. Recently, 8-OHdG was used as a marker for the evaluation of oxidative 
stress in subjects with periodontal disease [ 6 ,  54 ]. 

 There are many advantages associated with the use of saliva as a clinical diagnostic 
biofl uid. Sample collection is simple, non-invasive, and causes little anxiety on the 
part of patients. Saliva analysis also offers a cost-effective approach for large-scale 

  Fig. 15.4    Effects of iron chelator Desferal (DFO) on hydroxyl radical (HO·) generation from 
cultured Down syndrome-gingival fi broblasts (DS-GF). ( A ) Electron spin resonance (ESR) spin 
trapping measurement of HO· generation from cultured DS-GF or non-DS-GF. ( a ) DMPO and 
cultured DS-GF, ( b ) DMPO with the pretreatment (1 h) of DFO (10 mM) to cultured DS-GF. 
In ( B ), are shown the effects of DFO on DMPO spin concentration of HO· generation from DS-GF. 
Data are presented as mean S.E. of triplicate experiments. *Signifi cance  p  < 0.05 difference from 
the corresponding value of DS-GF [ 4 ]       
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screening [ 54 ] and has been used for as a diagnostic alternative to blood tests [ 55 ]. 
A number of fi ndings in the past decade have prompted interest in the diagnostic use 
of saliva biomarkers. For example, the levels of hormones (e.g., cortisol, oxytocin) 
and drugs (e.g., cisplatin, nicotine, methadone) in saliva refl ect their concentration 
in serum [ 56 ]. In 2004, saliva-based HIV detection was approved by the US Food 
and Drug Administration (FDA) [ 57 ]. It has been reported that the presence of 
8-OHdG in saliva is associated with oxidative stress in aging [ 5 ] and disorders such 
as DS [ 6 ] and periodontal disease [ 7 ], and that it can be used to predict severe erec-
tile dysfunction [ 8 ]. 

 The most interesting and novel fi nding of the current study was that the levels of 
8-OHdG in saliva, urine, and leukocytes were signifi cantly higher in DS patients versus 
controls regardless of age; this phenomenon may be associated with accelerated aging 
in DS patients (Table  15.1 ) (Elsevier) [ 9 ]. Surprisingly, the salivary 8-OHdG levels in 
young DS patients were similar to the levels in older control subjects (Table  15.1 ) 
(Elsevier) [ 9 ]. Furthermore, salivary 8-OHdG levels showed a statistically signifi cant 
positive correlation with the gingival index in young DS patients ( r  = 0.26) but not in 
normal subjects (Table  15.2 ) (Elsevier) [ 9 ]. Thus, this evidence of the existence of a 
prooxidant state in young DS subjects supports the notion that gingivitis and periodon-
tal disease are related to oxidative stress associated with the DS phenotype, and that 
this relationship varies according to the patient’s age.

    The difference in salivary 8-OHdG levels between young and old DS subjects 
was greater than that between young and old normal subjects, suggesting that the 
salivary levels of 8-OHdG were signifi cantly higher overall in older versus younger 
subjects (Table  15.1 ) (Elsevier) [ 9 ]. This fi nding is again consistent with the possi-
ble involvement of oxidative stress in the DS phenotype. Our results suggest that 
abnormalities in redox pathways leading to accumulation of HO [ 4 ] may be a factor 
contributing to the early onset of severe periodontal disease in DS patients. 
Furthermore, we also found that the 8-OHdG level was signifi cantly correlated with 

     Table 15.1    One way ANOVA test results of comparing salivary 8-OHdG 
concentration in four groups and the pair-wise comparison using Scheff’s 
test for all four groups [ 9 ]   

 Study group 
 8-OHdG 
concentration (ng/ml) 

 Pair-wise comparison 
among the groups 

 Study group   p -value 

 DS-1  1.88 ± 1.37  DS1 and DS2  <0.01* 
 DS-2  3.30 ± 1.44  DS1 and C1  <0.01* 
 C-1  1.04 ± 0.76  DS1 and C2  – 
 C-2  2.10 ± 1.41  DS2 and C1  <0.01* 
  F -value  16.67  DS2 and C2  <0.01* 
  p -value  <0.001  C1 and C2  <0.01* 

  The DS and C groups were subdivided according to age: group 1 consisted 
of DS (DS-1) and control (C-1) subjects under 12 years old, and group 2 
consisted of DS (DS-2) and control (C-2) subjects over 30 years of age [ 9 ] 
 *Signifi cant at 1 % level of signifi cance ( p  < 0.01)  
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probe depth (PD) in subjects greater than 30 years old but was not signifi cantly 
correlated with PD in subjects less than 12 years old (Table  15.2 ) (Elsevier) [ 9 ]. 
These results indicate that the level of 8-OHdG in saliva could serve a sensitive 
biomarker for periodontal disease and a surrogate for PD in adults with DS. More 
research involving direct evaluation of oxidative stress using a biomarker such as 
8-OHdG or another sensitive technique is needed to improve the diagnosis and 
management of periodontal disease in DS patients.  

15.1.5     Conclusion 

 DS is considered a multifactorial disease, where abnormal expression of trisomic 
genes on chromosome 21 arises not only from genetic factors but also from environ-
mental factors. Various studies have indicated that SOD plays an important role in 
both DS and AD, which is consistent with the notion that oxidative stress underlies 
these disorders and serves as a necessary insult for initiation and progression of the 
disease [ 3 ]. 

 Individuals with DS have a higher prevalence and severity of periodontal disease, 
which cannot be explained by poor oral hygiene alone and is related to changes in 
the immune response. It has been reported that    the 8-OHdG in saliva is a useful 
marker for the assessment of various oxidative stress-induced diseases [ 5 – 7 ] on DS, 
and that it may be useful for predicting a more severe disease level [ 8 ]. The salivary 
levels of the oxidative stress biomarker 8-OHDG were signifi cantly higher in DS 
patients than in control subjects, suggesting that high oxidative stress may lead 
to some of the clinical features of DS, especially rapidly progressive periodontal 
disease associated with premature aging [ 9 ]. In the future, analysis of 8-OHdG and 
other biomarkers in saliva could be useful for the assessment of oxidative stress and 
management of periodontal disease in DS patients.      
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   Table 15.2    Pearson’s 
correlation coeffi cient test 
comparing the salivary 
8-OHdG to GI, and PD 
among the groups [ 9 ]  

 Study group  GI  PD 

 DS1  0.26*  0.05 
 DS2  0.40*  0.62** 
 C1  0.13  0.18 
 C2  0.73**  0.64** 

  The DS and C groups were subdivided according to age: 
group 1 consisted of DS (DS-1) and control (C-1) subjects 
under 12 years old, and group 2 consisted of DS (DS-2) 
and control (C-2) subjects over 30 years of age 
 *Signifi cant at 0.05 level ( p  < 0.05); **signifi cant at 0.01 
level ( p  < 0.01)  
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16.1            Introduction 

 Every form of life needs a source of energy to survive. In humans it is supplied by the 
oxygen combustion of different foods. These foods need to be degraded to simple 
chemical compounds to be assimilated by the cells. This process starts in the mouth 
with the chewing process mediated by teeth. To do this job the teeth should be 
supported by the periodontium. 

 We know as periodontium all the structures that support the teeth resist the chewing 
rubbing and isolate the external septic portion from the internal one that should be 
aseptic. For an adequate chewing and    good nutrition it should be essential the health 
of the periodontal tissues. 

 The term periodontal disease usually refers to the common infl ammatory disor-
ders of gingivitis and periodontitis that take place in the periodontium. Gingivitis, the 
mildest form of periodontal disease, is highly prevalent and readily reversible by 
simple, effective oral hygiene. Gingivitis affects 50–90 % of adults worldwide, 
depending on its precise defi nition [ 1 ]. Infl ammation that extends deep into the tis-
sues and causes loss of supporting connective tissue and alveolar bone is known as 
periodontitis. Periodontitis results in the formation of soft tissue pockets or deepened 
crevices between the gingiva and tooth root. Severe periodontitis can result in loos-
ening of teeth, occasional pain and discomfort, impaired mastication, and eventual 
tooth loss. In Europe 30–60 % of the population above 35 years is affected [ 2 ]. 

 Chronic health diseases, such as cardiovascular disease and diabetes, are consid-
ered a social problem due to high incidence rate and the risk for life. Periodontal 
disease is one of the most prevalent diseases suffered by humans. The tooth loss 
damage does not produce mortality but the pathological mechanisms involved have 
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common conditions with cardiovascular disease and diabetes, main causes of death 
in the developing countries. 

 The cause of periodontal diseases is attributed to bacteria. The mouth, like all 
external surfaces of the body and the gut, has a substantial microfl ora living in sym-
biosis with a healthy host. These organisms grow on tooth surfaces as complex, 
mixed, interdependent colonies in biofi lms and are attached and densely packed 
against the tooth in the deeper layers. Cultural studies indicate that more than 500 
distinct microbial species can be found in dental plaque [ 3 ]. However, molecular 
methods of 16S rDNA amplifi cation reveal an even more diverse view of the sub-
gingival bacterial fl ora and suggest that a large proportion of even this well-studied 
and familiar microbial environment remains uncharacterized [ 4 ]. Tooth cleanings 
every 48 h can maintain the biofi lm mass at an amount compatible with gingival 
health. Unfortunately, few individuals achieve this, and the host response with an 
infl ammatory reaction. An enormous research effort has been devoted to the study 
of periodontal-disease-associated microfl ora, certain clusters of bacterial species 
commonly cohabit subgingival sites and are reproducibly associated with periodon-
titis. The main putative pathogens include  Porphyromonas gingivalis ,  Tannerella 
forsythia ,  Treponema denticola , and  Actinobacillus actinomycetemcomitans  [ 5 ]. 
The increasing amount of bacteria or some specifi c pathogenic types produce the 
infl ammation as host response. Infl ammation is the response of living tissues to 
injury or infection. It is part of the complex biological response of vascular tissues 
to harmful stimuli, such as pathogens, damaged cells, or irritants. Infl ammation is a 
protective attempt by the organism to remove the injurious stimuli and to heal the 
damaged tissues. However, sometimes infl ammation can lead to progressive destruc-
tion of the tissue, starting a disease. In gingivitis the infl ammatory reaction takes 
place in connective and epithelial tissues from the gingiva and all the lesions can be 
solved with the recovery of the morphological and physiological functions. 
Periodontitis has been shown to result from an imbalance among the natural microbial 
biofi lm on the teeth, dental plaque, and the host infl ammatory/immune response. 
Produce an irreversible alveolar bone resorption that leads to teeth loss. 

 Nowadays the key question is why in some patients the infl ammatory response 
to bacterial infections is limited to gingivitis and in others produces alveolar bone 
loss periodontitis. We know that aggressive localized periodontitis presents an alve-
olar bone loss limited to molar mesial surface and incisors with few infl ammatory 
clinical symptoms. In chronic periodontitis a small proportion of subjects exhibit 
severe and extensive periodontitis in any given age-group, but the proportion 
affected is greater in older age-groups. A specifi c group of population has to be 
considered as high risk to suffer from periodontitis [ 6 ]. Therefore our efforts should 
be to identify what are the characteristics of these patients to prevent and start the 
treatment as soon as possible. One of the possible mechanisms is an altered infl am-
matory response. In recent years it has been demonstrated an epidemiological rela-
tionship between periodontitis and systemic diseases mainly atheromatous disorders 
(especially coronary heart disease, peripheral vascular arteriosclerosis, and stroke) 
and diabetes. All these diseases present in its pathogenic process an altered infl am-
mation. We have to highlight that host infl ammation response mechanisms are 
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shared by tissues and systems throughout the body. It is a reaction against a specifi c 
stress situation for any organism that could affect different organs or tissues. 
Therefore, we can conclude that infl ammation could be the key process to improve 
our understanding of the periodontal disease pathogenia. 

 This chapter reviews new theories about infl ammation and their clinical relevance 
to the onset and development of periodontal diseases.  

16.2     Tissues Infl ammatory Mechanism 

 Classically infl ammation has been classifi ed as either acute or chronic. Acute 
infl ammation is the initial response of the body to harmful stimuli and is achieved 
by the increased movement of plasma and leukocytes (especially granulocytes) 
from the blood into the injured tissues. A cascade of biochemical events propagates 
and matures the infl ammatory response, involving the local vascular system, the 
immune system, and various cells within the injured tissue. Prolonged infl ammation, 
known as chronic infl ammation, leads to a progressive shift in the type of cells present 
at the site of infl ammation and is characterized by simultaneous destruction and not 
healing of the tissue. In the acute infl ammation the causative agents are mainly patho-
gens and irritants, have an immediate onset, last for few days and fi nalized with a reso-
lution, abscess formation, or transform into a chronic infl ammation. The chronic 
infl ammation is caused by nondegradable pathogens and persistent foreign bodies, 
it has a delayed onset, late months or years and fi nalized with tissue destruction, 
necrosis, or fi brosis. 

 Infl ammation is characterized by fi ve cardinal signs (PRISH): pain, redness, 
immobility (loss of function), swelling, and heat. These clinical signs have been 
produced by the following biological events: 

16.2.1     Vascular Changes 

 The infl ammation fi rst step    includes vasodilation and the increased capillary perme-
ability that produces the extravasation of plasma, big molecules, and biochemical 
infl ammatory mediators to the perivascular connective tissue. The number of vessels 
increased with a blood ectasia.  

16.2.2     Infl ammatory Cells 

 The cellular component involves leukocytes, which normally reside in blood and 
must move into the infl amed tissue via extravasation. It has to involve in a margin-
ation and adhesion to the endothelial cells, a migration across the endothelial cells, 
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via the process of diapedesis and the movement across the tissue. Some act as 
phagocytes, ingesting bacteria, viruses, and cellular debris. Others release enzymatic 
granules which damage pathogenic invaders. Leukocytes also release infl ammatory 
mediators which develop and maintain the infl ammatory response. Acute infl amma-
tion is mediated by granulocytes, while chronic infl ammation is mediated by mono-
nuclear cells such as monocytes and lymphocytes.  

16.2.3     Biochemical Mediators and Its Membrane Receptors 

 All the infl ammatory steps have been conducted by different chemical components 
produced by different cells. There are linking tools between the infl ammation 
components with specifi c effects. The biochemical mediators can be grouped in 
four different systems:

    (a)    The complement system, when activated, results in the increased removal of 
pathogens via opsonization and phagocytosis.   

   (b)    The kinin system generates proteins capable of sustaining vasodilation and 
other physical infl ammatory effects.   

   (c)    The coagulation system or clotting cascade which forms a protective protein 
mesh over sites of injury.   

   (d)    The fi brinolysis system, which acts in opposition to the coagulation system, to 
counterbalance clotting and generate several other infl ammatory mediators.     

 All of them produce its effect through the activation of target cell membrane 
receptors. These are specialized integral membrane proteins put across the phos-
pholipid bilayer cell membrane that take part in communication between the cell 
and the outside world. The biochemical infl ammatory mediators attach to the extra-
cellular domain receptor and trigger changes in the function of the cell. Usually this 
produces a modifi cation of gene expression through the activation of infl ammatory 
transcription factors, such as NF-κB (nuclear factor kappa-light-chain-enhancer of 
activated B cells), MAP-kinases (mitogen-activated protein kinases), and PPAR 
(peroxisome proliferator-activated receptor) [ 7 ].  

16.2.4     Tissue Destruction and Systemic Effects 

 An important step in the infl ammatory process is the destruction of the affected tissues 
to isolate it for a better control. The tissue destruction is mediated by metallopro-
teinases [ 8 ]. These are proteolytic enzymes whose catalytic mechanism involves a 
metal. Most of them are zinc-dependent, some use cobalt. The metal ion is coordi-
nated with the protein via three ligands. The ligands co-coordinating the metal ion 
can vary with histidine, glutamate, aspartate, lysine, and arginine, all possible 
ligands. The fourth coordination position is taken up by a labile water molecule. 
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But some infectious organisms can escape the confi nes of the infected tissue spread 
to other parts of the body and also the infl ammatory mediators can produce some 
systemic effects. These and other infl ammatory molecules induced a systemic 
infl ammatory response characterized by increasing body temperature, higher heart 
and respiratory rate, and white blood cell count alterations.  

16.2.5     Aggression Control with Pathogens Destroys 

    The major mechanism to remove pathogens is the phagocytosis [ 9 ]. It is the cellular 
process of engulfi ng bacteria to form an internal phagosome by white blood cells 
and macrophages. It is activated by attachment to pathogen-associated molecular 
patterns (PAMPS), which leads to NF-κB activation. Opsonins such as C3b and 
antibodies can act as attachment sites and aid in the phagocytosis of pathogens. 
Engulfment of material is facilitated by the actin–myosin contractile system. 
The phagosome of ingested material is then fused with the lysosome, leading to 
degradation. Degradation can be oxygen-dependent or oxygen-independent:

    (a)    Oxygen-dependent degradation depends on a coenzyme nicotinamide adenine 
dinucleotide phosphate (NADPH) and the production of reactive oxygen spe-
cies (ROS). Hydrogen peroxide and myeloperoxidase activate a halogenating 
system, which leads to the destruction of bacteria.   

   (b)    Oxygen-independent degradation depends on the release of granules, containing 
proteolytic enzymes such as defensins, lysozyme, and cationic proteins. Other 
antimicrobial peptides are present in these granules, including lactoferrin, which 
sequesters iron to provide unfavorable growth conditions for bacteria.    

16.2.6       Healing/Recovery 

 The outcomes of the infl ammatory process could be [ 10 ]:

    (a)     Resolution . It is the complete restoration of the infl amed tissue back to a normal 
status. Infl ammatory items such as vasodilation, chemical production, and leuko-
cyte infi ltration cease, and damaged parenchymal cells regenerate. It is mediated 
through lipoxins, resolvins, and protectins. In some situations where limited or 
short-lived infl ammation has occurred; this is usually the outcome produced.   

   (b)     Fibrosis . Large amounts of tissue destruction, or damage in tissues unable to 
regenerate, cannot be recovered completely by the body. Fibrous scarring 
occurs in these areas of damage, forming a scar composed primarily of collagen. 
The scar will not contain any specialized structures, such as parenchymal cells, 
hence functional impairment may occur.   

   (c)     Abscess Formation . A cavity is formed containing pus, an opaque liquid containing 
dead white blood cells and bacteria with general debris from destroyed cells.   
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   (d)     Chronic Infl ammation . In acute infl ammation, if the injurious agent persists, 
then chronic infl ammation will ensue. This process marked by infl ammation 
lasting many days, months, or even years may lead to the formation of a chronic 
wound. Chronic infl ammation is characterized by the dominating presence of 
macrophages in the injured tissue. These cells are powerful defensive agents of 
the body, but the toxins they release (including ROS) are injurious to the organism’s 
own tissues as well as invading agents. Consequently, chronic infl ammation is 
almost always accompanied by tissue destruction.    

16.2.7       Cytokines 

 All these infl ammatory mechanisms involved different tissues and a large number of 
cells. These all need to be interconnected through messengers called cytokines. 
Cytokines are small cell-signaling protein molecules that are secreted by numerous 
cells and are a category of signaling molecules used extensively in intercellular 
communication [ 11 ]. Each cytokine has a matching cell-surface receptor. Subsequent 
cascades of intracellular signaling then stimulate specifi c cell functions. This may 
include the upregulation and/or downregulation of several genes and their transcrip-
tion factors, resulting in the production of other cytokines, an increase in the num-
ber of surface receptors for other molecules, or the suppression of their own effect 
by feedback inhibition. Cytokines have been classed as lymphokines, interleukins, 
and chemokines, based on their presumed function, cell of secretion, or target of 
action. 

 Lymphokines are a subset of cytokines that are produced by lymphocyte. 
They are protein mediators typically produced by T cells to direct the immune 
system response by signaling between its cells. Lymphokines have many roles, 
including the attraction of other immune cells, macrophages, and other lymphocytes 
to an infected site and their subsequent activation to prepare them to mount an 
immune response. 

 Interleukins are produced by a wide variety of body cells to modulate the immune 
system. The majority of interleukins are synthesized by helper CD4+ T lymphocytes, 
as well as through monocytes, macrophages, and endothelial cells. They promote 
the development and differentiation of T, B, and hematopoietic cells. Nowadays at 
least 32 different interleukines have been described. 

 Chemokines induce directed chemotaxis in nearby responsive cells; they are 
chemotactic cytokines. Some chemokines are considered proinfl ammatory and can 
be induced during an immune response to recruit cells of the immune system to a 
site of infection, while others are considered homeostatic and are involved in con-
trolling the migration of cells during normal processes of tissue maintenance or 
development. These proteins exert their biological effects by interacting with G 
protein-linked transmembrane receptors called chemokine receptors that are 
selectively found on the surfaces of their target cells.   
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16.3     Cellular Infl ammatory Mechanisms 

 All this infl ammatory mechanism describes all the tissue aspects. We should think 
infl ammation can take place in every organ or tissue in our body and involved cells. 
The cell is the basic structural and functional unit of all known living organisms. 
It is the smallest unit of life that is classifi ed as a living thing and is often called the 
building block of life. To improve our understanding of the infl ammation we need 
to know the intracellular physiology and how it can be related to the infl ammatory 
process. Infl ammation is a mechanism response to an aggression, a protective 
attempt by the organism to remove the injurious stimuli and to heal the damaged 
tissues. It is a specifi c stress situation for any cell; in such a condition, the cell 
should function perfectly with all necessary biochemical processes operating prop-
erly. In periodontitis infl ammation takes place in the gingival connective tissue, 
mediated by cells and fi broblasts as main connective tissue cells and white blood 
cells as main participants’ infl ammatory cells. But any cell of the body can participate 
in the infl ammation; therefore, host infl ammation response mechanisms are shared by 
tissues and systems throughout the body. The main systemic diseases related to peri-
odontitis are atheromatous disorders (especially coronary heart disease, peripheral 
vascular arteriosclerosis, and stroke), obesity, hypertension, and diabetes. As in 
periodontitis in all of them infl ammation is an essential part of the pathogenesis taken 
place in different tissues. We will highlight the mounting evidence that the basis for 
the interrelationships lies at a fundamental intracellular level, as a meeting back-
ground among such chronic diseases and periodontitis. We will describe the intracel-
lular physiological metabolic process related to infl ammation. 

16.3.1     Isolation/Individualization: Biological/Cell Membrane 

 All the cells need to maintain its individuality to be isolated from the exterior with 
a membrane. The biological membrane is a major structure in all living systems 
from one-celled prokaryotic microorganisms to complex many-celled eukaryotic 
organisms. It is a biological membrane that separates the interior of all cells from 
the outside environment. This membrane allows the cell to optimize its internal 
medium and protect sensitive components from the vagaries of a potentially harsh 
external environment. But functional compartmentalization may also occur within 
the cell in membrane-bound organelles such as the mitochondria, lysosomes, and 
Golgi apparatus. Biological membranes, however, are not simply inert impermeable 
barriers but play a crucial role in almost all cellular events. They are very highly 
selective fi lters and devices for active transport and are involved in many complex 
processes of living cells such as endocytosis, exocytosis, cell adhesion, cell move-
ment, cell–cell recognition, cell–cell communication, and signal transduction. 
In addition, they permit the specialization of cellular functions within a cell by 
defi ning various compartments with different enzymatic activities which are a 
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prerequisite for many complex biochemical processes. As described by Singer and 
Nicholson in 1972 [ 12 ], this consists of a fl uid lipid bilayer in which intrinsic pro-
teins are either partly inserted or which they completely traverse. Both lipids and 
proteins are free to diffuse within the plane of the membrane unless constrained, for 
example, by extrinsic proteins associated with the cytoskeleton. It should not come 
as too much of a surprise that biological membranes are considerably more complex 
than lipid bilayers. Membranes are dynamic and fl uid structures and their compo-
nents are able to move freely within the plane of the membrane. A combination of 
glycosphingolipids and protein receptors is organized in glycolipoprotein microdo-
mains termed lipid rafts. These specialized membrane microdomains compartmen-
talize cellular processes by serving as organizing centers for the assembly of 
signaling molecules, infl uencing membrane fl uidity and membrane protein traffi ck-
ing, and regulating neurotransmission and receptor traffi cking. Lipid rafts are more 
ordered and tightly packed than the surrounding bilayer, but fl oat freely in the mem-
brane bilayer [ 13 ]. 

 Nevertheless, all membranes are structurally organized in a similar manner. Lipid 
molecules are able to form sheet-like structures which provide the basic structure for 
the so-called lipid bilayer. This lipid bilayer is a relatively impermeable barrier and 
forms closed boundaries between compartments. The membrane proteins take over 
most of the membrane functions such as transport and transmembrane signaling or 
serve as a structural link to the extracellular matrix or to cytoskeletal elements. 
Although all biological membranes are thought to be constructed on a common 
pattern, there exist noticeable diversities among different types of membranes, 
i.e., the composition and behavior of membranes from one cell type to another, and 
from one organelle to another, can vary remarkably. These variations give each kind of 
biological membrane its distinctive identity and specialized function. The diversity is 
primarily the result of the different functions of the proteins present in each mem-
brane and the way in which they interact with lipids, with each other, or with cyto-
plasmic components. Although proteins clearly mediate the specifi c membrane 
functions, lipids are increasingly being recognized as active participants in membrane-
associated processes. 

 In the composition of biological membranes the ratio of lipid to protein varies 
signifi cantly from membrane to membrane, ranging from approximately 1:4 to 4:1 
and is dependent on the specifi c function of the membrane. For example, myelin 
membranes which serve mainly to insulate nerve cell axons contain less than 25 % 
of proteins, whereas in membranes which are involved in energy transduction 
(e.g., internal membranes of mitochondria and chloroplasts) the protein content is 
approximately 75 %. The most striking feature of lipids found in biological mem-
branes is their enormous diversity. Any single membrane can contain well over 100 
unique lipid species. The biological signifi cance of this lipid heterogeneity is not 
known, but may be related to the recently recognized fact that lipids are active 
participants in many membrane-associated processes. Although the major role of 
lipids is to form the bilayer matrix, they are also involved in the proper organization 
of particular protein molecules within membranes. 

 Lipids are organic biomolecules which consist primarily of carbon and hydrogen 
and oxygen also generally, but in much lower percentages. Furthermore, they may 
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also contain phosphorus, nitrogen, and sulfur. It is a very heterogeneous group of 
substances that have only these two characteristics in common: they are insoluble in 
water and they are soluble in organic solvents such as ether, chloroform, and benzene. 
Lipids as biological molecules are responsible for: (1) a unique class of cellular 
structures, particles, and organizations; (2) providing life’s most dynamic and effi -
cient fuelling and energetic schemes; and (3) complex signaling systems within and 
between cells [ 14 ]. Lipids constitute a broad group of naturally occurring molecules 
that include fats, waxes, sterols, fat-soluble vitamins (such as vitamins A, D, E, and K), 
monoglycerides, diglycerides, triglycerides, phospholipids, and others. Lipids may 
be divided into eight categories: fatty acids, glycerolipids, glycerophospholipids, 
sphingolipids, saccharolipids, and polyketides (derived from condensation of keto-
acyl subunits); and sterol lipids and prenol lipids (derived from condensation of 
isoprene subunits). There are two groups of fatty acids: saturated (SFA) that have 
only single    bonds between carbon atoms and unsaturated that have one (monoun-
saturated fatty acid: MUFA) or more double bonds (polyunsaturated fatty acid: 
PUFA) in their chain and their molecules have kinks, with changes of direction in 
the places where the double bond. A critical property of unsaturated fatty acids is 
their confi guration ( cis  or  trans ) around double-bonded carbon atoms. 

 Fatty acids are important sources of fuel because, when metabolized, they yield 
large quantities of ATP. Many cell types can use either glucose or fatty acids for this 
purpose. In particular, heart and skeletal muscle prefer fatty acids. The brain cannot 
use fatty acids as a source of fuel; it relies on glucose or ketone bodies. 

 The three major types of lipids in biological membranes are phospholipids, gly-
colipids, and cholesterol. All three are amphiphilic molecules: they have a hydro-
philic (“water-loving” or polar) end and a hydrophobic (“water-hating” or nonpolar) 
end. The amphiphilic nature of some lipids allows them to form structures such as 
vesicles, liposomes, or membranes in an aqueous environment. The main biological 
functions of lipids include energy storage, as structural components of cell mem-
branes, and as important signaling molecules. The specifi c lipid composition of a 
membrane can change, according to physiological conditions and diet. Most of the 
fat found in food is in the form of triglycerides, cholesterol, and phospholipids. 
Some dietary fat is necessary to facilitate absorption of fat-soluble vitamins (A, D, 
E, and K) and carotenoids. Humans and other mammals have a dietary requirement 
for certain essential fatty acids, such as linoleic acid (an omega-6 fatty acid) and 
alpha-linolenic acid (an omega-3 fatty acid) because they cannot be synthesized 
from simple precursors in the diet. Both of these fatty acids are 18-carbon PUFA 
differing in the number and position of the double bonds. Most vegetable oils 
are rich in linoleic acid (saffl ower, sunfl ower, and corn oils). Alpha-linolenic acid 
is found in the green leaves of plants, and in selected seeds, nuts, and legumes 
(in particular fl ax, rapeseed, walnut, and soy). Fish oils are particularly rich in the 
longer-chain omega-3 fatty acids, eicosapentaenoic acid (EPA) and docosahexae-
noic acid (DHA). 

 One of the possible fates of fatty acids is to be used for the synthesis of polar 
lipids, such as phospholipids and sphingolipids, which are essential components of 
the cell membranes. They form the permeability barrier and modulate the structural 
properties and functions of the several membrane proteins, responsible for all the 
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membrane-associated activities. The differences between fatty acids in its length and 
degree of unsaturation have deep infl uence on dynamics and structural properties of 
the lipid bilayers and can affect membrane plasticity. For example, SFA, such as 
palmitate, signifi cantly decrease membrane fl uidity [ 15 ]. 

 It is now widely accepted that cell membrane composition and structure play a 
central role in controlling metabolic and cardiovascular disorders. The more satu-
rated tails there are in the lipid bilayer, the less fl uid (and active) a membrane 
becomes. Evidence has been demonstrated that SFA and  trans -fat decrease 
membrane fl uidity and represent prominent risk factors for different metabolic and 
cardiovascular pathologies. Long-chain PUFA are also involved in modulating the 
function of mitochondria. Of central importance is their effect on the effi ciency of 
ligand recognition by receptors which control second messenger systems and signal 
transduction inside the cell. PUFA can improve cell sensitivity to hormones, and in 
particular to insulin [ 16 ]. There is evidence for potentially detrimental metabolic 
effects of low-fat, high-carbohydrate diets in some population groups, such as type 
2 diabetics [ 17 ], and it is argued that n-6 PUFA and MUFA substitution is preferable 
since both would achieve further reductions in LDL cholesterol that cannot be 
achieved with the removal of SFA alone. A large number of studies have shown 
positive health benefi ts associated with consumption of omega-3 fatty acids on 
infant development, cancer, cardiovascular diseases, and various mental illnesses, 
such as depression, attention-defi cit hyperactivity disorder, and dementia [ 18 ]. 
In contrast, it is now well established that consumption of  trans -fats, such as those 
present in partially hydrogenated vegetable oils, is a risk factor for cardiovascular 
disease [ 19 ]. Long-chain fatty acids infl uence infl ammation through a variety of 
mechanisms; many of these are mediated by, or at least associated with, changes in 
fatty acid composition of cell membranes. Cells involved in the infl ammatory 
response are typically rich in the n-6 fatty acid arachidonic acid, but the contents of 
arachidonic acid and of the n-3 fatty acids EPA and DHA can be altered through 
oral administration of EPA and DHA. Increased membrane content of EPA and 
DHA and decreased arachidonic acid content result in a changed pattern of produc-
tion of eicosanoids and resolvins. Changing the fatty acid composition of cells 
involved in the infl ammatory response also affects production of peptide mediators 
of infl ammation (adhesion molecules, cytokines, etc.). Thus, the fatty acid composi-
tion of cells involved in the infl ammatory response infl uences their function; the 
contents of arachidonic acid, EPA, and DHA appear to be especially important [ 20 ]. 
Lipid rafts are potentially modifi able by diet, particularly (but not exclusively) by 
dietary fatty acids. In vitro and animal studies show that n-3 PUFAs, cholesterol, 
and gangliosides modulate the structure and composition of lipid rafts, potentially 
infl uencing a wide range of biological processes, including immune function, neu-
ronal signaling, cancer cell growth, entry of pathogens through the gut barrier, and 
insulin resistance in metabolic disorders [ 21 ]. 

 Since the 1980s,    a large body of evidence has evolved that suggests that fatty 
acids are capable of modulating immune function. The suggestion that unsaturated 
fatty acids modulate immune function arose primarily from animal studies, which 
demonstrated potent anti-infl ammatory effects of the n-3 PUFAs. In vitro studies 
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suggest that PUFAs cause substantial reorganization of membrane microdomains, 
which has an impact on signaling and function in a number of cell types. Lipid rafts 
are potentially modifi able by diet, particularly by dietary fatty acids, gangliosides, 
and cholesterol [ 22 ]. 

 In periodontitis it has been found that some perturbation exists in lipid biomarkers, 
such as increased serum total cholesterol and low-density lipoprotein cholesterol. 
Also total plasma fatty acids, saturated, n-6 polyunsaturated, and monounsaturated 
fatty acids were signifi cantly higher in the periodontitis patients [ 23 ].  

16.3.2     Energy Production Process: Mitochondria 

 All the infl ammation processes need energy to take place. It is provided by the oxygen 
combustion of foods previously degraded in the digestive tube to simple chemical 
compounds. This one is known as aerobic respiration, they used oxygen as a com-
mon oxidizing agent (electron acceptor). The energy released in respiration is used 
to synthesize ATP, which stores this energy. It is the most profi table way of energy 
production. In aerobic respiration a molecule of glucose produces a net worth of 34 
ATP molecules and in anaerobic respiration just 2. The energy stored in ATP can 
then be used to drive processes requiring energy, including biosynthesis, locomo-
tion, or transportation of molecules across cell membranes. Glucose, fatty acids and 
amino acids are the main power source used by the cell respiration. The main intra-
cellular organelle responsible for energy production is the mitochondria. A mito-
chondrion is a double membrane-enclosed organelle and a constituent of most 
eukaryotic cells. Mitochondria are descended from α-proteobacteria, and became 
part of the present-day eukaryotic cell through an endosymbiotic event approxi-
mately two billion years ago [ 24 ]. The two membranes each with a phospholipid 
bilayer separate four distinct compartments: the outer membrane; the intermem-
brane space; the inner membrane; and the matrix. The inner membrane forms mul-
tiple invaginations (known as cristae) into the matrix compartment. ATP is generated 
by the mitochondria in the process of oxidative phosphorylation. The inner mem-
brane houses the megadalton complexes of the electron transport chain and ATP 
synthase that control the basic rates of cell metabolism necessary for oxidative 
phosphorylation. The energy is generated through a process in which reducing 
equivalents, derived from the oxidation of acetyl coenzyme A in the tricarboxylic 
acid cycle and from other oxidative processes (i.e., fatty-acid oxidation, the urea 
cycle, and amino-acid degradation), are transferred from nicotinamide adenine 
dinucleotide and fl avin adenine dinucleotide to the electron transport chain and ulti-
mately to oxygen, a process which produces an electrochemical gradient that is used 
to synthesize ATP. The mitochondrial respiratory chain, located in the inner mito-
chondrial membrane, is composed of enzymes, protein (i.e., cytochrome  c ), and 
low-molecular-weight redox intermediates (i.e., coenzymes such as ubiquinone or 
coenzyme Q) that transport reducing equivalents, in the form of hydrogen atoms or 
just their electrons, down the redox potential from respiratory substrates to 
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oxygen: an oxidative pathway composed of four multiple-subunit complexes. In this 
pathway, electrons are transferred from the reduced form of nicotinamide adenine 
dinucleotide to oxygen through the electron transport chain consisting of complex I 
(nicotinamide adenine dinucleotide dehydrogenase or nicotinamide adenine dinu-
cleotide: ubiquinone oxidoreductase), complex II (succinate dehydrogenase or suc-
cinate: ubiquinone oxidoreductase), complex III (ubiquinol: cytochrome  c  
oxidoreductase), and complex IV (cytochrome  c  oxidase) [ 25 ]. Although oxidative 
phosphorylation is more effi cient than glycolysis in generating ATP, it carries the 
inherent risk of generating ROS as a result of the premature reaction of electrons 
with oxygen at respiratory complex I or complex III. ROS are chemically reactive 
molecules containing oxygen. Examples include oxygen ions and peroxides. ROS 
are highly reactive due to the presence of unpaired valence shell electrons. They can 
start chain reactions and cause damage or death to the cell. Antioxidants terminate 
these chain reactions by removing free radical intermediates and inhibit other oxi-
dation reactions. Plants and animals maintain complex systems of multiple types of 
antioxidants, such as glutathione, vitamin C, and vitamin E as well as enzymes such 
as catalase, superoxide dismutase, and various peroxidases. Insuffi cient levels of 
antioxidants, or inhibition of the antioxidant enzymes, cause oxidative stress and 
may damage or kill cells. Oxidative stress is an imbalance between the systemic 
manifestation of ROS and a biological system’s ability to readily detoxify the reac-
tive intermediates or to repair the resulting damage. Disturbances in the normal 
redox state of cells can cause toxic effects through the production of peroxides and 
free radicals that damage all components of the cell, including proteins, lipids, and 
DNA. Further, some reactive oxidative species act as cellular messengers in redox 
signaling [ 26 ]. Thus, oxidative stress can cause disruptions in normal mechanisms 
of cellular signaling. 

 It is widely accepted that infl ammation is a process essential for the maintenance 
of the integrity of living structures. Its mechanisms need energy, which is produced 
in the mitochondria by means of oxidative processes. Therefore, it can be assumed 
that changes in the oxidation processes of mitochondria can affect the infl ammatory 
process. Cardiovascular disease, diabetes, and metabolic syndrome are the major 
cause of death in western countries [ 27 ]. It is generally accepted that the origin of 
all those metabolic disorders is a “proinfl ammatory” state derived from excessive 
caloric intake and over nutrition, and, perhaps, other chronic infl ammatory condi-
tions. This proinfl ammatory state also leads to an increase in oxidative stress, with 
the potential to impair several crucial biological mechanisms. 

 One example of how mitochondrial oxidative stress is produced is the infl uence 
of diet lipids in diabetes cardiomyopathy. High-fat diet-induced hyperlipidemia will 
lead to an increased facilitated diffusion of fatty acids (FA) over the plasma mem-
brane into the cytoplasm. The higher intracellular concentration of FA will lead to 
an activation of PPAR signaling pathways. This enhances mitochondrial b- oxidation 
and CD36 translocation, which will speed up FA import and further boost PPAR 
stimulation. The resulting vicious circle of increased uptake of FA and FA-induced 
uptake stimulation eventually leads to mitochondrial FA overload. FA becomes the 
preferred substrate for mitochondrial b-oxidation at the expense of glucose. 
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Excessive b-oxidation results in massive ROS production. ROS production causes 
mitochondrial dysfunction, which leads to cardiomyocyte apoptosis and affects the 
complex signaling patterns of insulin action and glucose utilization [ 28 ]. 

 Oxidative stress has been proposed as a common mechanism in the development 
of several features related to cardiovascular disease, diabetes and metabolic syn-
drome, and periodontitis, and perhaps an interaction between these conditions may 
result in a worse evolution of all those [ 29 ]. It has been demonstrated in peripheral 
blood mononuclear cells (PBMCs) from periodontitis patients a lower CoQ10 levels 
and citrate synthase activity, together with high levels of ROS production. Also 
human gingival fi broblasts treated with  P. gingivalis  lipopolysaccharide (a potent 
periodontal destruction mediator) provoked increased oxidative stress and mito-
chondrial dysfunction by a decrease in mitochondrial protein expression, mitochon-
drial mass, and mitochondrial membrane potential. Therefore mitochondrial 
dysfunction could represent a pathogenic mechanism in periodontitis and could be 
a possible link to understanding the interrelationships between two prominent 
infl ammatory diseases: periodontitis and cardiovascular disease [ 30 ]. 

 As we have mentioned previously oxidative process is used by the cells not only 
to produce energy but also to destroy bacteria and external molecules; therefore, 
it has been used as defense mechanism by the cells. With phagocytosis the bacteria 
is engulfed by white blood cells and macrophages, formed a phagosome, and fused 
with the lysosome. This one has an oxygen-dependent degradation that depends on 
the production of ROS. Therefore, it is an essential step in the infl ammatory 
process.  

16.3.3     Energy Production Control: AMPK System 

 We can consider mitochondria as the cell “rechargeable battery,” with a key chemicals 
process that involves a balance between ATP and ADP. ATP is generated by the 
mitochondrial ATP synthase, thus “charging the battery” then is used by every cell 
function that requires energy by the hydrolysis of ATP back to ADP and phosphate, 
thus “discharging the battery.” The reaction ATP ↔ ADP + phosphate is maintained 
by catabolism many orders of magnitude away from equilibrium, yielding a high 
ratio of ATP to ADP that is used to drive energy-requiring processes. ATP genera-
tion needs to remain in balance with ATP consumption, and regulatory proteins that 
sense ATP and ADP levels would be a logical way to achieve this. This recognition 
system that identifi es the cellular energy status is mediated by the adenosine mono-
phosphate P-activated protein kinase (AMPK). In general, AMPK switches on cata-
bolic processes that provide alternative pathways to generate ATP, while switching 
off anabolic pathways and other processes consuming ATP, thus acting to restore 
cellular energy homeostasis. It is an enzyme that consists of three proteins (α, β, and 
γ subunits), conserved from yeast to humans, genes encoding the three subunits of 
the kinase are found in essentially all eukaryotic genomes. AMPK is activated not 
only by increases in ADP/ATP ratio but also by increases in Ca 2+ , ROS, drugs such 
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as metformin, and xenobiotics such as resveratrol [ 31 ]. The net effect of AMPK 
activation is stimulation of hepatic fatty acid oxidation and ketogenesis, inhibition 
of cholesterol synthesis, triglyceride synthesis, inhibition of adipocyte lipolysis and 
lipogenesis, stimulation of skeletal muscle fatty acid oxidation and muscle glucose 
uptake, and modulation of insulin secretion by pancreatic beta-cells. Because the 
energy status of the cell is a crucial factor in all aspects of cell function, it is not 
surprising that AMPK has many downstream targets whose phosphorylation 
mediates dramatic changes in cell metabolism, cell growth, and other functions. 
The kinase evolved in single-celled eukaryotes and is still involved in multicellular 
organisms in regulating energy balance in a cell-autonomous manner. However, it is 
now clear that new functions were acquired during the development of metazoans 
so that AMPK is also regulated by hormones and adipokines that regulate energy 
balance at the whole body level. The maintaining of body energy homeostasis by 
AMPK includes: regulation of glucose uptake through glucose transporter type 4 in 
muscle contraction; promotion of fatty acid uptake in cardiac myocytes; regulation 
of mitochondrial biogenesis and mitophagy; regulation of biosynthesis of lipids, 
carbohydrates, proteins, and ribosomal RNA; mediation of the effects of hormones 
and other agents acting on neurons in different hypothalamic regions, which regu-
late intake of food (and hence energy) and energy expenditure; regulation of diurnal 
rhythms of feeding and metabolism. By switching off biosynthetic pathways 
required for cell growth, AMPK activation exerts a cytostatic effect, helping to 
explain why its upstream activator, LKB1, is a tumor suppressor. Commensurate 
with its role in preserving cellular energy homeostasis, AMPK also downregulates 
ATP-requiring processes outside metabolism, including progress through the cell 
cycle (another potential tumor suppressor effect) and fi ring of action potentials in 
neurons [ 32 ]. These exciting data might lead to a new pathogenic explanation of 
some diseases, such as periodontitis as infl ammatory disease, and to elaborate new 
treatment approaching with new drugs.  

16.3.4     Aggression Recognition: Infl ammasome 

 As we have seen cell to survive needs to be well isolated through a membrane, and 
produce energy. But also the cell needs to defense against biological aggression, 
other organisms try to destroy it and use all the cellular components as nutrients. 
We have shown that infl ammation is the body reaction to this aggression, but to start 
this process it is essential for a multicellular organism to recognize the harmful 
microbes. This is mediated through the pattern recognition receptors (PRRs). They 
are proteins expressed by hematopoietic and nonhematopoietic cells such as macro-
phages, dendritic cells, and epithelial cells. These may either be on the membrane 
surface, e.g., Toll-like receptors (TLRs) and C-type lectin receptors (CLRs) or 
inside the cytoplasm, e.g., Nod-like receptors (NLRs) and RIG-I-like receptors 
(RLRs). PRRs enable innate immune cells to instantly detect and respond to the 
presence of danger- and pathogen-associated molecular patterns (DAMPs and 
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PAMPs, respectively) [ 33 ]. PAMPs are conserved microbial molecules that are not 
produced by mammalian host cells, such as nucleic acid structures that are unique 
to microorganisms, bacterial secretion systems and their effector proteins, and 
microbial cell wall components such as lipoproteins and lipopolysaccharides 
(LPSs). In contrast, DAMPs are a set of host-derived molecules that signal cellular 
stress, damage, or nonphysiological cell death. Orchestration of an appropriate 
immune response against these microbial threats is accomplished in part through 
the production of potent infl ammatory cytokines. In particular, the related cytokines 
interleukin-1β (IL-1β) and IL-18 were recognized early on for their ability to cause 
a wide variety of biological effects associated with infection, infl ammation, and 
autoimmune processes. In addition to belonging to the same cytokine family, IL-1β 
and IL-18 have in common a unique maturation and secretory mechanism. Although 
most cytokines traffi c through the Golgi complex prior to exocytosis, biologically 
active IL-1β and IL-18 are liberated from their cytosolic precursors by the cysteine 
protease caspase-1 and -11 complexes termed infl ammasomes. Caspase-1 is the 
founding member of a family of conserved metazoan aspartate-specifi c cysteine 
proteases, with 11 human (caspases 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 14) representa-
tives [ 34 ]. The term “infl ammasome” describes a large (700 kDa), multiprotein 
complex considered as a key regulator of innative, adaptative, and host responses 
that survey the cytosol and other intracellular compartments for the presence of 
PAMPs and DAMPs. These multiprotein complexes have been characterized in a 
variety of cells, although the focus has been mainly on epithelial cells in tissues with 
mucosal surfaces and immune cells of the myeloid lineage. Genetic studies using 
mice defi cient for different nucleotide-binding and NLRs suggest that at least four 
infl ammasomes of distinct composition are formed in vivo in a stimulus-dependent 
manner. They are the NLR proteins Nlrp1b, Nlrp3, Nlrc4, and Nlrp6 as well as the 
HIN200 protein AIM2 that assemble infl ammasomes in a stimulus-specifi c manner 
[ 35 ]. Once secreted, IL-1β and IL-18 mediate a variety of local and systemic 
responses to infection. IL-1β induces fever; promotes T cell survival, B cell prolif-
eration, and antibody production; contributes to polarization of T helper 1 (TH1), 
TH2, and TH17 responses; and mediates transmigration of leukocytes. A second 
infl ammasome effector mechanism that may contribute to host response is pyropto-
sis, a proinfl ammatory cell death. It is a critical mechanism by which infl ammasome 
contributes to host responses against Gram-negative bacterial pathogens in vivo. 
This genetically programmed cell death mode differs morphologically from apopto-
sis in that it features cytoplasmic swelling and early plasma membrane rupture. 
The consequent release of the cytoplasmic content into the extracellular space is 
thought to render pyroptosis proinfl ammatory, whereas apoptosis is generally con-
sidered an immunologically silent cell death mechanism. It prevents intracellular 
replication of infectious agents, therefore is an intriguing infl ammasome-mediated 
host defense mechanism against intracellular pathogens. A third emerging mecha-
nism by which infl ammasomes may contribute to immune signaling is the secretion 
of leaderless cytokines and growth factors. Recent studies have extended the list of 
unconventionally secreted cytokines and growth factors to more than 20 proteins. 
The biochemical mechanisms by which leaderless proteins are secreted into the 
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extracellular space largely remains to be characterized, but infl ammasomes might 
play a central role in this process. Apart from these effector mechanisms, infl am-
masomes have been implicated in inactivation of glycolysis enzymes, activation of 
sterol- regulatory element binding protein-1 and -2. These mechanisms illustrate 
that infl ammasomes can contribute to a diverse set of responses that collectively 
may help the host to effectively fi ght microbial pathogens and other threats [ 36 ]. 

 Infl ammasome activation contributes signifi cantly to host and infl ammatory 
responses, but the association of gain-of-function mutations in NLRP3, NLRP1, 
and other infl ammasome components with autoimmune and autoinfl ammatory 
disorders illustrates that excessive infl ammasome activity can be harmful. Vitiligo, 
Addison’s disease, Crohn’s disease, and multiple sclerosis have been related to 
altered infl ammasome signaling. Also the infl ammasome mechanism illustrates the 
importance of preventing unwarranted and disproportional activation of infl amma-
some effector pathways. It is thus not surprising that pathogens evolved different 
virulence mechanisms to modulate infl ammasome activation to their benefi t. Certain 
viruses and bacterial pathogens express proteins that inhibit infl ammasome assem-
bly and activity (e.g.,  Rabbitpox virus ,  Myxoma virus ,  Mycobacterium tuberculosis , 
 Pseudomona aeruginosa ). The metabolic infl ammasome may act as a link between 
ER stress and more global stress responses, including infl ammation and metabolic 
dysfunction (as observed in insulin resistance and obesity). 

 Infl ammation is one of the key events that underlies the development of obesity- 
induced insulin resistance. Although different roads may lead to its activation, the 
contribution of IL-1β to the development of insulin resistance at the level of the β 
cell, as well as peripherally, in obese individuals is now well established. Active 
IL-1β is produced by cleavage of pro-IL-1β by caspase-1, which is part of the 
infl ammasome protein complex. Although most studies performed to date provide 
indirect and associative evidence, growing evidence indicates that the infl ammasome 
can be activated by fatty acids, high glucose levels, uric acid, and IAPP, linking 
metabolic danger signals to activation of IL-1β synthesis. The described correla-
tions and associations, however, do not necessarily prove causative relationships [ 37 ]. 
Although most components of the metabolic infl ammasome promote autophagy, the 
induction of autophagy by this signaling complex would be expected to serve as a 
negative-feedback mechanism that limits ER stress and disease progression. 
Consistent with this postulated protective effect of autophagy, hepatic suppression of 
the autophagy gene  Atg7  in mice results in increased ER stress and insulin resistance, 
and mice defi cient in the autophagy adaptor protein p62 develop mature-onset 
obesity and insulin resistance [ 38 ].  

16.3.5     Debris Elimination: Apoptosis/Autophagy/Hormesis 

 Nature is frugal; therefore, every form of life should spend the lowest possible energy 
and eliminate every structure, cell, or intracellular organelle not needed. Every 
organism should be adapted for physiological development, new environment 
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conditions, and aggression to survive. One way it is done is with apoptosis and 
autophagy mechanisms. 

 Apoptosis is defi ned as the process of programmed cell death (PCD) that may 
occur in multicellular organisms. In contrast to necrosis, which is a form of traumatic 
cell death that results from acute cellular injury, apoptosis, in general, confers 
advantages during an organism’s life cycle. For example, the differentiation of 
fi ngers and toes in a developing human embryo occurs because cells between the 
fi ngers apoptosis; the result is that the digits are separate. Between 50 and 70 billion 
cells die each day due to apoptosis in the average human adult. Failure of apoptosis 
is one of the main contributions to tumor development and autoimmune diseases; 
this, coupled with the unwanted apoptosis that occurs with ischemia or Alzheimer’s 
disease, has stimulated interest in caspases as potential therapeutic targets since 
they were discovered in the mid-1990s. The process of apoptosis is controlled by a 
diverse range of cell signals, which may originate either extracellularly (extrinsic 
inducers) or intracellularly (intrinsic inducers). Extracellular signals may include 
toxins, hormones, growth factors, nitric oxide, or cytokines that must either cross the 
plasma membrane or transduce to induce a response. These signals may positively 
(i.e., trigger) or negatively (i.e., repress, inhibit, or dampen) affect apoptosis. A cell 
initiates intracellular apoptotic signaling in response to a stress, which may bring 
about cell suicide. The release of intracellular apoptotic signals by a damaged cell can 
be started by: the binding of nuclear receptors by glucocorticoids, heat, radiation, 
nutrient deprivation, viral infection, hypoxia, and increased intracellular calcium 
concentration. Intrinsic apoptosis, which requires the permeabilization of the mito-
chondrial membrane, is closely regulated by members of the Bcl-2 protein family. 
The pro-apoptotic Bcl-2 family members Bax and Bak serve to permeabilize the 
mitochondrial membrane, leading to the release of cytochrome  c , caspase activa-
tion, and cell death. This pro-death function is opposed by the anti-apoptotic Bcl-2 
family members Bcl-2, Bcl-x, and Mcl-1. A third group of Bcl-2 proteins, referred 
to as BH3-only proteins, serves a pro-apoptotic function. Extrinsic apoptosis is ini-
tiated by the binding of a death receptor, such as Fas, TNFR1, or TRAIL, to its 
ligand, which results in the formation of the death-inducing signaling complex 
(DISC). Adapter proteins (FADD and/or TRADD) bind to the cytoplasmic tail of the 
death receptor through DD-DD interactions and subsequently recruit pro- caspase 8 
to the DISC through DED–DED interactions. Recruitment of pro-caspase 8 to the 
DISC allows for its homodimerization and cleavage, resulting in the release of 
active caspase 8, which cleaves downstream substrates, including effector caspases, 
leading to DNA fragmentation and cell death [ 39 ]. After a cell receives stimulus, it 
undergoes organized degradation of cellular organelles by activated proteolytic 
caspases. Caspases are a family of enzymes that degrade polypeptides called cyste-
ine proteases that act in concert in a cascade. Members of the caspase family of 
cysteine proteases coordinate the morphological and biochemical events that typify 
apoptosis. However, neutralization of caspase activity in mammals fails to block 
death in response to most proapoptotic stimuli. This is because many cell death 
triggers provoke mitochondrial dysfunction upstream of caspase activation as a con-
sequence of BAX/BAK channel opening. Although genetic or pharmacological 
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inactivation of caspases fails to block cell death in most instances, it does convert 
the phenotype from apoptosis to necrosis. This has important implications for how 
the immune system responds to such cells, as necrotic cells provoke infl ammation, 
whereas apoptotic cells typically do not. It has been proposed an alternative 
perspective on apoptosis-associated caspase function by suggesting that these pro-
teases are activated, not to kill, but to extinguish the proinfl ammatory properties of 
dying cells. This perspective unifi es the mammalian caspase family as either posi-
tive or negative regulators of infl ammation [ 40 ]. 

 Altered molecular mechanisms involved in apoptotic signaling have been related 
to human diseases. Indeed both reduced and increased apoptosis can result in pathol-
ogy. Cancer, neurological disorders (Alzheimer’s disease, Parkinson’s disease, 
stroke), heart diseases (ischemia reperfusion, chronic heart failure), and autoim-
mune diseases (rheumatoid arthritis, thyroiditis) are the main diseases with altered 
apoptosis. Also more recently these fi ndings have led to the development of thera-
peutic approaches based on the regulation of apoptosis, some of which are in clinical 
trials and need to solve many problems [ 41 ]. 

 Autophagy is an essential, homeostatic process by which cells break down their 
own components. The autophagy machinery is thought to have evolved as a stress 
response that allows unicellular eukaryotic organisms to survive during harsh con-
ditions, probably by regulating energy homeostasis and/or by protein and organelle 
quality control. The same machinery might therefore be expected to diversify func-
tionally in complex metazoan organisms, so as to regulate new layers of defenses 
used by multicellular organisms to confront different forms of stress. Autophagy is 
a lysosomal degradation pathway in which portions of the cytoplasm (organelles or 
cytosol) are enwrapped in double-membraned vesicles (called autophagosomes) 
that fuse with lysosomes and get degraded by lysosomal hydrolases. Basal levels of 
autophagy contribute to the maintenance of intracellular homoeostasis by ensuring 
the turnover of supernumerary, aged, and/or damaged components. Under condi-
tions of starvation, the autophagic pathway operates to supply cells with metabolic 
substrates, and hence represents an important pro-survival mechanism. Autophagy 
has never been shown to be the cause of death in mammalian cells under physiologi-
cally relevant conditions, accumulating evidence points to have a pro-survival func-
tion [ 39 ]. The pro-survival function of autophagy has been demonstrated at the 
cellular and organismal level in different contexts, including during nutrient and 
growth factor deprivation, endoplasmic reticulum stress, development, microbial 
infection, and diseases characterized by the accumulation of protein aggregates. 
This pro-survival function is generally believed to be adaptive, but, in the context of 
cancer, is potentially maladaptive. An apparent conundrum is that autophagy acts 
both in cytoprotection and in cell death. In response to most forms of cellular stress, 
autophagy plays a cytoprotective role, because ATG gene knockdown/knockout 
accelerates rather than delays cell death. However, in certain settings where there is 
uncontrolled upregulation of autophagy (e.g., overexpression of the autophagy pro-
tein Beclin 1 in mammalian cells14, and Atg1 overexpression in Drosophila), 
autophagy can lead to cell death, possibly through activating apoptosis or possibly 
as a result of the inability of cells to survive the nonspecifi c degradation of large 
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amounts of cytoplasmic contents. Notably, many examples of ATG-gene-dependent 
cell death occur in cells defi cient in apoptosis, suggesting that autophagy, as a route 
to cell death, maybe a choice of last resort [ 42 ]. Moreover, autophagy is required for 
normal development and for the protective response to intracellular pathogens. 
Perhaps the most primordial function of this lysosomal degradation pathway is 
adaptation to nutrient deprivation. However, in complex multicellular organisms, the 
core molecular machinery of autophagy—the “autophagy proteins”—orchestrates 
diverse aspects of cellular and organismal responses to other dangerous stimuli such 
as infection. Recent developments reveal a crucial role for the autophagy pathway 
and proteins in immunity and infl ammation. They balance the benefi cial and detri-
mental effects of immunity and infl ammation, and thereby may protect against 
infectious, autoimmune, and infl ammatory diseases. Autophagy was originally 
considered to be a nonselective bulk degradation process, but it is now clear that 
autophagosomes can degrade substrates in a selective manner. In addition to endog-
enous substrates, autophagy degrades intracellular pathogens in a selective form of 
autophagy, termed xenophagy. Perturbations in autophagy-protein- dependent func-
tions in immunity may contribute not only to increased susceptibility to infection 
but also to chronic infl ammatory diseases and autoimmune diseases. Defects in 
autophagy may contribute to infl ammation-associated metabolic diseases such as 
diabetes and obesity, which are both linked to insulin resistance. Obesity is associ-
ated with the accumulation and activation of macrophages and subsets of T cells in 
adipose tissue and the production of cytokines such as TNF-α and IL-6. Thus, the 
failure of autophagy-dependent control of ER stress, immune cell homeostasis, 
immune cell activation, and/or proinfl ammatory cytokine secretion may contribute 
to infl ammation-associated responses that underlie the pathogenesis of metabolic 
diseases [ 43 ]. Autophagy can lead to the removal of damaged, potentially dangerous 
mitochondria and is called mitophagy. Both mitochondrion-specifi c autophagy 
(mitophagy) and general autophagy can reduce the propensity of cells to undergo 
apoptosis. Importantly, autophagy and apoptosis exhibit a consistent degree of 
crosstalk, at multiple levels. Some molecular mechanisms that sense cellular stress 
can induce both autophagy and apoptosis. Caspase-dependent apoptosis is associ-
ated with the degradation of Beclin 1 by caspases. As Beclin 1 is essential for the 
initial steps of autophagy, caspase activation most often results into the inhibition 
of the autophagic pathway. This refl ects a general pattern according to which 
pro-apoptotic signals result in the inhibition of pro-survival systems. 

 Recent data have been demonstrated that autophagy is involved in periodontitis 
[ 44 ]. PBMCs from periodontitis patients show an increased level of autophagy gene 
expression and high levels of mitochondrial ROS production, positively correlated. 
In human gingival fi broblasts treated with lipopolysaccharide from  P. gingivalis  there 
was an increase of protein and transcript of autophagy-related protein 12 (ATG12) and 
microtubule-associated protein 1 light chain 3 alpha LC3. A reduction of mitochon-
drial ROS induced a decrease in autophagy, whereas inhibition of autophagy in infected 
cells increased apoptosis, showing the protective role of autophagy. 

 Finally a new concept has been stated in this issue, “hormesis.” Frequently, low 
doses of toxins and other stressors not only are harmless but also activate an 
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adaptive stress response that raises the resistance of the organism against high 
doses of the same agent. This phenomenon is known as “hormesis” and describes a 
favorable biological response to harmless doses of toxins and other stressors. 
Hormesis- stimulating compounds initiate an adaptive stress response that renders 
cells/organisms resistant against high (and normally harmful) doses of the same 
agent. On the theoretical level, hormesis may constitute one of the mechanisms that 
allows stressed cells to avoid senescence and death, and hence might have some 
impact on the physiology of aging. Thus, measures that reportedly prolong the 
healthy life- span of multiple species, such as caloric restriction and the administra-
tion of resveratrol, may do so by inducing a hormetic response [ 45 ]. As we have 
exposed nowadays one important issue in the host response in periodontitis is the 
altered infl ammation mechanism. It is therefore essential to determine the factors, 
genetic and environmental, that induce a chronic infl ammation and the way we can 
improve the infl ammatory response. The decline in hormetic stimuli in our daily life 
may be leading to increased systemic subclinical infl ammatory tone, decreased 
metabolic fl exibility, and suppression of exercise salience. All of which translate 
into a signifi cant increase in chronic diseases and maybe in periodontitis. Whether 
we like it or not, a long and healthy life needs to include regular exposure to occa-
sional doses of environmental stressors, including fasting, natural temperature 
changes, polyphenols, and exercise. Although human intelligence has enabled us to 
remove most stressors from the environment, common sense may be required to 
reintroduce some of them.   

16.4     Clinical Relevance 

 Now our diagnostic and treatment approach to periodontal disease is based on the 
concept that it is an infectious disease. But the statement of susceptibility (biofi lm 
can produce different presentation of the disease) and the concept of progression 
(burst hypothesis) lead to an increasing importance of the host response. 
Infl ammation is the systemic defense mechanism triggered by a biological, chemi-
cal, or physical aggression. It has been known    that the tissue involvement is mainly 
done with a vascular response. But infl ammation implicates different cellular events. 
New technical tools implemented in the laboratory allow us to study different 
biochemical intracellular processes. It is necessary to understand all this process to 
improve our knowledge regarding the pathological infl ammation. 

 This one has been related    with some diseases, not only autoimmune disease but 
also in diabetes, atherosclerosis, obesity, metabolic syndrome, some neurological 
disorder and cancer has been described some new pathogenic data. Every tissues or 
organs can response to an aggression in a similar way, according to the physiologi-
cal conditions. Therefore pathological infl ammation could be the meeting point for 
all those diseases. Periodontal disease as an infl ammatory disease could highlight 
some of these pathological infl ammatory conditions. 
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 In the future we probably should change our way of diagnosing and treating our 
periodontal patients. In diagnostic we might introduce laboratory techniques to ana-
lyze intracellular statement and analyze lifestyle, nutrition, and other concomitant 
diseases with more details. Maybe we should treat    our patients, analyzing systemic 
diseases, especially chronic infl ammatory, change lifestyle and diet and improve 
metabolic conditions and the response to aggression. 

 Also due to the fact that periodontal disease is the most frequent chronic infec-
tion in humans it could be a good way to check the statement of the infl ammatory 
response in our patients and a potential target for prevention strategies for systemic 
diseases with important clinical systemic implications. 

 In this chapter we try to highlight the new theories and their clinical relevance to 
the onset and development of periodontal diseases that will change our way of 
managing our periodontal patients and should change the periodontal teaching in 
the future.     
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  TNF    Tumor necrosis factor-α   
  VD    Vitamin D   
  VDR    Vitamin D receptor   

17.1           Introduction 

 The impact of nutrition on oral disease has traditionally focused on the local effects 
of the diet on caries risk [ 1 ]. However, the role of diet in the development and pro-
gression of periodontal diseases is less well understood. Periodontium consists of 
hard and soft tissues that surround the dentition and includes the gingiva, periodon-
tal ligament, connective tissue, alveolar bone, and cementum [ 2 ]. Periodontal dis-
ease can lead to increased risk of other oral problems (root caries, tooth mobility, 
and tooth loss) and has been associated with an increasing list of chronic systemic 
diseases, including cardiovascular diseases, diabetes, obesity, metabolic syndrome, 
and impaired cognition [ 3 – 16 ]. There is agreement about that nutritional status may 
be a modifying factor in the progression and healing of the periodontal tissues. 
In fact, despite the primary etiology of periodontal disease is bacterial, a susceptible 
host is also necessary for disease initiation. Nutrition is one of the modifi able factors 
that impact the host’s immune response and the integrity of the hard and soft tissues 
of the oral cavity [ 2 ]. 

 Diet can exert a topical or a systemic effect on the body and its tissues. Before 
tooth eruption, foods provide a nutritional or systemic effect during tooth develop-
ment and in the maturation of dentine and enamel. After the tooth erupts, foods play 
a topical or dietary role in the maintenance of tooth structure. As an example, during 
growth and development, nutritional fl uoride provides a systemic effect, making the 
tooth more resistant to decalcifi cation by incorporation into the structure of the 
tooth. After the tooth has formed and erupted into the oral cavity, dietary fl uoride 
provides a topical effect by modifi cation of the surface layer of exposed enamel, 
cementum, and dentin [ 17 ]. 

 Nutrients can be considered major or minor as determined by the amounts 
consumed in our diets. Major nutrients are consumed in gram quantities. Minor 
nutrients are required in milligram to microgram quantities and include vitamins 
and minerals. Apart from nutrients, many other molecules provided by diet might 
be important from the point of view of periodontium health, among these, antioxi-
dants, prebiotics, probiotics, herbal extracts, and some other may be included. In 
the present review, we will discuss on major and minor nutrients, since antioxi-
dants are treated into another chapter of this book and because the study of other 
molecules might avoid a proper focus of the matter. For each nutrient, a brief 
introduction considering main functions of this nutrient in health will be exposed. 
Then, main studies performed on each nutrient in relation to periodontitis will be 
analyzed, distinguishing human (cross-sectional, follow-up, case–control, inter-
vention studies) from experimental (animals and cell cultures, when available) 
studies.  
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17.2     Macronutrients 

17.2.1     Proteins 

 Protein is the most common substance in the body after water, making up about 
50 % of the body’s dry weight. They can provide structure in the body, as occur with 
collagen, or support different bodily functions, like in the enzymes case. Amino 
acids from protein in the diet can be utilized for protein synthesis and repair. Twenty- 
two amino acids are needed for protein synthesis, nine of which are considered to 
be essential amino acids: histidine, isoleucine, leucine, lysine, methionine, phenyl-
alanine, threonine, tryptophan, and valine. Excess amino acids are not used for protein 
synthesis or repair; instead they are utilized for energy [ 18 ]. 

 Proteins are components of defensive molecules and barriers that help to control 
the disease process. The periodontal defenses include cell-mediated immunity, anti-
body or humoral immunity, the complement system and innate immunity. Also, the 
crevicular and junctional    epithelia provide an epithelial barrier function that 
provides a major defensive barrier to invasion by antigens, noxious products and 
bacteria, and undergoes a rapid turnover [ 18 ]. 

 Protein energy malnutrition appears related to periodontal diseases susceptibility. 
It has been found that periodontal disease progresses more rapidly in undernourished 
populations [ 19 ], presumably due to overgrowth of periodontopathic organisms 
[ 20 ,  21 ]. In African populations, it has been commonly found acute necrotizing 
gingivitis in children, and periodontal pockets in adolescent and adults, although tooth 
loss seems infrequent [ 22 ]. The severity of protein energy malnutrition has shown 
important effects on saliva that has a major role in the maintenance of oral health [ 23 ]. 
Children’s saliva presented decreases of volume and secretion rate, protein content [ 24 , 
 25 ], and a reduction in immunologic and agglutinating defense factors [ 26 ,  27 ]. It seems 
more important when individuals are young if these results are compared with studies 
in adults [ 28 ] accompanied by changes in salivary gland function and structure if 
observations in rats are considered [ 29 – 31 ]. However, most of the epidemiological 
studies on protein defi ciencies have added complications. Protein defi ciencies have 
usually observed on malnourished populations, so it is not strange that they are accom-
panied by defi ciencies in other nutrients. Furthermore it used to be accompanied by 
many risk factors like poor oral hygiene habits [ 32 ]. Altogether makes diffi cult to 
consider malnutrition and protein energy malnutrition as the main cause of the obser-
vations from epidemiological studies.  

17.2.2     Glucids 

 The main role of glucids or carbohydrates is to provide the body with energy. 
Carbohydrates are primarily used as a source of energy but they also aid in fat 
metabolism. Carbohydrates are found within the body as glycoprotein and 
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glycosaminoglycans. They are essential for synthesis of the ground substance of the 
connective tissues, such as chondroitin, keratin, and dermatan sulfates. Glucose is 
also essential for erythrocyte and brain function. The body stores carbohydrates as 
glycogen (polysaccharides composed of α-linked glucose molecules). Carbohydrates 
are protein sparing, in that when inadequate amounts of dietary carbohydrates are 
ingested, the body breaks down protein to provide glucose. Major sources of carbo-
hydrates are sugars and starches [ 17 ]. The groups of glucids that have shown relevant 
roles for development and progression of periodontitis or periodontal diseases are 
described below. 

17.2.2.1     Simple Sugars: Monosaccharides and Dissacharides 

 Monosaccharides and disaccharides, also    known as simple sugars or sugars, provide 
substrate for oral bacteria to synthesize extracellular polysaccharides that enhance 
plaque mass [ 33 ], which may contain cariogenic and periodontal pathogens, and 
these could affect the periodontal tissue negatively [ 34 ]. 

 Studies in humans that have examined the effect of sugars intake on periodontitis 
or gingivitis, are few [ 35 – 37 ] and no clear trend has emerged [ 38 ]. The most severe 
effect was noted in a follow-up study in older subjects. In this research, sugar con-
sumption at baseline was positively associated with number of periodontal disease 
events, determined by the attachment level changes, during 6 years [ 39 ]. 

 The effect of sugar-rich diets on periodontal disease has been studied experimentally 
in humans too. Most of them have shown higher plaque volumes in subjects taking 
high sugar diets compared with those taking low sugar diets [ 38 ,  40 – 42 ]. According 
to periodontal diseases, it has been observed that these diets combined with oral 
hygiene absence lead to gingival infl ammation [ 38 ,  42 ], but not to other severe form 
of periodontal disease which could be due to experimental period too short. At least in 
one case there were no differences on plaque amount between dietary groups, both 
without oral hygiene [ 38 ]. These results would suggest that oral hygiene is a major 
factor for plaque development, but the organisms present in it, when subject with high 
intake of sugars, seems to have more irritant effects on gum. 

 Experiments in animals have provided diverse results that could help to understand 
this association. Many studies have shown that dietary sugar has possible role in pro-
gressive periodontal disease in animal models, including rice rats (Oryzomyspalustris) 
[ 43 ,  44 ], hamsters [ 45 ,  46 ], and rats [ 47 ]. In rice rats a high sucrose diet, maintained 
for 12 and 18 weeks, increased alveolar bone loss in mandibles and maxillae [ 44 ]. 
However sucrose intake    might be irrelevant when other factors are present as occur in 
certain experimental models. In rats receiving ligatures to induce periodontitis, 
sucrose-rich diets had no effect over periodontal destruction, although in this case, 
they were fed diets for 30 days only [ 48 ].  

17.2.2.2     Dietary Fiber 

 Carbohydrates non-digestible by humans are considered dietary fi ber. They are 
present in soluble and insoluble forms in nature, which manifest different properties. 
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Insoluble fi ber can retain fl uid and provides bulk in the gastrointestinal system. 
Soluble fi ber helps bind cholesterol molecules and might decrease cholesterol from 
the diet [ 49 ]. Diets high in fi ber have been shown benefi cial effects on diabetes 
mellitus, cardiovascular disease, obesity, intestinal disorders, and several forms of 
colon cancer [ 50 – 58 ]. 

 A diet rich in fi ber could protect against periodontal disease through several 
mechanical actions, including cleansing the tooth surfaces of plaque [ 59 ] and forcing 
more chewing, which stimulates the parotid salivary gland to increase salivary fl ow 
[ 60 ] and remove potentially harmful bacteria [ 61 ]. Additional interest in dietary fi ber 
effect on periodontal health stems from fi ber’s effect on systemic condition and 
body’s weight. Briefl y, fi ber controls serum glucose levels and lowers lipids, blood 
pressure, body mass index and even infl ammatory agents excreted by adipose tissue, 
which have been associated with periodontal disease [ 50 ,  51 ,  53 ,  57 ,  58 ]. 

 There are several evidences that support the benefi cial role of dietary fi ber, 
although the reason behind this is not entirely clear. In cross-sectional studies, a low 
dietary fi ber intake increases periodontal infl ammation in middle-age women [ 62 ], 
and gingivitis risk in female adolescent [ 63 ]. Dietary habits related to cardiovascular 
diseases risk including low intakes of fi ber had been noted higher in edentulous 
women compared with women with 25–32 teeth [ 64 ]. 

 If it is taken into account the intake of dietary fi ber-rich foods, there are follow- up 
studies whose results suggest the same effect. It was found that high whole-grain 
cereal intake had lower risk to get periodontitis, but it was not associated with 
refi ned-grain intake. In addition, cereal fi ber was inversely related to periodontitis 
risk, but the association was not signifi cant after adjustment for whole-grain intake 
[ 65 ]. In a survey in dwelling men, foods that provided 2.5 g or more of fi ber per 
serving, were considered good and excellent fi ber sources. It showed that each serving 
of good to excellent sources of total fi ber was associated with lower risk of alveolar 
bone loss progression and tooth loss, but only when they are older than 65 years. 
Also, intake of fruits which were good to excellent sources of fi ber was associated 
with lower risk of progression of alveolar bone loss, probing pocket depth and tooth 
loss [ 61 ]. In other study in women, severity of periodontitis was inversely correlated 
to frequency of intakes of green vegetables and fruits [ 62 ].  

17.2.2.3     Ethanol and Alcoholic Beverages 

 Alcoholism or alcohol abuse can infl uence host defenses causing toxic damage as 
fatty liver, cirrhosis, cerebral atrophy, cardiomyopathy, gastrointestinal bleeding, 
and pancreatitis [ 66 ]. Alcoholism is a chronic illness with a slow evolution, taking 
on average 15–20 years to present clinical evidence [ 67 ]. Apart from the reliable 
evidence that alcohol intake cause serious damage to general health, studies have 
suggested that alcohol consumption and alcohol dependence may cause harmful 
effects in the oral cavity such as caries, loss of teeth, oropharyngeal cancers, and 
periodontal disease [ 68 – 70 ]. 

 According to periodontal disease, there are many epidemiological studies that 
have taken into account the alcohol consumption role. Most of the cross-sectional 
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and follow-up studies in adults have shown that high intake of ethanol was associ-
ated with different parameters or indices using to assess periodontal disease sever-
ity or progression. They included community periodontal index [ 71 ], gingival 
bleeding [ 72 ], pocket depth [ 73 ,  74 ], clinical attachment level [ 72 ,  75 ], and alveo-
lar bone loss [ 76 ], although the last two did not show any relationship with ethanol 
intake in some studies [ 72 ,  73 ]. Likewise, periodontitis prevalence was higher in 
those groups that consumed more alcohol, when periodontitis presence was deter-
mined through pocket depth and clinical attachment level [ 76 ], or by means of alveolar 
bone loss [ 77 ]. 

 The infl uence of ethanol consumption seems to be reduced when certain risk factors, 
as tobacco use, are present. That fact could explain the reason because it has been 
found no relationships in a few researches [ 78 ,  79 ]. However in these cases, peri-
odontal condition was assessed by only one parameter which may not be suffi cient 
if the disease severity was low. Results observed in other could support this idea. 
In univariate models, it has observed more moderate and severe periodontitis cases 
in alcohol drinkers. Meanwhile in multivariate models ethanol consumption had no 
effect [ 80 ]. In a case–control survey, it was noted more horizontal bone loss and 
periodontal destruction in alcoholic compared with non-alcoholic but only when 
they were non-smokers [ 70 ]. Additionally, in certain occasions the associations 
only have been present in men if gender was considered [ 81 ]. 

 Research in rats has confi rmed the harmful role of alcohol but only under cer-
tain conditions. High alcohol consumption generally exacerbated alveolar bone 
loss in rats triggered by ligatures placement, in experimentally induced periodon-
titis models [ 82 ,  83 ]. Nevertheless, it had no effect when ligatures were not present 
[ 82 ,  83 ]. The effect of ethanol on periodontitis could be due at least in part to their 
energetic role. It has been found no difference between alcohol containing-diet and 
sucrose- rich diet with the same calories [ 82 ]. However a high sucrose diet has 
shown increased alveolar bone loss in mandibles in rice rats [ 44 ], so its use as a 
control diets can be discussed. These observations could be due to changes in oxi-
dative stress and infl ammatory state. Rats fed diet containing ethanol presented 
elevated markers [reduced glutathione reduced/oxidized (GSH/GSSG) ratio and 
8-hydroxy- deoxyguanosine (8OHdG) and tumor necrosis factor (TNF)-α levels 
increased] related to infl ammation and oxidative stress in gingival tissues. Ethanol 
administration enhanced oxidative stress and infl ammatory marker levels associ-
ated to periodontitis induced by ligatures, on periodontal tissues. They included 
nitric oxide synthase inducible (iNOS) mRNA expression and activity, interleukin 
(IL)-1β mRNA expression [ 84 ] reduced GSH/GSSG ratio and TNF-α levels [ 85 ]. 
At histological level, ethanol consumption has also shown an additive effect on 
polymorphonuclear leukocyte infi ltration [ 85 ]. Moreover, stress oxidative markers 
showed the same trend in liver and blood [ 86 ]. The intake of ethanol without addi-
tional treatments seems to produce some of these effects at systemic levels too, 
which explain the additive effect mentioned. In rats drinking ethanol, it has been 
found increased gingival levels of 8OHdG and TNF-α and reduced GSH/GSSG 
ratio, and blood hydroperoxides. Curiously, there is a study in that ethanol intake 
prevented alveolar bone loss in teeth without ligature, but it has no interaction with 
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ligature effects [ 87 ]. Additionally, it has avoided PGE2 increase produced by ligatures 
placement in other experimental model, but in this case other infl ammatory markers 
are elevated [ 84 ].   

17.2.3     Lipids 

 Lipids are a more concentrated source of energy than carbohydrates or proteins. 
Properties that confer    them have two functions in the body, they help provide energy 
and store energy. Also lipids are important for thermal insulation. Two essential fatty 
acids are required in our diet: linoleic acid and linolenic acid. Obesity is a risk factor 
for periodontal disease [ 18 ], probably through the secretion of pro- infl ammatory cyto-
kines by adipocytes as being described above [ 53 ,  57 ]. Recent research has started 
to include fatty acids that attenuate the infl ammatory process or have anti-infl ammatory 
properties, like n-3 polyunsaturated fatty acids (PUFA), eicosapentaenoic acid 
(EPA), docosahexaenoic acid (DHA), and linolenic acid (LNA), as well as the n-6 
fatty acid, γ-linolenic acid (GLA) [ 15 ]. However, no research has been conducted on 
the putative role of other well-documented healthy fatty acids such as monounsaturated 
fatty acids (MUFA). 

 Several studies have investigated the potential effects of different fatty acids (main 
attention has been paid to PUFA, particularly to n-3 PUFA) derived from diet or as 
supplements, on periodontal disease, both in humans [ 88 – 93 ] and in experimental 
models [ 94 – 99 ]. In humans, almost irrelevant has been the study of MUFA, with one 
study using olive oil (not virgin olive oil) as placebo [ 88 ]. Two studies focused on gin-
givitis [ 88 ,  89 ] and results did not show positive effects of the n-3 PUFA treatment. 
However, in general, and despite the varying experimental conditions (patient size, 
periodontal measures, and others), a protective association of n-3 PUFA on periodonti-
tis has been found after the treatment with or higher intake of these fatty acids [ 90 – 93 ]. 
In animals, all revised studies focused on n-3 PUFA. Results were different    depending 
on the dietary treatment schedule (in a preventive way or as treatment after infection) 
and duration; and on the way to induce periodontitis (by the injection of lipopolysac-
charide or by the infection with bacteria). Overall, when periodontitis was induced by 
the injection of bacterial lipopolysaccharide, n-3 PUFA did not lead to reductions in 
alveolar bone loss [ 94 – 96 ]. However, when bacterial inoculation was used, n-3 PUFA 
reduced alveolar bone loss in a signifi cant manner [ 97 – 99 ].   

17.3     Vitamins 

17.3.1     Vitamin C 

 Vitamin C is also known as ascorbic acid. It was named for its ability to cure scurvy. 
Vitamin C is involved in many cellular functions. It is needed for the hydroxylation 
of proline and lysine during collagen production and functions as an antioxidant. 
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The classic vitamin C defi ciency disease is scurvy, a hemorrhagic disease, which 
presents with muscle weakness, lethargy, diffuse tissue bleeding, painful and swol-
len joints, ecchymoses, increased fractures, poor wound healing, gingivitis, and loss 
of integrity of the periodontal ligament [ 17 ]. 

 The research into the relationship between vitamin C (ascorbic/ascorbate acid) 
and periodontal-related diseases comes from as far as the eighteenth century when 
it was observed that scurvy was fully recovered after a treatment with oranges and 
lemons [ 100 ]. Since then, many experimental and epidemiological studies tried to 
address this question. However, differences concerning methodological approaches 
(like the assessment of vitamin C levels by inferring from dietary intake, by analyz-
ing saliva, plasma or urine, and so on) avoid in some situation a comparative analy-
sis of the available studies. Also, differences in the study design (cross- sectional, 
follow-up, case–control, etc.) or population characteristics (healthy subjects, 
smoker, diabetic patients, children, old persons, etc.) should be considered. 
According to that, fi nding from cross-sectional studies with healthy voluntaries sug-
gest that when plasma or serum vitamin C is evaluated, concentrations of the vita-
min are inversely correlated with the number of seropositive subjects in 
 Porphyromonas gingivalis  [ 101 ], with clinical attachment loss [ 102 ,  103 ] or with 
the risk to suffer for periodontitis [ 104 ]. Also, an inverse correlation between vita-
min C and periodontitis risk has been shown in cross-sectional studies involving a 
great number of individuals and based on the intake of vitamin C analysis [ 105 , 
 106 ]. From follow-up studies, it can be concluded that low serum levels of vitamin 
C led to a higher adjusted relative risk for periodontal disease [ 104 ]; to a signifi cant 
effect on edentulism [ 107 ] or to the number of teeth with periodontal disease pro-
gression [ 108 ]. Results from case–control studies are contradictory and depends on 
the biological matrix used to test vitamin C levels. Studies that used saliva as bio-
logical sample did not show differences between case and controls [ 109 – 111 ]. 
However, studies in which vitamin C was assessed in plasma, serum, or white blood 
cells [ 112 ,  113 ] reported lower vitamin C levels in periodontitis patients than in 
healthy controls. Despite the evident relationship between vitamin C levels and 
periodontitis, only a few number of intervention studies reported positive effects on 
the supplementation of periodontitis patients or healthy volunteers under experi-
mental periodontitis or gingivitis with vitamin C [ 114 ,  115 ], with most of them 
showing no effects [ 116 – 121 ]. According to that, it might be possible to conclude 
that a correct vitamin C intake is necessary to avoid periodontal problems but that 
when the pathological state has been instituted, a supplementation with vitamin C is 
not enough to revert to the healthy estate. 

 Ascorbic acid is a cofactor for lysyl and prolyl hydroxylase, two iron essential 
enzymes in the collagen biosynthesis pathway. Interestingly, lysyl hydroxylase is 
downregulated in oral epithelial cells when exposed to the challenge of periodontal 
pathogens, providing some evidence for collagen dysmetabolism as a feature of 
frustrated healing. The role of vitamin C is to promote the synthesis of a normal 
mature collagen network by preventing iron-dependent oxidation of lysyl and pro-
lylhydroxylase and protecting these enzymes against auto-inactivation [ 122 ]. This has 
been confi rmed by several investigations conducted on human cell lines [ 123 ,  124 ]. 
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Oxidative stress and other aspects associated with free radicals, like infl ammation 
or apoptosis have been shown to be involved in the relationship between vitamin C 
and periodontitis [ 125 – 128 ]. Finally, vitamin C has also been investigated in relation 
to changes in osteoclastic cells differentiation in rats under experimental periodontitis 
induced by teeth ligature [ 129 ]. These authors found that vitamin C inhibited bone 
resorption via a lower osteoclast activation and RANKL expression.  

17.3.2     Vitamin-B Complex 

 Thiamin, niacin, ribofl avin, pantothenic acid, pyridoxine, folic acid, cyanocobalamin, 
and biotin together form the water-soluble vitamin-B complex. Thiamin, also 
known as vitamin B1, is required for the normal function of muscles and nerves 
because it converts glucose to energy. Niacin, known as vitamin B3, plays a role 
mainly in helping enzymes to function properly. Ribofl avin, also known as vitamin 
B2, has been proven to be essential to normal growth, muscle development, and hair 
coat. Pantothenic acid enables the body to create usable energy from carbohydrates, 
fats, and proteins. Vitamin B6 is used by the body in the utilization of amino acids. 
Folic acid and vitamin B12 (also called cyanocobalamin) are two closely related B 
complex vitamins that are necessary for the bone marrow to produce red blood cells, 
and a defi ciency of either can lead to advanced anemia. Biotin is one of the most 
discussed of all vitamins, primarily because of its role in collagen synthesis. It is 
generally necessary for growth, digestion, and muscle function [ 130 ]. The vitamin- B 
complex may be important for periodontal wound healing [ 131 ]. Cross-sectional 
studies have found that low serum folate level was independently associated with 
periodontal disease [ 132 ], as well as a negative correlation between dietary folate 
level and bleeding on probing [ 133 ], although no signifi cant association was found 
among periodontal index scores and folate intake [ 133 ]. Another cross-sectional 
study found positive effects of the intake of several components of the vitamin-B 
complex (B1, B6, niacin, and pantothenic acid) on the number of teeth preserved in 
old adults [ 134 ]. In 2005 Hung et al. reported a follow-up study based on 83,104 
women [ 64 ]. After adjusting for age, total calorie intake, smoking, and physical 
activity, edentulous women appeared to have dietary intake associated with increased 
risk for cardiovascular diseases, including signifi cantly higher intake of vitamin 
B12, and lower intake of vitamin B6 and folate. 

 The role of smoking as a risk factor for periodontal disease is well documented. 
Cigarette smoking is a strong predictor of deeper probing depths, greater attachment 
loss, more bone loss, and fewer teeth [ 135 ]. Cigarette smoking also affects vitamin 
B12 and folic acid mechanisms. A case–control study based on smokers (45 indi-
vidual) and non-smokers (43 individual) aged 31–68 years and affected by chronic 
periodontal disease demonstrated that serum folic acid was lower in smokers, who 
showed higher plaque index, gingival index, pocket depth, and white blood cells 
[ 135 ]. These same authors, extending the study in a longitudinal way and including 
a non-surgical intervention for chronic periodontitis, observed that the clinical 
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response was impaired by smoking, and smoking negatively infl uenced serum 
levels of folic acid following non-surgical intervention [ 136 ]. According to some 
studies, folic acid supplementation produces signifi cant reduction of gingival 
infl ammation as determined by decreased redness, bleeding, tenderness, and exu-
dates [ 137 – 142 ]. More recently, Neiva et al. [ 130 ] in a placebo-controlled trial, 
found that vitamin-B complex supplement in combination with access fl ap surgery 
resulted in statistically signifi cant superior clinical attachment level gains when 
compared to placebo.  

17.3.3     Vitamin K 

 Vitamin K exists naturally in multiple dietary forms. Phylloquinone (vitamin K1) is 
a 2-methyl-1,4-napthoquinone ring with aphytyl group at the 3-position. 
Menaquinones (vitamin K2) are endogenously synthesized and differ in structure 
from phylloquinone in their 3′-substituted [ 143 ]. Vitamin K is required for blood 
clotting. The “K” is derived from the Danish word “koagulation.” Vitamin K is 
needed for the carboxylation of glutamic acid residues found in the clotting factors 
produced by the liver. The drug warfarin (coumadin), a vitamin K antagonist, func-
tions by inhibiting this carboxylation and preventing the function of these factors 
[ 18 ]. It has been proposed that vitamin K has multiple roles beyond coagulation, 
both dependent and independent of its known biochemical function as an enzyme 
cofactor. This expanded scope of potential functions of vitamin K in the mainte-
nance of human health has been accompanied by a substantial number of observa-
tional studies and, to a lesser extent, randomized controlled trials designed to isolate 
the role(s) of vitamin K in the prevention of specifi c chronic diseases, including 
osteoporosis and cardiovascular disease [ 143 ]. 

 Up to date, there is paucity in studies evaluating vitamin K in periodontitis. In 1998, 
Rawlinson et al. performed a cross-sectional study investigating healthy and dis-
eased sites from eighteen subjects with adult periodontitis aged 27–64 years [ 144 ]. 
Findings from this study suggest that the levels of phylloquinone in gingival cre-
vicular liquid are lower in periodontal health than in disease sites. Since phylloqui-
none is an absolute growth requirement for black-pigmented anaerobes, many of 
which are implicated in the etiology of periodontal diseases, authors suggested that 
total phylloquinone at diseased sites may provide the nutritional requirements favor-
ing the growth of black-pigmented anaerobes. In 2007, Hojo et al. assessed the 
possibility that bifi dobacteria compete with  P. gingivalis  for their mutual growth 
factor vitamin K [ 145 ]. This study also examined whether salivary Bifi dobacterium 
species decrease vitamin K concentration in the growth medium. Authors concluded 
that  Bifi dobacterium adolescentis  S2-1 decreased vitamin K concentration and 
inhibited the growth of  P. gingivalis  by possibly competing for the growth factor 
and that according to these results, salivary bifi dobacteria may possess the potential 
to suppress the growth of  P. gingivalis  by reducing the growth factors in the 
environment.  
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17.3.4     Vitamin A 

 Vitamin A, a fat-soluble vitamin, is needed for the maturation of epithelial tissues 
and is required for vision, being a component of visual purple (essential for night 
vision). Preformed vitamin A is found primarily in animal fats and fi sh oils as reti-
noids, which can be toxic when taken in high doses. Carotenoids (a provitamin) are 
present mainly in vegetables and fruits and are precursors of vitamin A. β-Carotene, 
the main carotenoid found in foods, is nontoxic in high doses and functions as an 
antioxidant [ 18 ]. Retinoids are required for maintaining many essential physiologi-
cal processes in the body, including normal growth and development, normal vision, 
a healthy immune system, normal reproduction, and healthy skin and barrier func-
tions [ 146 ]. Concerning vitamin A and periodontitis, in 1976, Freeland et al. in a 
cross-sectional study with 80 dental patients, reported that dietary vitamin A was 
inversely related to periodontal index [ 147 ]. In 2009 Linden et al. performed a 
cross-sectional study with 1,358 men, founding that the levels of α- and β-carotene, 
β-cryptoxanthin, and zeaxanthin were signifi cantly lower in men with periodontitis 
[ 148 ]. Participants in the third national health and nutrition examination survey 
(NHANES III) were used in a study [ 149 ] to investigate the relationship between 
monthly tomato consumption and serum lycopene levels, and a self-reported history of 
congestive heart failure in individuals with periodontitis. Conclusions of the study 
were that a relationship exists between periodontitis and congestive heart failure 
risk, and high monthly tomato consumption appeared to affect this relationship in a 
positive direction in periodontitis subjects. In 2007, Chandra et al. reported results 
from a treatment-placebo trial with 20 systemically healthy patients showing clinical 
signs of gingivitis [ 150 ]. Treatment with lycopene resulted in a statistically signifi -
cant decrease in gingivitis when compared with placebo.  

17.3.5     Vitamin E 

 Vitamin E is a fat-soluble vitamin whose primary role is to function as an antioxi-
dant. It is composed of eight related compounds called tocopherols or tocotrienols. 
The most active form is α-tocopherol, which is incorporated into the lipid membrane 
of cells helping to quench free radicals, thus protecting the fatty acids in the lipid 
bilayer [ 17 ]. 

 In man, greater dietary intake of vitamin E has been associated with fewer reported 
oral symptoms [ 151 ]. Linden et al. [ 148 ], investigating 1,258 men aged 60–70 years 
found no signifi cant differences in the levels of α- and γ-tocopherol in relation to 
periodontitis. On the other hand, Battino et al. [ 152 ] working with a group of patients 
belonging to three generations of a family with different degrees of severity of 
Papillon–Lefèvre syndrome (PLS), an uncommon disease in which palmoplanar 
ectodermal dysplasia is accompanied by a particularly aggressive periodontal dis-
ease [ 153 ], found that serum vitamin E levels were very low in the child of the third 

17 The Role of Nutrition in Periodontal Diseases



262

generation (phenotypically affected) and his mother. These results have been con-
trasted with more patients [ 154 ]. A follow-up study with 83,104 women in USA [ 64 ] 
found that edentulous women showed lower intake of vitamin E. Another follow-up 
study performed on 224 Japanese aged 71 years found that low serum levels of vita-
min E showed higher adjusted relative risk for periodontal disease events. On the 
other hand, old studies showed that circulating concentrations of the vitamin were 
the same in patients with and without periodontitis [ 155 ]. Concerning supplemen-
tation studies, it was early showed that patients with periodontal disease who 
were given vitamin E daily for 21 days to swish in their mouths and swallow exhib-
ited a signifi cant decrease in fl uid fl ow from the gingival sulcus than in controls 
with disease but no vitamin E supplementation [ 156 ]. Also, subjects given    vitamin 
E supplementation for 12 weeks exhibited a reduction in Russell’s Periodontal 
Index [ 157 ]. However, topical vitamin E did not reduce gingivitis over a 4-week 
period relative to a placebo [ 158 ], but the method appeared insensitive in that 
chlorhexidine similarly had non-signifi cant effects on gingivitis. The implication 
of vitamin E in periodontal diseases is related to its role on reactive oxygen spe-
cies, infl ammation, and immunomodulation biology. All these aspects have been 
assessed by investigating with cell cultures [ 127 ,  159 ] and rats [ 160 ,  161 ].  

17.3.6     Vitamin D 

 It is well known that the active vitamin D (VD) hormone, 1,25-dihydroxyvitamin D 
(1,25(OH) 2 D), is a major component in the regulation of bone metabolism and 
bone-related biomarkers by playing a signifi cant role in promoting calcium and 
phosphate absorption [ 162 ]. If plasma calcium concentrations decrease, calcium 
reabsorption from bone increases leading to decreased bone mineralization [ 163 ]. 
VD also regulates the expression of a number of bone-related genes (e.g., osteocal-
cin and alkaline phosphatase) via VD receptor (VDR) [ 164 – 167 ]. More recently, 
1,25(OH) 2 D has been shown to increase transcription of antimicrobial peptides 
[ 168 ,  169 ] which fi ght foreign invaders (e.g., pathogenic oral bacteria). VD may 
also protect against periodontitis because of anti-infl ammatory properties of 
1,25(OH) 2 D [ 170 – 172 ]. For example, the VDR is expressed on a number of human 
immune cells [ 170 – 172 ] and 1,25(OH) 2 D has been shown to decrease proliferation 
of T and B lymphocytes [ 173 ,  174 ] and inhibit the T-helper (Th)1 and Th17 
(pro- infl ammatory) cell response [ 175 ] while promoting a Th2 (anti-infl ammatory) 
cell response [ 176 ,  177 ]. 

 Studies on vitamin D might be divided between those focused on VD itself and 
those aboarding aspects related to VDR. Concerning studies on VD, two cross- 
sectional studies conducted using the NHANES III (1988–1994) observed an 
inverse association between serum 25-hydroxyvitamin D concentrations [25(OH)
D] and gingival infl ammation and periodontal clinical attachment level [ 178 ]. 

 Few studies have investigated the association between vitamin D status, assessed 
with a blood biomarker, and periodontal disease. Of those conducted, the majority 
were small case–control studies [ 179 – 181 ].   
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17.4     Minerals 

17.4.1     Calcium 

 Almost all body’s calcium content is in the skeletal system, where most of the mineral 
portion being present as hydroxyapatite. Due to this structural role, calcium is 
needed for normal bone metabolism, where there is an interplay among the osteo-
blasts, osteocytes, and osteoclasts. Therefore it plays a major role in nerve conduc-
tion and blood clotting [ 18 ]. 

 Calcium is in equilibrium among bone, extracellular water and soft tissue, with 
about 0.7 g being absorbed and redeposited daily, and its defi ciency can lead to a 
decrease in serum calcium, resulting in mobilization from host tissues [ 18 ]. Under 
these conditions, alveolar bone may be affected in the same way as other parts of 
skeleton. In this sense, Amarasena et al. [ 182 ] observed that serum calcium was 
associated with the progression of periodontal disease in elderly Japanese. However, 
in other study in a wide population from NHAMES III participants, it was observed 
that low serum calcium levels were related to periodontal disease only in younger 
females [ 183 ]. According to this relationship, it had been found a negative correla-
tion among loss of clinical attachment and bone mineral density of some bones 
assessed [ 184 ], but when old women with or without periodontal disease have been 
compared, there were no differences in bone mass index or in absolute percentage 
or percentage change in bone mass index of hip and its subregions [ 185 ]. 

 Attending to the impact of calcium consumption, several studies have shown that 
low calcium intakes were associated with low number of teeth [ 186 ], periodontal 
disease [ 183 ], or periodontal index [ 147 ]. If dietary recommendations were taken 
into account, calcium intake below recommendations was associated with increased 
risk of subsequent tooth loss only in men [ 186 ]. Calcium provided by dairy products 
seems more important at least in relation to periodontitis. Adegboye et al. [ 187 ] 
have shown a similar relationship only with calcium from dairy products in older 
adults, and only with milk and fermented foods when previous intake was subdi-
vided. In the same sense, these authors and other have found that dairy products 
intake was related to periodontitis prevalence [ 188 ] or risk [ 187 ,  188 ], particularly 
in milk and fermented foods case [ 187 ]. Interventional trials including dietary cal-
cium always have been made in conjunction with vitamin D. Periodontitis patients 
receiving periodontal maintenance therapy [ 189 ] or extraction of several teeth and 
immediate placement of dentures [ 190 ] who have taken vitamin D and calcium 
combined showed lower values several on clinical measures related to periodontal 
diseases, probing depth, bleeding on probing, gingival index, furcation involvement, 
clinical attachment loss, height alveolar crest [ 189 ], or alveolar bone loss than 
placebo-treated individuals [ 190 ]. 

 Studies developed in animals, mainly rats, have supported the importance of 
calcium for these pathologies. In a model of experimental periodontitis induced by 
elastic ring insertion, female rats were fed (before and during the experimental pro-
cedure period) on different amounts of calcium [ 11 ,  192 ]. In this study, it was found 
that calcium intake was positively related with a higher bone mineral density and 
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with a lower alveolar bone height [ 191 ,  192 ]. These effects were more evident for 
lactating rats [ 192 ], but there was no differences when dietary calcium were high 
enough [ 191 ]. Bone mineral density in their pups, when they were present, was 
affected in the same manner [ 191 ]. In female mice, it has been observed decreases 
in bone in femur and alveolar crest, being affected trabecular bone but not alveolar 
crest height, when they received a calcium-defi cient diet. This effect could be 
reverted when calcium were replacement for the same period [ 193 ]. 

 Parotid saliva and gland features have been affected by dietary calcium too. In 
rats fed low calcium diets, salivary fl ow amylase activity and content, and acinar 
cells AMPc from parotid gland, fi rstly increased, but decreased at 4 weeks, just 
when the gland weight started to decrease [ 194 ].  

17.4.2     Magnesium 

 The average person contains about 25 g of magnesium, with the majority stored 
in bone and about 25 % present in soft tissues [ 17 ]. However it is present in all 
tissues playing a crucial role in many physiological functions. Magnesium is the 
physiologic calcium antagonist [ 122 ]. Intracellular magnesium is concentrated in 
mitochondria and involved in energy transfer [ 17 ]. Magnesium defi ciency has 
been suggested to be involved in the etiology of cardiovascular diseases, diabetes, 
pre- eclampsia, eclampsia, sickle cell disease, and chronic alcoholism [ 195 ]. 

 A cross-sectional study has not found any association of magnesium serum con-
centration with periodontal index [ 147 ]. Attending to its relationship with calcium, 
serum calcium/magnesium ratio has been studied. It has been observed an inverse 
dose–response relationship between calcium/magnesium ratio and periodontal dis-
ease events in elderly persons, but only when they were smokers [ 196 ]. If it consid-
ered people aged between 20 and 80 years old, a high serum calcium/magnesium 
ratio was associated with reduced probing depth, less attachment loss, and a higher 
number of remaining teeth [ 197 ]. According to possible magnesium consumption 
effect, the only evidence found has been that people taking magnesium-containing 
drugs showed less attachment loss and more remaining teeth compared with their 
matched counterparts, in subjects aged 40 years old and older [ 197 ]. 

 Furthermore, it has been found that salivary levels of magnesium and clinical 
attachment level were correlated in smokers [ 198 ]. Certain in vitro studies could 
explain a relevant role of magnesium on this fl uid, magnesium cation enhanced 
lactoferrin killing activity of  A. actinomycetemcomitans , while other ion, like potas-
sium and calcium, had no effect. Furthermore it seems to participate in opsonization 
and subsequent phagocytosis of at least  P. gingivalis  [ 199 ]. On the other hand, in 
 Streptococcus gordoni  cultures, peroxidogenesis was stimulated with magnesium 
cation presence [ 200 ].  
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17.4.3     Phosphorus 

 Phosphorus is found in all plant and animal cells. A primary dietary defi ciency of 
phosphorous is not known. About 600–900 g of phosphorus is present in bone in 
hydroxyapatite. In the past, it was thought that phosphate intake could infl uence 
calcium absorption, but it is now known that phosphate intake has little consequence 
for calcium absorption at normal levels of intake [ 18 ]. In hamster, a diet with 
Ca 3 (PO 4 ) 2  or a mixture of dibasic sodium phosphate and monobasic potassium 
phosphate showed inhibition of alveolar bone loss, but in the second case it was not 
signifi cant [ 201 ]. An in vitro study investigated the role of phosphorus alone or 
combinated with ascorbate [ 124 ]. Results shown a synergistinc action between 
phosphate and l-ascorbate, leading together to an improved intracellular vitamin C, 
collagen synthesis and decrease ROS production and IL-8 expression in a more 
effective manner than  l -ascorbate sodium [ 124 ]. We found only a study in which 
phosphorus effect on periodontitis was studied in humas [ 202 ]. In this study, sub-
gingival local irrigation with inorganic polyphosphate was studied in a randomised 
double-blind study of 33 patients with periodontitis. Scaling and root planing were 
performed 1 week after the initial examination. No signifi cant differences between 
the inorganic polyphosphate group and control were detected in each item except 
IL-1b. Patients in whom both the bleeding on probing and gingival index at 1 week 
had improved were signifi cantly older in the inorganic polyphosphate group than in 
the control group (p < 0.05). Bone regeneration was seen in one case of the inor-
ganic polyphosphate group. Author concluded that inorganic polyphosphate was 
useful in the treatment of periodontitis in the elderly, indicating a probable effect of 
anti-ageing, with similar bone regenerations occurring in both groups.  

17.4.4     Iron 

 Iron is important as a functional component of hemoglobin and it aids immune 
function. The typical person has about 4 g of iron: 2.5 g in hemoglobin, 0.3 g in 
myoglobin and cytochromes, and about 1 g in iron stores (ferritin). Most iron is 
used to make red blood cells in the bone marrow. Iron defi ciency leads to anemia, 
which is seen more in women during their reproductive years and in children due to 
their rapid growth [ 17 ]. Some epidemiological studies have found a negative rela-
tionship between periodontal diseases related parameters, like periodontal index or 
IgG against  P. gingivalis , and iron levels in blood or serum [ 203 ,  204 ], but it was not 
always present [ 147 ]. According to iron intake, no association with periodontal 
index has been noted in a cross-sectional study [ 147 ]. However, in a vitamin B12 
and iron severe anemia case associated to generalize alveolar bone loss, treatment 
for one year maintained the values stable during this period [ 205 ]. 
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 Associations with clinical parameters related to anemia also have been searched. 
Community periodontal index has been related to glycosylated hemoglobin A1 and 
A1c [ 203 ]. In some case–control studies, periodontitis patients have shown lower 
hematocrit, lower number of erythrocytes and hemoglobin compared with healthy 
subjects [ 206 ,  207 ], and higher erythrocytes sedimentation [ 206 ], but in other it was 
not found any associations [ 208 ]. Some authors [ 209 ,  210 ] have suggested that 
anemia is one of the causes of destructive periodontitis, but others [ 211 ] have pro-
posed that periodontitis cause an anemia type termed as anemia of chronic disease. 
This condition is defi ned as the anemia occurring in chronic infections, and occur-
ring despite the presence of adequate iron stores and vitamins [ 212 ]. The possible 
etiology cited for decreased blood counts was the downregulation of erythropoiesis 
in the bone marrow by pro-infl ammatory cytokines due to periodontal disease 
[ 206 ,  207 ]. Nevertheless if the data provided above are taken into account it seems 
that anemia of chronic disease is not always present. 

 In rats, it was noted that iron defi ciency can infl uence saliva characteristics too. 
They exhibited salivary peroxidase decrease and also secretion rate, but only in 
growing rats [ 213 ].  

17.4.5     Copper 

 Copper is stored bound to ceruloplasmin, a copper-dependent ferroxidase that help 
so oxidize iron. Ceruloplasmin is required for optimal use of ferritin. Copper is 
found in two members of the superoxide dismutase family, which help quench 
superoxide free radicals. Furthermore copper is required for the formation of hemo-
globin [ 17 ]. It has been observed a direct and linear relationship between serum 
copper level and periodontal index [ 147 ]. Similarly, two Wilson diseased female 
patients aged 28 and 53 years presented multiple oral manifestation including gin-
gival enlargement and early onset periodontitis [ 214 ]. On the other hand, it has 
noted possible antimicrobial effects against periodontopathogenic bacteria, at least 
against  P. gingivalis , for copper ions or copper-containing compounds, in vitro 
experiences, although this role remains unclear [ 215 – 217 ]. Moreover, in vitro stud-
ies have revealed matrix metalloproteinases 2 and 9 activity in the presence of 
CuSO 4  [ 218 ].  

17.4.6     Zinc 

 Zinc is a cofactor for over 50 enzymes (e.g., carbonic anhydrase, alkaline phospha-
tase, alcohol dehydrogenase, and superoxide dismutase). About 2 g of Zn is stored 
in the body, with most present in bone. A Zn defi ciency can lead to small stature, 
mild anemia, and impaired wound healing [ 17 ]. Freeland et al. [ 147 ] have searched 
for associations among periodontal index and dietary intake or serum levels of zinc, 
but they did not found it. It seemed to exert benefi cial effects improving plaque 
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index in children taken Zn supplement, but it has not been related to gingival index 
changes because it also improved in placebo-treated children [ 219 ]. The effect of 
dietary zinc has been tested in rats too, animals fed Zn-defi cient diet showed changes 
related to saliva among others. Reduction in acidic proline-rich protein and secretory 
activity of parotid gland accompanied by differential secretory granules in the acini 
were observed in this group [ 220 ]. However, in other rat studies, zinc-defi cient diet 
was related to lower plaque and gingival indices scores, but probing depth was 
unaffected. On the other side, other oral histological abnormalities were more fre-
quent on rats fed zinc-defi cient diet like ulcers and hyperkeratinosis, mainly in 
tongue [ 221 ].  

17.4.7     Manganese 

 Manganese is a cofactor for enzymes involved in the synthesis of proteoglycans and 
other enzymes are present in mitochondria [ 17 ] like superoxide dismutase. 
Magnesium should be of interest due to the important superoxides dismutases in 
antioxidant systems. Also there is one experiment that has shown the importance of 
this enzyme in periodontitis. In rats with periodontitis experimentally induced by 
ligatures, extravasation in gingivomucosal tissue and alveolar bone destruction were 
decreased by a synthetic form of superoxide dismutase intraperitoneally adminis-
tered [ 222 ].      
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18.1            Introduction 

 Reactive oxygen/nitrogen species (ROS/RNS) exert deleterious effects by oxidizing 
biologically essential molecules such as lipids, proteins, carbohydrates, and DNA [ 1 ]. 
ROS/RNS induce oxidative damage in cellular membranes, tissues, and enzymes, 
which may eventually contribute to disorders and diseases such as periodontal disease, 
atherosclerosis, neurological diseases, and cancer [ 2 ]. On the other hand, ROS/RNS 
may act also as a cellular signaling messenger in physiological settings with important 
regulatory functions [ 3 – 9 ]. Hydrogen peroxide is considered to be the most important 
signaling messenger based on the specifi city of its production, reaction, and removal 
[ 8 ]. ROS/RNS have both harmful and benefi cial effects, as ROS/RNS are produced in 
a tightly controlled manner as regulators of gene expression, activators of receptors 
and nuclear transcription factors, and inducers of adaptive responses [ 2 ]. 

 Mammals have evolved an elaborate defense network against oxidative stress, in 
which multiple antioxidant compounds and enzymes exert their respective roles 
[ 10 ,  11 ]. Humans produce numerous antioxidants, such as superoxide dismutases, 
catalases, reduced glutathione, and peroxiredoxins [ 1 ], and obtain some other actual 
(vitamins C and E) or putative (fl avonoids and carotenoids) antioxidants from the 
diet [ 11 ]. One of the biggest research topics at present is that peroxiredoxins appear 
to be the most important scavengers of hydroxyl peroxide in vivo [ 12 – 15 ]. Among 
these, radical scavenging antioxidants, referred to simply antioxidants, play their 
roles by scavenging reactive free radicals to protect biologically essential molecules 
from oxidative modifi cation [ 2 ]. The benefi cial effects of these antioxidants have been 
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supported by epidemiological studies [ 16 ]. However, many randomized, cross- over, 
intervention studies and meta-analyses on the effects of antioxidants on chronic 
diseases have given contradictory results [ 17 ]. This discrepancy may be ascribed to 
the complex effects of oxidative stress on pathogenesis, the role of antioxidants in 
human health, individuality, and aging [ 11 ,  18 ]. 

 Periodontal disease is a chronic condition. The reported prevalence varies 
between 10 and 60 % in adults, depending on diagnostic criteria [ 19 – 21 ]. Periodontal 
disease is initiated by overgrowth of certain bacterial species, with a majority of 
Gram-negative, anaerobic bacteria growing in subgingival sites, although the mech-
anisms of disease progression are complex. The development of disease depends on 
the interaction between bacterial products and host response [ 22 ]. Oxidative stress 
is also involved in the initiation and progression of periodontal disease. Thus, anti-
oxidant effects on periodontal disease are a notable topic in periodontal research 
[ 23 – 29 ]. Many in vitro and animal model studies have studied the effects of antioxi-
dants and antioxidant potential on periodontal disease [ 23 – 63 ]. However, there have 
been few randomized controlled trials (RCTs) on the effects in humans [ 64 – 66 ], and 
there have been numerous contradictory results. Here, we discuss the effects of 
antioxidants on periodontal disease, limitations and possible future trials. With 
regard to vitamins C and E, they are discussed in detail in Chap.   19    .  

18.2     Antioxidants 

 Halliwell and Gutteridge defi ned an antioxidant as “any substance that delays, prevents 
or removes oxidative damage in a target molecule” [ 1 ]. Antioxidants can be com-
plex molecules such as superoxide dismutases, catalases, and peroxiredoxins, or 
simpler molecules such as uric acid and glutathione [ 18 ]. 

 In the late 1950s, it was proposed that aging is a result of progressive changes 
caused by cumulative free radical damage, and it is hypothesized that antioxidant 
molecules slow down the aging process and prolong lifespan [ 18 ]. In several cases 
in rodents, a statistically signifi cant effect of antioxidants on lifespan has been 
reported [ 67 ,  68 ]. The supplement and nutraceutical industries have rapidly taken 
these concepts on board [ 18 ]. In recent studies, many compounds and plant extracts 
have been found to have considerable antioxidant activity in vitro, as demonstrated 
by assays such as oxygen radical absorbance capacity, 1,1-diphenyl-2- picrylhydrazyl, 
2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonate), and ferric reducing antioxi-
dant power [ 1 ,  10 ,  18 ,  69 ,  70 ]. Foods and beverages rich in antioxidants have often 
been associated with decreased risk of developing several diseases [ 71 – 80 ]. 

18.2.1     Role of Antioxidants 

 The role of antioxidants is inhibition of free radical mediated oxidation of biological 
molecules in the pathogenesis of diseases. For example, fl avonoids have powerful 
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antioxidant activities in vitro, being able to scavenge a wide range of reactive oxygen, 
nitrogen and chlorine species, such as superoxide, hydroxyl radical, peroxyl radi-
cals, hypochlorous acid, and peroxynitrous acid [ 71 ]. They can also chelate metal 
ions, often decreasing metal ion prooxidant activity [ 81 – 87 ]. 

 In addition to these direct antioxidant effects, many antioxidant substances act as 
a cellular mediators to enhance the expression of antioxidant and detoxifying 
enzymes via the Nrf2–Keap1 system [ 88 ,  89 ]. The physiological importance of this 
system has been demonstrated by the experimental evidence that Nrf2 knockout 
mice are more prone to oxidative stress [ 90 ].  

18.2.2     Flavonoids 

 Polyphenolic fl avonoids are scavenging antioxidants, similarly to vitamins C and E 
[ 91 ]. These are absorbed following dietary intake of, in particular, vegetables, red 
wine, cocoa, and tea [ 92 – 94 ]. There are over 4,000 known fl avonoids [ 92 ], including 
catechin, resveratrol, curcumin, quercetin, and genistein. 

 Cocoa has become a material of interest as a therapeutic natural product due to 
its fl avonoid content [ 94 ]. Cocoa is a product derived from the beans of the 
 Theobroma cacao  plant. It has been consumed since 600  bc  and its use spread 
rapidly to Western Europe in sixteen century [ 95 ]. Cocoa powder is a rich source of fi ber 
(26–40 %), proteins (15–20 %), carbohydrates (about 15 %), and lipids (10–24 %), 
and it contains minerals (for example, calcium, magnesium, potassium) and vitamins 
(A, E, B, and folic acid) [ 94 ]. Cocoa powder contains up to 70 mg polyphenols/g 
(expressed as catechin) [ 96 ] and provides more phenolic antioxidants than bever-
ages and fruits such as tea and blueberries [ 97 ,  98 ]. Cocoa contains the monomers 
(−)-epicatechin and catechin, and various polymers derived from these monomers, 
known as procyanidins, which are the major fl avonoids in cocoa and chocolate 
products [ 99 ]. Procyanidins scavenge radicals, such as peroxynitrites [ 100 ,  101 ]. 
Quercetin may also contribute to cocoa’s antioxidant activity by neutralizing radi-
cals and chelating metal ions [ 102 ,  103 ]. Methylxanthines can also contribute to its 
antioxidant properties [ 104 ]. Several in vitro studies have confi rmed the antioxidant 
capacity of cocoa fl avonoids and their metabolites [ 105 – 109 ]. In vivo studies use 
whole cocoa powder, as it is diffi cult to isolate large amounts of cocoa polyphenols 
[ 94 ]. The intake of cocoa increases total antioxidant capacity and decreases lipid 
oxidation products in rat plasma and human plasma from healthy subjects [ 110 – 112 ]. 
A cocoa-enriched diet increases the antioxidant capacity of rat tissues to varying 
degrees, with the activity in thymus > spleen > liver [ 113 ]. Cocoa improves antioxidant 
defenses in experimentally induced oxidative stress in rats and humans [ 114 ,  115 ]. 
Several reviews on the impact of cocoa on the cardiovascular system or the benefi -
cial effects of dietary fl avonoids on health have compiled interventional studies in 
human subjects [ 116 – 120 ]. The various manners and rates in which fl avonoids are 
absorbed have also been reviewed [ 94 ,  121 ]. Data on the distribution of fl avonoid 
metabolites in tissues after cocoa intake are limited [ 94 ]. Absorbed fl avonoids are 
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widely distributed and can be detected in numerous organs, including lymphoid 
tissues, at a concentration of nmol/g tissue [ 122 ,  123 ]. 

 Green tea (from the plant  Camellia sinensis ) has important biological and phar-
macological properties [ 124 ]. Green tea has been used for centuries in China, 
Japan, and Thailand as a traditional medicine with various applications [ 125 ]. The 
benefi cial effects of green tea have been attributed to the presence of phenolic 
compounds that are powerful antioxidants and free iron scavengers [ 126 ]. In addi-
tion to polyphenols, green tea contains additional antioxidants such as carotenoids, 
tocopherols (vitamin E derivatives), and vitamin C, and also contains minerals that 
function as co-factors in antioxidant enzymes: zinc, selenium, and manganese 
[ 126 ]. The main polyphenols in green tea are catechins. Catechins are effective in 
neutralizing several types of radical such as peroxyl, peroxynitrite, superoxide, and 
1,1-diphenyl- 2-picryl-hydrazyl [ 127 ,  128 ]. The four main catechins are: epigallo-
catechin 3 gallate (EGCG), which constitutes about 59 % of total catechins; epigal-
locatechin (EGC) which constitutes about 19 %; epicatechin 3 gallate (ECG), 
which constitutes about 13.6 %; and epicatechin (EC), which constitutes about 
6.4 % [ 129 ]. EGCG is the most abundant and potent. It is widely believed that 
green tea has health benefi ts; various types of cancer chemoprevention, weight 
loss, and protective effects against cardiovascular diseases (coronary heart disease 
and stroke) and neurodegenerative diseases (Alzheimer’s disease and Parkinson’s 
disease) [ 124 ,  125 ,  130 – 136 ]. 

 Curcumin has a wide range of pharmacological activities, including antitumor, 
antioxidant, antiamyloid, and anti-infl ammatory properties [ 137 ]. Curcumin (diferu-
loylmethane) is a major chemical component of the Asian spice known as turmeric 
( Curcuma longa  Linn.) [ 138 ]. Bioavailability studies in laboratory rodents (mouse, 
rat), as well as in humans, have characterized the rate and concentration at which 
curcumin is absorbed, appears in the plasma, and reaches its target site [ 139 – 152 ]. 
The oral bioavailability of curcumin is low due to a relatively low intestinal (small 
intestines) absorption and rapid metabolism in the liver, followed by elimination 
through the gall bladder [ 142 ,  153 ,  154 ]. Over the past decade, several studies have 
substantiated the potential prophylactic or therapeutic value of curcumin. The presence 
of phenolic, β-diketone, and methoxy groups contribute to the free-radical- scavenging 
activity of curcumin [ 139 ]. The radical-scavenging properties of curcumin are mainly 
derived from its phenolic structure [ 155 ,  156 ]. Curcumin may induce endogenous 
antioxidant defense mechanisms (e.g., through gene regulatory mechanisms) and 
redox-regulated transcription factor Nrf2 [nuclear factor (erythroid- derived 2)-like 
2] plays a key role in this process [ 139 ]. Nrf2 is a transcription factor that regulates 
the gene expression of antioxidant and phase II enzymes [ 139 ]. In response to an 
inducer, such as curcumin, the binding between Keap1 and Nrf2 is disrupted, and 
the reactive cysteine in Keap1 is altered either by oxidation or covalent modifi cation 
[ 157 ,  158 ]. Furthermore, no studies have reported any toxicity associated with the 
use of curcumin in either animals or humans [ 159 ]. 

 Resveratrol ( trans -3,4′,5-trihydroxystilbene, C 14 H 12 O 3 ) is a plant-derived poly-
phenolic phytoalexin produced by the enzyme stilbene synthase in response to 

T. Tomofuji et al.



283

infection by the pathogen  Botrytis cinerea  and to a variety of stress conditions [ 136 ]. 
Resveratrol is found in the roots of Japanese Knotweed ( Poligonum cuspidatum ), 
which has been used in traditional Asian herb medicine for hundreds of years in the 
treatment of infl ammation [ 160 ]. Grape is also a source of resveratrol, and grape-
vine ( Vitis vinifera ) and wine are now considered to be a key source for health- 
promoting secondary metabolites, particularly antioxidant polyphenols such as 
resveratrol [ 161 – 163 ]. It has broad-spectrum benefi cial health effects including 
anti-infective, antioxidant, cardioprotective functions, and cancer chemopreventive 
properties [ 164 – 173 ]. There is a lack of information on resveratrol bioavailability in 
vivo, in particular following oral administration [ 174 ]. The concentrations of resve-
ratrol detected in tissue or at the cellular sites of action do not appear to be suffi -
ciently adequate to demonstrate effi cacy in human [ 175 ,  176 ]. 

 Quercetin (3,3′,4′,5,7-pentahydroxyl-fl avone) is a ubiquitous molecule and a 
polyphenolic antioxidant found in various fruits and vegetables, and is highly con-
centrated in onions, broccoli, apples, grapes (red wine), and soybeans [ 136 ]. 
Quercetin has a broad spectrum of benefi cial properties, including anti- infl ammatory 
effects, benefi ts for human endurance exercise capacity, atherosclerosis, thrombo-
sis, hypertension, arrhythmia, and modulation of cancer-related multidrug resis-
tance [ 177 – 183 ]. Quercetin is metabolized by the intestinal microfl ora to its 
corresponding hydroxyphenylacetic acids [ 184 ]. The magnitude of this process in 
relation to deglycosidation/metabolization is currently unknown [ 185 ]. Free plasma 
quercetin is detected at a concentration of 12 μM in humans after intravenous 
administration of 100 mg of quercetin [ 186 ]. In another case, a meal rich in plants 
(with 87 mg of quercetin) yielded mean plasma concentrations of 373 nM at 3 h 
post-ingestion [ 187 ]. These results suggest that one acute administration of querce-
tin does not reach the effective threshold of pharmacological plasma concentration 
[ 185 ]. However, chronic administration of quercetin represents a different situation 
[ 188 – 190 ] and in humans (50–150 mg orally for 2 weeks) signifi cantly increases 
plasma concentrations of quercetin [ 187 ]. 

 Isofl avones in soy-rich foods have contributed to relatively lower rates of pros-
tate and breast cancers in Asian countries such as China and Japan than in the 
Western population [ 191 ]. Genistein (4,5,7-trihydroxyisofl avone) has been identi-
fi ed as the predominant isofl avone in foods enriched with soybean and in other 
legumes, including peas, lentils, and beans [ 192 ]. Many important biological effects 
of genistein consumption have been elucidated with respect to its anti-cancer prop-
erties [ 192 ]. Genistein has other health benefi ts, such as lowering the incidence of 
cardiovascular diseases, prevention of osteoporosis, attenuation of post-menopausal 
problems, and decreasing body mass and fat tissue [ 192 – 194 ]. After intake and 
ingestion, genistein along with other isofl avones is conjugated with glycoside and 
metabolized by enzymes in the intestine [ 192 ]. Genistein is metabolized to dihy-
drogenistein and 6′-hydroxy- O -desmethylangolensin. Genistein and their metabo-
lites have been detected in plasma, prostatic fl uid, breast aspartate and cyst fl uid, urine, 
and feces [ 195 – 198 ]. Plasma levels of genistein in people consuming a soy-rich diet 
were 1–5 μM after metabolism and excretion [ 195 ].  
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18.2.3     Asian Traditional Medicines 

 Traditional oriental herbal remedies, particularly those developed as sophisticated 
formulae, such as traditional Chinese and Japanese (Kampo) medicines, would be an 
interesting target of study for their preventive and therapeutic effects on oxidative 
stress-related disorders [ 199 ]. The treatment rule is strictly defi ned in traditional 
medicine theory [ 200 ]. The concept includes the hypothesis that there is certain 
common factor involved in different pathological conditions, as well as some common 
properties present among different prescriptions [ 199 ]. This common element is 
oxidative stress, and thus the common characteristic associated with many prescrip-
tions is assumed to be antioxidant activity [ 199 ]. In contrast to Western medicines, 
therapeutic strategies using Kampo are based on the recovery of distorted physio-
logical balance in patients by stimulating their inherent recovery potential from 
the disease condition using characteristic herbal combinations [ 199 ]. Although the 
mechanisms remain unclear, Asian traditional medicines have some potential in 
the process of oxidative tissue damages including ROS generation. For example, 
there have been some studies in which the antioxidant activities of several Kampo 
and Chinese medicine formulae have been used to treat symptoms or conditions 
related to brain disorders such as apoplexy and migraine, those including 
Zokumei-To (Xu Ming Tang), Chouto-San (Gou Teng San), Reikeijutsukan-To 
(Ling Gui Shu Gan Tang), and Keishibukuryougan-ka-Yokuinin (Gui Zhi Fu Ling 
Wan jia Yiyiren) [ 199 ,  201 ]. These formulae have essentially high antioxidant activity, 
and the scavenging activity is higher against superoxide radicals than hydroxyl radi-
cals [ 201 ]. On the other hand, Shengmai San (SMS), which have a long history of 
use in the treatment of coronary heart diseases [ 202 ], has higher hydroxyl radical 
scavenging activity than superoxide radical scavenging activity [ 202 ]. In addition to 
these studies, many other reports have indicated high the antioxidant potential of 
traditional formulae and their component herbs [ 203 – 206 ].   

18.3     Effects of Antioxidants on Periodontal Disease 

 Oxidative stress is involved in the initiation and progression of periodontal disease. 
Research into the effects of antioxidants on periodontal disease has been conducted. 
Here, we discuss some of the effects of antioxidants (other than vitamins C and E) 
on periodontal disease (see Chap.   19    ). 

18.3.1     Flavonoids 

18.3.1.1     Cocoa 

 In an animal model, only the effects of cocoa consumption on periodontitis have been 
reported [ 26 ]. In this 4-week study, 24 male Wistar rats (age, 8 weeks) were used. 
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The rats were randomly divided into three groups of eight rats each: the control 
group, in which animals were fed standard chow and received no treatment; the 
periodontitis group, in which animals were fed powdered standard chow, and exper-
imental periodontitis was induced by placing a 3-0 cotton ligature in a subgingival 
position around the mandibular fi rst molars; and the cocoa group, in which animals 
were fed chow containing 10 % cocoa (containing 42 mg/g polyphenols), and 
experimental periodontitis was induced. Serum levels of ROS in the periodontitis 
group increased in a time-dependent manner, and these values were signifi cantly 
higher than in the control group at 2 and 4 weeks ( P  < 0.01). Serum levels of ROS in 
the cocoa group were signifi cantly lower than those in the periodontitis group at 2 
and 4 weeks ( P  < 0.01). In contrast, serum levels of antioxidant power in the peri-
odontitis group showed a time-dependent decrease when compared to the control 
group ( P  < 0.01). Serum levels of antioxidant power in the cocoa group were signifi -
cantly higher than in the periodontitis group at 2 and 4 weeks ( P  < 0.01). Furthermore, 
the consumption of a cocoa-enriched diet decreased 8-hydroxydeoxyguanosine 
(8-OHdG) levels and increased the ratio of reduced form glutathione (GSH)/
oxidized form glutathione (GSSG) in rat gingiva. Alveolar bone loss and polymor-
phonuclear leukocyte infi ltration after ligature placement were also inhibited by 
cocoa intake.  

18.3.1.2     Catechins 

 There have been various clinical trials, animal studies, and in vitro studies demon-
strating the effects of green tea or catechins on periodontal disease or disease-related 
cell function. Some clinical trials are shown in Table  18.1  [ 207 – 209 ].

   Catechins have been shown to possess potent antioxidant activity several times 
higher than that of vitamins C and E [ 93 ]. In a periodontitis model, which use appli-
cation of 25 μg/μL lipopolysaccharide (LPS) from  Escherichia coli  (Sigma 
Chemical Co., St. Louis, MO) and 2.25 U/μL proteases from  Streptomyces griseus  
to the palatal gingival sulcus of both maxillary fi rst molars, the antioxidant effects 
have been demonstrated. Topical application of a green tea catechin-containing den-
tifrice reduced levels of expression of hexanoyl-lysine and nitrotyrosine in rat peri-
odontal lesions to a greater degree than control dentifrice [ 25 ]. Gingiva to which 
green tea catechin-containing dentifrice was applied also showed lower levels of 
infl ammation and tumor necrosis factor (TNF)-α, as compared to controls. Another 
in vivo study has shown that alveolar bone resorption and interleukin (IL)-1β 
expression induced by LPS in rat gingival tissue are signifi cantly decreased by 
injection or oral administration of green tea catechin, although their antioxidant 
effects have not been investigated [ 41 ]. 

 In addition to their direct antioxidant capacity, green tea catechins have antibacte-
rial capacity [ 210 – 212 ] and may be useful for helping to prevent periodontal disease. 
For example, green tea catechins applied in periodontal pockets decrease the pocket 
depth and the proportion of Gram-negative anaerobic rods, while the same catechins 
show an in vitro bactericidal effect against  Porphyromonas gingivalis  ( P. gingivalis ) 
and  Prevotella  spp. [ 208 ]. Wine catechins also have strong antimicrobial activity 
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against  Porphyromonas gingivalis  ( P. gingivalis ) and  Prevotella intermedia  
( P. intermedia ) [ 213 ,  214 ]. 

 Catechins have direct effects on host immune response. In vitro studies have 
shown that catechins (EGCG/ECG) decrease the production of the proinfl amatory 
cytokines IL-1β, TNF-α, and IL-6, and enhance the production of the anti-infl ammatory 
cytokine IL-10 [ 215 – 217 ]. Catechins also inhibit CC chemokine ligand 10 and 20 
in human gingival fi broblasts, which plays a pivotal role in the recruitment of helper 
T cells and thus in the development of periodontal disease [ 218 ,  219 ]. Furthermore, 
EGCG signifi cantly inhibits the survival of osteoclasts differentiated from 
RAW264.7 cells, and induces the apoptosis of osteoclasts or inhibits osteoclast for-
mation stimulated by  P. gingivalis  [ 220 ,  221 ].  

18.3.1.3     Curcumin 

 Although no clinical trials have demonstrated the effects of curcumin, the direct anti-
oxidant capacity has been shown in an in vitro study [ 222 ]. Curcumin dose- dependently 

   Table 18.1       Intervention studies regarding the effects of fl avonoids on periodontal disease   

 Author (year)  Subjects/age  Study design 

 Indices 
associated 
with PD  Results 

 Chava and 
Vedula (2012) 
[ 207 ] 

 30 patients/38.9 ± 
10.67 years 

 Split mouth design  GI, CAL, PPD  GI, CAL and PPD 
were improved 
in the green 
tea group 

 Green tea catechin: 
30 sites 

 1 % (w/v; 
1 g/100 mL), 
solution of green 
tea extract 

 Control: 30 sites  Placebo gel for 
4 weeks 

 Hirasawa et al. 
(2002) [ 208 ] 

 6 volunteers/41–64 
years 

 Case–control study  PPD, number 
of bacteria 

 Local delivery 
strip system 
decreased the 
pocket depth 
and the 
proportion of 
Gram- negative 
anaerobic rods 

 Green tea catechin: 
6 sites 

 Green tea catechin 
strips (5 %)/
week 

 Control: 6 sites  Placebo strips for 
8 weeks 

 Krahwinkel and 
Willershausen 
(2000) [ 209 ] 

 47 volun-
teers/25.76 
years 

 RCT  Approximal 
plaque 
index, 
Sulcus 
bleeding 
index 

 No differences 
were observed 
between 
groups  Green tea catechin: 

24 subjects 
 Chewing 8 candies 

with green tea 
extract/day 

 Control: 25 
subjects 

 Chewing placebo 
candies/day for 
3 weeks 

   CAL  clinical attachment level,  GI  gingival index,  PPD  probing pocket depth,  RCT  randomized 
controlled trial  
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inhibited thrombin-induced connective tissue growth factor expression through 
c-Jun NH 2 -terminal kinase (JNK) suppression in human gingival fi broblasts via a 
mechanism that includes oxidative stress [ 222 ]. The results of this study suggest 
that curcumin can effectively inhibit the development of gingival overgrowth. 
However, it was reported that curcumin is able to induce ROS generation in human 
gingival fi broblasts [ 223 ,  224 ]. 

 In rats following ligature-induced experimental periodontitis, receptor activator 
of nuclear factor-κB ligand (RANKL), receptor activator of nuclear factor-κB 
(RANK), osteoprotegerin (OPG), TNF-α and IL-6 expression levels were lower 
in the curcumin-treated group than in the experimental periodontitis group [ 225 ]. 
In another study, using the same ligature model, alveolar bone resorption was not 
affected by either dose of curcumin, but curcumin effectively inhibited cytokine 
gene expression at both the mRNA and protein levels, and produced dose- dependent 
inhibition of nuclear factor-κB (NF-κB) in gingival tissues [ 226 ]. In the LPS- injected 
periodontitis model, curcumin effectively inhibited cytokine expression [IL-6, TNF-
α, and prostaglandin E2 (PGE2) synthase] on rat gingival tissue, but NF-κB was 
inhibited only by the lower dose of curcumin, whereas p38 mitogen- activated protein 
kinase activation (MAPK) was not affected [ 227 ]. 

 Some in vitro studies have indicated the anti-infl ammatory reactivity of curcumin. 
Curcumin strongly suppressed the production of IL-6 at both the gene transcription 
and translation levels in  P. intermedia  LPS-activated RAW264.7 cells [ 228 ]. 
Curcumin may contribute to blockade of the host-destructive processes mediated by 
IL-6 and appears to have potential therapeutic value in the treatment of infl ammatory 
periodontal disease. Curcumin dose-dependently inhibited levels of TNF-α and 
IL-1β in RAW264.7 cells, and the level of monocyte chemoattractant protein 1 in 
human gingival fi broblasts stimulated with  P. gingivalis  LPS [ 229 ,  230 ].  

18.3.1.4     Resveratrol 

 There have been no clinical trials, but some animal and cell culture studies have 
been conducted for resveratrol in periodontology. Resveratrol may promote immu-
nomodulatory effects on the host response. In a rat ligature model, daily administra-
tion of 10 mg/kg resveratrol was performed [ 231 ]. Therapies were administered 
systemically for 30 days or for 19 days before periodontitis induction, followed by 
a further 11 days. The immuno-enzymatic assay of the gingival tissue showed a 
lower concentration of IL-17 in the resveratrol group than the control group, while 
no differences in IL-1β and IL-4 levels were observed. The study concludes that 
continuous administration of resveratrol may decrease periodontal breakdown 
induced experimentally in rats. 

 In human gingival fi broblasts, resveratrol decreased LPS and nicotine-induced 
cytotoxicity, ROS and PGE2 production, and expression of cyclooxygenase-2 [ 232 ]. 
Resveratrol inhibited nicotine and LPS-mediated protein kinase C (PKC), phospha-
tidylinositol 3-kinase (PI3K), p38, extracellular signal-regulated kinase, JNK, 
MAPK, and NF-κB activation. In another model, resveratrol signifi cantly inhibited 
the increased production of vascular endothelial growth factor (VCAM) by human 
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gingival fi broblasts and decreased vascular permeability in response to vesicles and 
outer membrane proteins from  Aggregatibacter actinomycetemcomitans  and  P. gin-
givalis , suggesting a therapeutic role in pathogenic bacteria-induced periodontal 
infl ammation [ 38 ]. In human periodontal ligament cells, resveratrol treatment 
decreased NO expression induced by LPS from  P. gingivalis  and decreased the 
production of pro-infl ammatory cytokines [ 233 ]. However, the cytotoxicity of 
hydrogen peroxide against S-G gingival epithelial cells was reduced by resveratrol, 
and no activity of resveratrol to function as an antioxidant was noted under these 
conditions [ 50 ]. 

 Antibacterial effects of resveratrol were also observed in vitro. After adding 
resveratrol, the periodontal bacteria,  A. actinomycetemcomitans  and  P. gingivalis  
showed signifi cant decreases in viable count after 1 h, while no colony forming 
units were observed after 24 h [ 34 ]. These results suggest that resveratrol possesses 
signifi cant properties on periodontal pathogens. 

 Furthermore, resveratrol signifi cantly inhibited  P. gingivalis  LPS-induced adhesion 
of leukocytes to endothelial cells and to the aortic endothelium by down- regulating 
the cell adhesion molecules, intercellular adhesion molecule-1 and VCAM-1 [ 234 ], 
and partially reversed the inhibition of bone formation by the  P. gingivalis  LPS in 
rat bone marrow cells [ 235 ].  

18.3.1.5     Quercetin 

 Only one in vitro study has shown the direct antioxidant capacity of quercetin in 
periodontology. Nitrite-induced fl uorescence increase in the bacterial fraction of 
saliva was completely inhibited by quercetin and complete inhibition continued 
until almost all quercetin had been oxidized [ 236 ]. These results suggest that quer-
cetin is able to protect the human oral cavity from damage induced by reactive 
nitrogen species and that the protective function of quercetin may be signifi cant 
when the antioxidant capacity of saliva is decreased by periodontal disease. 

 The anti-infl ammatory and antibacterial properties of quercetin have also been 
reported. In an animal model, quercetin (75 mg/kg) reduced 5 mg/mL LPS-induced 
osteoclasts and inhibited ligature-induced alveolar bone loss and infl ammation 
[ 237 ]. In an in vitro model, quercetin demonstrated an inhibitory effect on MAPK 
activation, cyclooxygenase-2 (COX-2) expression, IL-1β and PGE2 synthesis on 
LPS-activated transduction mechanism regulation in human gingival fi broblasts 
[ 238 ]. Quercetin possesses antimicrobial properties on periodontal pathogens 
( A. actinomycetemcomitans ,  Actinomyces viscosus ,  Fusobacterium nucleatum , 
 Actinomyces naeslundii , and  P. gingivalis ) in vitro [ 40 ,  239 ].  

18.3.1.6    Genistein 

 In addition to the roles of inhibitor of tyrosine kinases, genistein has antioxidant 
capacity. Genistein suppressed both iNOS activity and nitrite production in an 
 A. actinomycetemcomitans -stimulated murine macrophage cell line (RAW264.7 cells) 
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[ 240 ], and that by LPS-stimulated human gingival fi broblasts [ 241 ]. Furthermore, 
genistein demonstrated an inhibitory effect on MAPK activation on LPS-activated 
transduction mechanism regulation in human gingival fi broblasts [ 238 ,  242 ] and 
plays a role in the regulation of MAPK activation via G protein-coupled receptor 30 
in periodontal ligament cells [ 243 ].  

18.3.1.7    Other Flavonoids 

 There have been several studies into the effects of fl avonoids that are not described 
above. For example, baicalin (7-glucuronic acid, 5,6-dihydroxy-fl avone), which is a 
fl avonoid compound purifi ed from the medicinal plant,  Scutellaria baicalensis  
Georgi, has been reported to possess anti-infl ammatory and antioxidant activities, 
and to protect against tissue damage in ligature-induced periodontitis in rats [ 53 , 
 244 ]. Nobiletin (5,6,7,8,3′,4′-hexamethoxy fl avone) and tangeretin (5,6,7,8,4′-pen-
tamethoxy fl avone) are polymethoxy fl avonoids abundantly present in orange peel, 
and were reported to restore alveolar bone mass in a mouse experimental model for 
periodontitis by inhibiting LPS-induced bone resorption [ 245 ]. Proanthocyanidins, 
the most abundant fl avonoids extracted from red cranberry fruits, have been reported 
to possess antimicrobial, antiadhesion, antioxidant, and anti-infl ammatory proper-
ties [ 246 ]. Cranberry proanthocyanidins inhibit  P. gingivalis  adherence to human 
oral epithelial cells [ 247 ], inhibit matrix metalloproteinase (MMP)-1, -3, -7, -8, -9, 
and -13 production by LPS-stimulated macrophages [ 248 ], and inhibit the matura-
tion process of preosteoclastic cells [ 249 ]. Luteolin (3′,4′,5,7-tetrahydroxyfl avone) 
is a fl avone found at high concentrations in celery, green pepper, parsley, perilla leaf 
and seeds, and chamomile [ 250 ]. It suppresses the production of NO and IL-6 in 
murine macrophage-like RAW264.7 cells stimulated with LPS from  P. intermedia  
[ 251 ] and LPS-induced NF-κB translocation in human gingival fi broblasts [ 241 ]. 
Apigenin (4′,5,7-trihydroxyfl avone) possesses anti-infl ammatory activity in human 
periodontal ligament cells and works through a novel mechanism involving the 
action of heme oxygenase-1 [ 252 ]. Mangiferin (C2-β- d -glucopyranosyl-1,3,6,7-
tetrahydroxyxanthone) is widely distributed in higher plants, has antioxidant capac-
ity [ 253 ], and reduces the alveolar bone loss of rats with experimental periodontitis 
[ 29 ]. Kaempferol (3,4,5,7- tetrahydroxyfl avone), a fl avonoid glycoside which is par-
ticularly abundant in fruits, vegetables, and beverages such as tea [ 254 ], attenuated 
the NF-κB nuclear binding activity in rat gingival tissue [ 255 ]. Pycnogenol is a 
water-soluble mixture of fl avonoid compounds extracted from French maritime 
pine bark and chewing gum containing this compound minimizes gingival bleeding 
and plaque formation in humans [ 256 ].   

18.3.2     Other Antioxidants 

 Molecular hydrogen, which selectively reduces cytotoxic ROS and oxidative stress, is 
considered to be a novel antioxidant [ 257 ]. Drinking water containing a therapeutic 
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dose of hydrogen (hydrogen-rich water) represents an alternative mode of delivery 
for molecular hydrogen. In a rat ligature model, hydrogen-rich water intake inhibited 
increases in serum ROS levels and lowered expression of 8-OHdG and nitrotyrosine 
in periodontal tissue [ 24 ]. It also suppressed both periodontal disease progression 
and initiation of atherosclerosis in rat experimental periodontitis [ 258 ]. 

 In rat periodontitis models, the positive effects of antioxidants, such as thymo-
quinone (2-isopropyl-5-methyl-1,4-benzoquinone) [ 54 ], verbascoside [ 55 ], calcium 
gluconate [ 29 ], aminoguanidine [ 36 ],  N -acetylcysteine [ 60 ], and tempol (4-hydroxy- 
2,2,6,6-tetramethylpiperidine- N -oxyl) [ 61 ] on periodontitis have been observed. On 
the other hand, in human RCTs, the effects of vitamin C [ 64 ], lycopene [ 65 ], and 
fruit/vegetable/berry juice powder [ 66 ] have been reported. In a study of lycopene 
[ 65 ], one hundred and ten subjects, including 50 smokers, 50 nonsmokers and 10 
controls participated. Subjects in the smoker and nonsmoker groups had contralat-
eral sites treated with lycopene gel and placebo. When compared with placebo, 
lycopene-treated sites in smokers and nonsmokers showed signifi cant reductions in 
probing pocket depth and clinical attachment gain. However, there were no signifi -
cant differences in clinical parameters when lycopene-treated sites in smokers and 
nonsmokers were compared, except for the reduction in 8-OHdG levels. In another 
study [ 66 ], subjects with chronic periodontitis were randomly assigned to one of 
three groups: fruit/vegetable, fruit/vegetable/berry, or placebo. These supplements 
were taken daily during non-surgical debridement and maintenance, and outcomes 
were assessed at 2, 5, and 8 months after completion. Clinical outcomes improved 
in all groups at 2 months, with additional improvement in probing pocket depth 
versus placebo for the fruit/vegetable group. Gingival crevicular fl uid volumes 
diminished more strongly in the fruit/vegetable/berry groups than placebo at 2 
months, but not at later times. The percentage of bleeding on probing (5 months) 
and cumulative plaque scores (8 months) were lower in the fruit/vegetable group. 

 Traditional medicine approaches include the use of mouthwash and topical 
application of various herbal agents [ 206 ]. Some studies have reported their antioxi-
dant capacity. For example, neem ( Azadirachta indica ) has been reported to contain 
gallic acid, gallocatechin, epigallocatechin, and catechin, all of which can reduce 
the oxidative burst from polymorphonuclear leukocytes [ 259 ]. Gels and mouth-
washes including neem improve clinical parameters in gingivitis [ 260 – 263 ]. 
Triphala, a potent rasayana, is derived from three fruits: amalaki ( Phyllanthus 
emblica ), haritaki ( Terminalia chebula ), and bibhitaki ( Terminalia bellerica ). It 
inhibits MMP-9 activity, and may prevent connective tissue destruction in periodon-
tal disease [ 264 ]. Sesame oil was used for oil pulling and improved gingival param-
eters [ 265 ]. Polyunsaturated fatty acids in sesame oil affect lipid peroxidation and 
exhibit anti-infl ammatory properties [ 266 ]. When some traditional Chinese medi-
cines, such as Guchiwan and Guchigao, were used, dental plaque scores, gingival 
index, and periodontal index, as well as the IL-8 levels in gingival crevicular fl uid 
were improved [ 267 ,  268 ]. These drugs also have antibacterial activity [ 269 ,  270 ], 
antioxidant effects [ 271 ], and osteoclast inhibiting activity [ 272 ]. 

 Antioxidants also include minerals (iron, copper, selenium, and zinc). However, 
there is little information on the effects of minerals on periodontal disease. One 
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study reports the effects of vitamin E and selenium on collagen degradation [ 273 ]. 
In experimental granulation tissue induced by cellulose sponges in rats, administering 
pharmacological doses of both vitamin E and selenium reduced the breakdown of 
collagen. This suggests that these radicals play a role in collagen destruction by 
granulation tissues, as in periodontitis.   

18.4     Limitation 

 Foods and beverages rich in antioxidants have often been associated with decreased 
risk of developing several diseases [ 71 – 80 ]. However, it remains unclear whether 
these products help to maintain human health and delay disease onset, or whether 
the protective effects are direct or indirect. It is necessary before making any claims 
of possible benefi t from consuming antioxidant-rich foods or beverages to establish 
whether these in vitro antioxidant activities actually occur in vivo. 

 When high-dose antioxidant supplements are used, they generally do no good and 
sometimes cause harm [ 274 – 276 ]. Low-dose mixtures, such as in multivitamin/mul-
timineral tablets, can sometimes do good, but may be benefi cial only for people who 
are defi cient in certain micronutrients by poor dietary habits [ 277 ,  278 ]. In peri-
odontal disease, there have been few RCTs on the effects in humans [ 64 – 66 ], although 
many cell culture and animal model studies have been reported. Furthermore, these 
human reports have contradictory and confusing results. A review suggests that 
there is fair evidence that high polyphenol intake has a preventive effect against 
periodontal disease, but such effects have not been directly observed. Thus, we need 
further clinical investigations in order to determine the effects of antioxidants on 
human periodontal health.  

18.5     Conclusion 

 Many animal and in vitro studies have determined the effects of antioxidants on 
periodontal disease. However, there have been few RCTs on the effects in humans 
and the results remain controversial. The use of adjunctive antioxidants thus requires 
further investigation.     
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19.1            Introduction 

 Vitamin C is a water-soluble organic substance that cannot be synthesized by the 
body; therefore, it must be obtained from an individual’s daily diet. Also known as 
ascorbic acid, it is involved in wound healing and collagen production by preventing 
iron-dependent oxidation of lysyl and prolyl hydroxylase. In human and animal 
studies on vitamin C defi ciency, ascorbate supplementation increased collagen syn-
thesis and decreased polymorphonuclear neutrophil (PMN) chemotaxis [ 4 ,  5 ,  9 ]. 
High vitamin C levels are accumulated in granulocytes, mononuclear leucocytes, 
and platelets [ 28 ], and neutrophil polymorphonuclear leucocytes and macrophages 
contain an intracellular ascorbate concentration that is 10–40 times higher than that 
in the plasma [ 58 ]. Chapple and Matthews [ 19 ] summarized the following functions 
of vitamin C: (1) scavenging water-soluble peroxyl radicals; (2) scavenging super-
oxide and perhydroxyl radicals; (3) preventing damage mediated by hydroxyl radi-
cals on uric acid; (4) scavenging hypochlorous acid; (5) decreasing heme breakdown 
and subsequent Fe 2+  release, thereby preventing Fenton reactions; (6) scavenging 
single oxygen and hydroxyl radicals; (7) re-forming α-tocopherol from its radical; 
(8) protecting against reactive oxygen species (ROS) released from cigarette smoke; 
(9) reducing C-reactive protein-mediated expression of monocyte adhesion mole-
cules; (10) decreasing pro-infl ammatory gene expression through effects on the 
nuclear factor-κB transcription factor. 

 Vitamin E, which comprises related compounds named tocopherols or tocotri-
enols, is a fat-soluble vitamin with primary function of antioxidation. It is essential 
for maintaining cell membrane integrity against lipid peroxidation by peroxyl 
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radical scavenging. In cells, a major amount of vitamin E is situated in the membranes, 
adjacent to unsaturated fatty acids that are vulnerable to attack by free radicals [ 65 ]. 

 Dietary antioxidants such as vitamin C and vitamin E have been shown to exert 
protective effects against diseases involving chronic infl ammation [ 38 ,  65 ], one of 
them being periodontal disease. Although periodontal disease is caused by peri-
odontopathic bacteria, it is recognized as a multifactorial disease. The presence of 
ROS has been suggested to play a central part in tissue damage associated with 
chronic infl ammatory conditions such as periodontal disease [ 30 ]. Periodontal dis-
ease is associated with an increased production of ROS, which, if not buffered by 
suffi cient antioxidants, can cause damage to the host cells and periodontal tissues 
[ 50 ]. Waddington et al. [ 87 ] reviewed a potential role of ROS in the pathogenesis of 
periodontal disease, and indicated that ROS may play a part in the direct degrada-
tion of connective tissue components and modifi cation of their structures; this is 
likely to lead to a loss in periodontal function. ROS may also lead to altered 
metabolic activity in the connective tissues, although the precise contribution of 
ROS has not been fully elucidated. It has been reported that plasma ascorbic acid 
has a strong inverse relation with biomarkers of oxidative damage [ 14 ]. Increased 
levels of these biomarkers have been found in patients with periodontal disease 
[ 79 ], and initial periodontal treatment has been reported to decrease the levels of 
8- hydroxydeoxyguanosine (8-OHdG), which is one of these biomarkers [ 80 ]. Studies 
investigating the association of vitamin C and vitamin E as antioxidants with peri-
odontal disease have been performed for many years, and several reviews have been 
published [ 10 ,  19 ,  26 ,  54 ,  60 ,  67 ,  71 ,  75 ,  76 ,  84 ,  85 ,  89 ]. In this chapter, the studies 
published after 1980 are presented to review the role of vitamin C and vitamin E in 
periodontal disease.  

19.2     Association of Vitamin C Levels with Periodontal 
Disease 

19.2.1     Association of Vitamin C Levels with Gingivitis 

 For a very long time, an association between vitamin C defi ciency and the clinical 
features of gingivitis has been reported and accepted. Melnick et al. [ 48 ] showed a 
signifi cant association between decreased plasma ascorbate levels and acute necro-
tizing ulcerative gingivitis (ANUG) in a case–control study including 60 patients 
with a history of ANUG infection and 60 age–race–sex-matched controls. Leggott 
et al. [ 40 ] investigated the effects of controlled ascorbic acid depletion and supple-
mentation on periodontal health and found that measures of gingival infl ammation 
were directly related to ascorbic acid levels. The same authors performed another 
study [ 41 ] and reported that gingival bleeding increased signifi cantly after the 
period of ascorbic acid depletion and returned to baseline values after the period of 
ascorbic acid repletion, even though no signifi cant changes in plaque accumulation, 
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probing pocket depth (PPD), or clinical attachment level (CAL) were observed. 
Therefore, it is considered that vitamin C intake may infl uence gingival status and 
vitamin C supplementation may be useful for preventing gingivitis.  

19.2.2     Animal Studies on the Effects of Vitamin C 
on Periodontal Disease 

 To investigate the effects of vitamin C on periodontal disease, studies using animal 
models have been conducted. Alvares et al. [ 5 ] evaluated the effects of chronic 
subclinical ascorbic acid defi ciency on periodontal health in a monkey model and 
found that gingival index (GI) [ 46 ] score and PPD were signifi cantly greater in the 
ascorbate defi cient animals than in the controls. Recent animal studies indicated the 
effi cacy of vitamin C in improving periodontal disease. Sanbe et al. [ 69 ] examined 
the effects of vitamin C on bone resorption in rats fed a high-cholesterol diet and 
showed that vitamin C intake decreased the effects of a high-cholesterol diet on 
alveolar bone density and osteoclast differentiation and decreased periodontal 
8-OHdG expression. In a ligature-induced rat periodontitis model, Tomofuji et al. 
[ 82 ] demonstrated that vitamin C intake induced an increase in plasma vitamin C 
levels, resulting in an improvement in gingival 8-OHdG levels and the reduced form 
glutathione (GSH):oxidized form glutathione (GSSG) ratio. Moreover, gene expression 
for interleukin-1α and interleukin-1β was down-regulated by more than twofold 
after vitamin C intake, suggesting that systemic administration of vitamin C can be 
clinically benefi cial in improving periodontitis-induced oxidative stress through 
down-regulation of infl ammatory gene expression. In the same ligature- induced 
periodontitis rat model, Ekuni et al. [ 27 ] found that vitamin C intake signifi cantly 
increased plasma vitamin C levels and the GSH:GSSG ratio. More recently, Akman 
et al. [ 3 ] showed that α-lipoic acid and vitamin C treatment exhibited benefi cial 
effects on the mesial/distal periodontal bone support in regions of ligature-induced 
periodontitis around the teeth of a rat model and concluded that α-lipoic acid and 
vitamin C treatment exerted therapeutic effects on inhibition of alveolar bone 
resorption. From these results, vitamin C appears to possess a potent therapeutic 
effect on periodontal disease in animal models.  

19.2.3     Association of Vitamin C Levels in Body Fluids with 
Periodontal Disease 

19.2.3.1     Association of Plasma/Serum Vitamin C Levels with 
Periodontal Disease 

 A number of studies analyzing the association of plasma/serum vitamin C levels with 
periodontal disease have been reported, and most of them indicate that  plasma/serum 
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vitamin C levels are decreased in patients with periodontal disease. Väänänen 
et al. [ 83 ] compared the periodontal condition of 75 dentulous subjects (plasma 
vitamin C levels, <25 μmol/L) with that of 75 control subjects (plasma vitamin C 
levels, ≥50 μmol/L) matched for age, sex, and number of teeth. The proportion of 
sites with bleeding on probing (BOP) and a PPD of ≥4 mm was signifi cantly higher 
in the study group than in the control group. In the analysis of covariance, the infl u-
ence of low plasma ascorbic acid levels on the presence of both gingival infl amma-
tion and deep pockets remained statistically signifi cant when age, sex, vocational 
education, brushing of teeth, smoking status, and dental plaque were standardized. 
Pussinen et al. [ 64 ] investigated the association of plasma vitamin C levels with 
periodontal disease by measuring the antibodies to periodontopathic bacteria in 431 
men from Finland and Russia. They found that the antibody levels to  Porphyromonas 
gingivalis  were negatively correlated with plasma vitamin C levels; this association 
remained signifi cant in a linear regression model after adjustment for age, number 
of teeth and fi llings, serum carbohydrate-defi cient transferrin levels, and number of 
cigarettes smoked/day.  P. gingivalis -seropositivity decreased with an increase in 
vitamin C levels. Amarasena et al. [ 7 ] also analyzed the relationship between serum 
vitamin C levels and periodontitis as estimated by CAL in 413 community-dwelling 
Japanese individuals aged 70 years. They found that serum vitamin C levels were 
inversely related to CAL and that CAL was 4 % greater in subjects with lower 
serum vitamin C levels than in those with higher serum vitamin C levels using 
multiple linear regression analysis, notwithstanding the factors of smoking status, 
diabetes, oral hygiene, sex, or number of teeth present. The authors concluded that 
serum vitamin C levels may have a relatively weak but signifi cant relationship with 
periodontitis in the elderly population. Panjamurthy et al. [ 61 ] assessed the degree 
of oxidative stress in the plasma of 25 patients with chronic periodontitis and 25 
healthy subjects and reported that enzymatic antioxidant activities were signifi -
cantly higher while the nonenzymatic antioxidant levels were signifi cantly lower in 
the plasma, erythrocytes, erythrocyte membranes, and gingival tissues of the patients 
with periodontal disease than in those of the healthy subjects. Vitamin C levels in 
the plasma of patients with periodontal disease were signifi cantly lower than those 
in the plasma of the healthy subjects. A similar result was observed by Staudte et al. 
[ 78 ], who reported signifi cantly decreased plasma vitamin C levels in patients with 
chronic periodontitis compared with those in healthy controls. In analysis of 11,480 
subjects in the Third National Health and Nutrition Examination Survey (NHANES III), 
Chapple et al. [ 20 ] examined the association of serum antioxidant levels with an 
altered relative risk for periodontal disease and found a strong and consistent inverse 
association between serum vitamin C levels and the prevalence of periodontitis 
using multiple logistic regression analysis adjusted for age, sex, race/ethnicity, body 
mass index, cigarette smoking status, oral contraceptive and hormone replacement 
therapy use, diabetes, poverty income ratio, and education, with the association 
being stronger in patients with severe disease. Higher serum antioxidant levels were 
associated with a lower odds ratio (OR) for severe periodontitis [OR, 0.53; 95 % 
confi dence interval (CI), 0.42–0.68]. Even in never-smokers, the protective effect 
was more pronounced (OR, 0.38; 95 % CI, 0.26–0.63). The authors concluded that 
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increased serum antioxidant levels are associated with a decreased relative risk of 
periodontitis, even in never-smokers. In the JAVA project conducted by Amaliya 
et al. [ 6 ], the negative association between plasma vitamin C levels and CAL was 
demonstrated in 123 Indonesian subjects. Subjects with vitamin C defi ciency 
(<2.0 mg/L) exhibited greater attachment loss compared with that in subjects with 
depleted (2.0–3.9 mg/L) or normal (≥4.0 mg/L) plasma vitamin C levels. Thomas 
et al. [ 81 ] confi rmed the fi nding that lower serum vitamin C levels are associated 
with periodontitis. Furthermore, they indicated that serum vitamin C levels increased 
in patients with diabetes and periodontitis compared with those in patients with 
periodontitis in the absence of diabetes. In a recent study [ 39 ], vitamin C levels in 
the plasma, PMNs, and peripheral blood mononuclear cells (PBMCs) of 21 patients 
with untreated periodontitis and 21 healthy controls matched for age, sex, race, and 
smoking status were measured. Plasma vitamin C levels were lower in patients with 
periodontitis compared with those in controls, while vitamin C levels in PMNs and 
PBMCs exhibited no differences between the patients and controls. In the patient 
group, PPD appeared to be negatively associated with vitamin C levels in PMNs. 
Iwasaki et al. [ 33 ] examined the longitudinal relationship of serum ascorbic acid 
levels with periodontal disease in 224 Japanese individuals aged 71 years. 
Participants were classifi ed by tertiles of serum ascorbic acid. The number of teeth 
present at baseline, mean CAL at baseline, sex, education, diabetes, smoking status, 
brushing frequency, use of devices for inter-dental cleaning, and pattern of dental 
visits were tested as potential confounders in the multivariate models. The multi-
variate adjusted relative risks in the highest, middle, and lowest tertiles were 1.00 
(reference   ), 1.12 (95 % CI, 1.01–1.26), and 1.30 (95 % CI, 1.16–1.47), and it was 
concluded that low serum ascorbic acid levels may be a risk factor for periodontal 
disease in Japanese elderly individuals. Recent studies, published after 2000, 
concerning the association of plasma/serum vitamin C levels with periodontal disease 
are summarized in Table  19.1 .

   Taken together, most studies clearly demonstrated the relationship between low 
serum/plasma vitamin C levels and increased risk of periodontal disease. However, 
it should be noticed that serum vitamin C levels refl ect only the current nutritional 
status and not the lifelong history, and they are affected by many factors other 
than dietary intake of vitamin C, including diurnal variability, medication, infl am-
mations, and stress. Furthermore, it should be considered that PMNs and PBMCs 
are able to accumulate vitamin C and may contain 10–40 times higher vitamin C 
levels than those in the plasma.  

19.2.3.2     Association of Antioxidant Levels in the Saliva and Gingival 
Crevicular Fluid with Periodontal Disease 

 With regard to the association of periodontal disease and salivary vitamin C levels, 
Diab-Ladki et al. [ 25 ] examined antioxidant activities in the saliva of 20 healthy 
individuals and 17 patients with periodontal disease. Stimulated saliva from healthy 
individuals was signifi cantly more effective in scavenging a wide variety of free 
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radicals generated in vitro compared with stimulated saliva from patients with 
periodontal disease. The total antioxidant activity of saliva was signifi cantly 
decreased in the patients despite the fact that the levels of three main antioxidants, 
namely uric acid, ascorbic acid, and albumin, were not signifi cantly affected. 
The authors concluded that periodontal disease is associated with an imbalance 
between oxidants and antioxidants. Sculley and Langley-Evans [ 72 ] investigated 
129 patients and concluded that periodontal disease is associated with decreased 
salivary antioxidant levels and increased oxidative damage within the oral cavity. 
On the other hand, Buduneli et al. [ 16 ] evaluated the effects of gingival infl amma-
tion on salivary antioxidant levels in patients with gingivitis. Whole saliva samples 
and clinical periodontal recordings were obtained at baseline from 20 patients with 
gingivitis and 20 healthy subjects and at 1 month following the initial phase of treat-
ment in the patients. Salivary total glutathione levels were decreased following 
therapy in the patients who smoked, while salivary ascorbate levels and total anti-
oxidant capacities were unaffected by successful periodontal treatment, irrespective 
of smoking status. 

 Gümüş et al. [ 29 ] investigated the effects of diabetes on salivary antioxidant 
capacity. They measured the salivary levels of GSH, ascorbic acid, and the total 
antioxidant capacity in 16 patients with type I diabetes mellitus, 25 patients with 
type II diabetes mellitus, and 24 systematically healthy patients, all with infl amma-
tory periodontal disease. Salivary GSH levels were lower in patients with type I 
diabetes mellitus than in the other group, but no signifi cant differences were 
observed in salivary vitamin C levels and total antioxidant capacity among the three 
groups. 

 With regard to vitamin C levels in gingival crevicular fl uid (GCF), Holmes [ 31 ] 
investigated the effects of smoking and/or vitamin C levels on GCF fl ow. Ten smok-
ing and ten non-smoking male dental students were evaluated. GCF fl ow was sig-
nifi cantly lesser in the smokers than in the non-smokers. One month of (500 mg) 
twice daily vitamin C supplementation resulted in a signifi cant decrease in GCF 
fl ow in both the smokers and non-smokers. In dogs, Pavlica et al. [ 62 ] reported that 
the total antioxidant capacity in GCF is related to the degree of severity of periodon-
tal disease. 

 Ascorbic acid levels in GCF were compared with those in plasma by Meyle and 
Kapitza [ 49 ]. GCF samples were collected from clinically healthy gingival sites of 
21 healthy volunteers and assayed for ascorbic acid levels, together with blood 
plasma samples. The mean ascorbic acid level in GCF was signifi cantly higher than 
that in plasma. With regard to the antioxidant levels in body fl uids, Brock et al. [ 15 ] 
examined antioxidant capacities in saliva, GCF, plasma, and serum in subjects with 
periodontal health and disease. GCF antioxidant levels were signifi cantly lower in 
the patients with periodontitis than in the healthy controls. Salivary, plasma, and 
serum total antioxidant capacities were also lower in patients with periodontitis, 
however, the difference was only signifi cant for plasma levels. In the healthy 
subjects, GCF antioxidant levels were signifi cantly higher than those in paired 
serum or plasma samples.  
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19.2.3.3     Effect of Smoking on Vitamin C Levels in Body Fluids 

 Smoking affects the antioxidant levels in the body, including vitamin C levels. Keith 
and Mossholder [ 36 ] reported that smokers had lower dietary intakes and plasma 
ascorbic acid levels compared with non-smokers, even after adjusting for vitamin C 
intake. Schectman et al. [ 70 ] showed that, compared with never-smokers, smokers 
of 20 cigarettes daily had the lowest vitamin C dietary intake and serum vitamin C 
levels while smokers of 1–19 cigarettes daily had decreased vitamin C intake and 
serum vitamin C levels. This inverse association of vitamin C levels and vitamin C 
intake with smoking was independent of age, sex, body weight, race, and alcoholic 
beverage consumption. Following further adjustment for dietary vitamin C intake, 
the negative correlation between cigarette smoking and serum vitamin C levels per-
sisted. Zhou et al. [ 93 ] also investigated plasma vitamin C levels in 1,225 smokers 
and 524 non-smokers and found that the average plasma vitamin C level in the 
smoking group was signifi cantly decreased compared with that in the non-smoking 
group. The average plasma vitamin C level increased in a group of 73 smokers who 
stopped smoking completely for 6 months, although it was still signifi cantly lower 
than that in the matched non-smoker group. However, after smoking cessation for 1 
year, the average plasma vitamin C level was not signifi cantly different from that in 
the control group. The effects of smoking cessation on plasma vitamin C levels 
were confi rmed by Polidori et al. [ 63 ], who indicated that smoking cessation for 4 
weeks was followed by a marked increase in plasma antioxidant levels including 
vitamin C levels, and substantially improved plasma resistance toward oxidative 
challenge. A similar result was observed in GCF by Seri et al. [ 73 ], who evaluated 
ascorbic acid levels in GCF of 25 smokers and 16 non-smokers with clinically 
healthy gingiva. Smokers were found to have signifi cantly lower vitamin C levels 
compared with non-smokers. From these results, it is evident that smoking 
decreases antioxidant capacity, including vitamin C levels in body fl uids such as 
plasma/serum and GCF. This may be one of the reasons why smoking is a major 
risk factor for periodontitis.   

19.2.4     Human Studies on the Effects of Vitamin C 
on Periodontal Disease 

19.2.4.1     Association of Dietary Vitamin C Intake with 
Periodontal Disease 

 Meta-analysis revealed a moderate relationship between dietary vitamin C intake 
measured by Food Frequency Questionnaire and Dietary Recalls/diary and plasma 
vitamin C levels [ 24 ]. A number of epidemiological and case–control human studies 
that evaluated the association of dietary vitamin C intake with periodontal disease 
have been reported. On the basis of the First National Health and Nutrition 
Examination Survey study that included 8,609 subjects, Ismail et al. [ 32 ] found a 
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signifi cant association, albeit weak, between vitamin C defi ciency and periodontal 
disease. For subjects who reported nil consumption of vitamin supplements, a signifi -
cant linear relationship was found between Periodontal Index (PI) [ 68 ] scores and 
dietary ascorbic acid adequacy levels in the regression model. For subjects who 
reported vitamin supplement consumption, dietary ascorbic acid adequacy levels 
did not explain any of the variance in PI scores after controlling for age, sex, race, 
income, education, and oral hygiene status. Blignaut and Grobler [ 13 ] compared the 
periodontal condition of workers in citrus fruit-producing farms with that of workers 
in grain-producing farms. They concluded that a PPD of ≥4 mm occurred less 
frequently in individuals who consumed large amounts of different fruits and, by 
far, least frequently in individuals who consumed citrus fruit. Using the data of 
12,419 subjects aged 20–90+ years who were included in the NHANES III study, 
Nishida et al. [ 55 ] evaluated the role of dietary vitamin C intake as a contributing 
risk factor for periodontal disease. They found a relationship between decreased 
dietary vitamin C intake and increased risk for periodontal disease (OR, 1.19; 95 % 
CI, 1.05–1.33). Both current and former smokers with a low dietary intake of 
vitamin C showed an increased risk of periodontal disease. There was a dose–
response relationship between dietary vitamin C intake and periodontal disease, 
with ORs, 1.30 and 1.16 for individuals who consumed 0–29 mg and 100–179 mg 
of vitamin C/day, respectively, compared with individuals who consumed ≥180 mg 
of vitamin C/day. The authors concluded that dietary vitamin C intake was weakly 
but signifi cantly correlated with periodontal disease as measured by CAL in current 
and former smokers. 

 With regard to longitudinal studies, Clark et al. [ 21 ] examined the short-term 
effects of pregnancy and dietary vitamin C intake on radiographic density and 
alveolar crest morphology of the mandible. Seventy-six women between 10 and 20 
weeks’ gestational age were recruited. Dietary vitamin C intake showed a positive 
correlation with bone density change. Iwasaki et al. [ 34 ] reported a retrospective 
cohort study with a follow-up period of 2 years that included 264 subjects aged 75 
years and classifi ed by tertile of antioxidant intake. Periodontal disease progression 
was considered as loss of attachment of ≥3 mm over the study course. A higher 
vitamin C intake was inversely associated with the number of teeth exhibiting peri-
odontal disease progression. Multivariate-adjusted incidence rate ratios for the fi rst, 
second, and third tertiles were 1.00, 0.76 (95 % CI, 0.60–0.97), and 0.72 (95 % CI, 
0.56–0.93), suggesting that high vitamin C intake may mitigate periodontal disease. 
Recent studies, published after 2000, concerning the association of dietary vitamin 
C intake with periodontal disease are summarized in Table  19.1 .  

19.2.4.2     Intervention Studies on the Effects of Vitamin C 
on Periodontal Disease 

 Woolfe et al. [ 90 ] investigated the effect of ascorbic acid megadoses on gingival 
clinical parameters. The non-defi cient individuals were divided into two groups 
matched for age, periodontal status, and oral hygiene level: one received 1 g/day of 
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ascorbic acid for 6 weeks and the other a placebo, and following 1 week of ascorbic 
acid/placebo intake, all subjects underwent scaling and root planing and received 
oral hygiene instructions. Correlations between clinical parameters and ascorbic 
acid levels revealed no signifi cant differences between the vitamin C and placebo 
groups, suggesting that the use of megadoses of vitamin C in healthy human 
subjects does not have a predictable or strong effect on the gingival response to 
initial therapy. Vogel et al. [ 86 ] conducted a double-masked experimental gingivitis 
study of 24 dental students and determined the effects of supplementation with 
ascorbic acid megadoses on the clinical determinants of infl ammatory progression 
in individuals with a mean daily ascorbate intake level of approximately twice the 
recommended daily allowance. They reported that although the group receiving 
ascorbate supplements demonstrated a signifi cant increase in plasma vitamin C levels 
compared with the placebo group, no signifi cant differences were found with respect 
to PMN chemotaxis or responses to experimental gingivitis between the two groups. 
Leggott et al. [ 40 ] examined the effects of controlled ascorbic acid depletion and 
supplementation on periodontal health. Eleven healthy male non-smokers aged 
19–28 years consumed a rotating, 7-day, adequate diet, and it was found that gingival 
infl ammation was directly related to ascorbic acid status whereas plaque accumula-
tion and PPD were not. Jacob et al. [ 35 ] also showed that BOP decreased after 
normal (65 mg/day) ascorbic acid intake compared with that after defi cient (5 mg/day) 
intake, as well as after supplementary (605 mg/day) ascorbic acid intake compared 
with that after normal intake in 11 young men aged 19–32 years. They suggested 
that ascorbic acid status may infl uence the early stages of gingival infl ammation. 
The relationships among varying levels of ascorbate intake, periodontal status, and 
subgingival microfl ora were analyzed by Leggott et al. [ 41 ]. Twelve healthy male 
non-smokers aged 25–43 years consumed a rotating 4-day diet adequate in all nutri-
ents except ascorbic acid. Following an initial baseline period during which the 
subjects received 250 mg of ascorbic acid/day, the subjects received 5 mg of ascor-
bic acid/day for a 32-day depletion period. Eight subjects were receiving either 
60 or 250 mg of ascorbic acid/day for a 56-day repletion period. There were no 
signifi cant changes in plaque accumulation, PPD, or CAL, while gingival bleeding 
increased signifi cantly after the period of ascorbic acid depletion and returned to 
baseline values after the period of ascorbic acid repletion. No relationship could be 
demonstrated between the presence or proportion of periodontal micro-organisms 
and measures of gingival bleeding or ascorbate levels. Staudte et al. [ 78 ] examined 
plasma vitamin C levels and infl ammatory measures in patients with periodontitis 
before and after the consumption of grapefruit. Fifty- eight patients with chronic 
periodontitis were assigned to the test group ( n  = 38) and a diseased control group 
( n  = 20) and were compared with 22 healthy subjects. The test group consumed two 
grapefruits daily for 2 weeks. Plasma vitamin C levels at baseline were signifi cantly 
decreased in the test group and diseased controls compared with those in the healthy 
controls, and smokers exhibited lower vitamin C levels compared with non-smokers. 
Following grapefruit consumption, plasma vitamin C levels increased signifi cantly 
in the test group compared with those in the control group. Furthermore the sulcus 
bleeding index (SBI) [ 51 ] was decreased in the test group, while the plaque index 
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and PPD were unaffected, suggesting that the patients with periodontitis, particularly 
the smokers, were characterized by below- normal plasma vitamin C levels. The intake 
of grapefruit for 2 weeks led to an increase in plasma vitamin C levels and improved 
gingival infl ammation. Lingström et al. [ 45 ] evaluated the effects of vitamin C in 
chewing gum on calculus formation. Thirty subjects, all calculus formers, chewed gum 
[vitamin C-containing, 60 mg, non-vitamin C-containing, and vitamin C + carbamide-
containing (30 mg + 30 mg)] for a period of 3 months. One group did not chew any 
gum as a negative control. A signifi cant decrease in the total calculus formation was 
observed in the subjects who chewed the vitamin C- and vitamin C + carbamide-
containing gums compared with that in the negative controls; this decrease was 
most pronounced in the heavy calculus formers. However, no signifi cant differences 
in calculus formation were observed between the subjects who chewed the vitamin 
C-containing gum and those who chewed the non-vitamin C-containing gum. A 
decreased amount of visible plaque was also observed after chewing of vitamin C- 
and non-vitamin C-containing gums; however, only the vitamin C-containing gum 
decreased the number of bleeding sites. Abou Sulaiman and Shehadeh [ 1 ] investi-
gated plasma total antioxidant capacity in patients with chronic periodontitis and 
assessed the effects of vitamin C therapy as an adjunct to non-surgical periodontal 
treatment. Thirty patients with chronic periodontitis and 30 matched controls were 
analyzed. Patients from the chronic periodontitis group were randomly allocated into 
two groups: 15 patients received non-surgical treatment with an adjunctive dose of 
vitamin C (2,000 mg/day for 4 weeks) while 15 received non-surgical periodontal 
therapy alone. Plasma total antioxidant capacity was signifi cantly lower in the patients 
than in the controls. The periodontal therapy increased plasma total antioxidant 
capacity and improved clinical measures in the patients; however, the adjunctive 
dose of vitamin C did not offer any additional effects. 

 Periodontal disease is one of the major causes of tooth loss. Studies investigating 
the association of vitamin C levels with dental status have been reported, and evi-
dence indicating the association of vitamin C levels with tooth loss is increasing. 
Sheiham et al. [ 74 ] analyzed the relationship between dental status in individuals 
aged ≥65 years and intake of certain nutrients. They found that the intake of vitamin 
C was signifi cantly lower in edentulous subjects and that plasma vitamin C levels 
exhibited large and statistically signifi cant differences between the dentulous and 
edentulous subjects. Nowjack-Raymer and Sheiham [ 56 ] demonstrated that denture- 
wearers had lower serum vitamin C levels compared with individuals who had all 
their natural teeth. In another study, they reported that serum vitamin C levels were 
signifi cantly lower in individuals with <28 teeth than in individuals with a complete 
set of teeth after adjusting for age, sex, race–ethnicity, socio-economic status, smok-
ing status, calorie intake, and supplement use [ 57 ], suggesting the association of 
vitamin C defi ciency with tooth loss. Marcenes et al. [ 47 ] analyzed the data obtained 
from a national survey in Great Britain and found that vitamin C intake was signifi -
cantly lower in edentulous individuals than in dentulous individuals. Furthermore, 
the mean daily vitamin C intake was signifi cantly higher in individuals with more 
teeth after adjusting for sex, social class, region of origin, and partial denture 
wearing. A similar result was obtained in the study reported by Wakai et al. [ 88 ], 
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who analyzed the data of 20,366 Japanese dentists and found that vitamin C intake 
decreased with an increase in the number of teeth lost after adjusting for age, sex, 
smoking status, physical activity, and history of diabetes. Yoshida et al. [ 91 ] inves-
tigated 182 community-dwelling elderly Japanese individuals aged 65–85 years and 
showed that vitamin C intake was signifi cantly lower in the group with lost contacts 
and retained molar occlusion by way of removable partial dentures than in the group 
with contacts and retained molar occlusion by way of natural teeth. In contrast, 
Yoshihara et al. [ 92 ] conducted a study of 57 elderly Japanese subjects aged 74 
years and indicated no signifi cant association between the number of teeth present 
and vitamin C intake. 

 Judging from the above results, vitamin C supplementation appears to decrease 
gingival bleeding; however, the effects of vitamin C on PPD and CAL in humans 
remain questionable despite proven effi cacy in animal models. Table  19.2  shows 
more recent intervention studies in humans, published after 2000, concerning the 
effects of vitamin C on periodontal disease.

19.3          Association of Vitamin E Levels with Periodontal 
Disease 

19.3.1     Animal Studies Concerning the Effects of Vitamin E 
on Periodontal Disease 

 Studies concerning the association of vitamin E levels with periodontal disease are 
fewer than those concerning vitamin C. Kim and Shklar [ 37 ] demonstrated in a rat 
model that animals receiving vitamin E supplements experienced accelerated gingi-
val wound healing. Cohen and Meyer [ 23 ] investigated the effects of dietary vitamin E 
supplementation on alveolar bone loss in rats and found that vitamin E supplemen-
tation had signifi cant protective effects on bone loss induced by stress. This effect 
was most pronounced at sites most susceptible to loss. In another rat model, Åsman 
et al. [ 8 ] demonstrated that a combination of vitamin E and selenium decreased 
ROS-induced collagen degradation in experimental granulation tissue. On the other 
hand, Carvalho et al. [ 17 ] investigated the effects of vitamin E on alveolar bone loss 
in rats with ligature-induced experimental periodontitis and found that vitamin E 
therapy decreased infl ammatory reactions, prevented malondialdehyde formation, 
and decreased immunoreactivity to the inducible isoforms of nitric oxide synthases; 
however, it did not decrease alveolar bone loss. This suggests that vitamin E has the 
potential to decrease oxidative damage and infl ammatory responses in experimental 
periodontitis, but it does not prevent alveolar bone loss. Li et al. [ 42 ] evaluated the 
effects of ketoprofen with or without vitamin E on ligature- induced periodontitis in 
a monkey model. Ketoprofen positively altered alveolar bone activity without added 
or synergistic benefi ts from vitamin E.  
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19.3.2     Human Studies Concerning the Effects of Vitamin E 
on Periodontal Disease 

 Human studies concerning the effects of vitamin E on periodontal disease have also 
been conducted; however, contradictory results have been reported. Royack et al. 
[ 66 ] investigated the effects of vitamin E on oxidative damage in human oral epithe-
lial cells and demonstrated that cells pretreated with vitamin E before exposure to 
H 2 O 2  also showed the presence of hydroxyl radicals; however, the relative levels 
were lower than those observed without vitamin E pretreatment, indicating that 
vitamin E provides initial protection from oxidative damage. Battino [ 11 ] investi-
gated the vitamin E content in subjects with healthy gingiva and those with gingivitis 
using an immunohistochemical approach and showed that vitamin E was dramati-
cally decreased despite the increased amount of cells present in the periodontally 
affected tissues. Panjamurthy et al. [ 61 ] also reported that the levels of vitamin E 
were signifi cantly lower in the plasma and erythrocyte membranes of patients with 
periodontitis than in those of healthy subjects. Recently two longitudinal studies 
were reported by Iwasaki et al. [ 33 ,  34 ]. Two hundred twenty-four Japanese 
individuals aged 71 years were classifi ed by tertiles of serum α-tocopherol levels. 
The number of teeth with a loss of CAL ≥3 mm at any site during the study period 
(1999–2007) was calculated as periodontal disease events. Multivariate adjusted 
relative risks in the highest, middle, and lowest tertiles were 1.00 (reference), 1.09 
(95 % CI, 0.98–1.21), and 1.15 (95 % CI, 1.04–1.28), suggesting that low serum 
α-tocopherol levels may be a risk factor for periodontal disease in the Japanese 
elderly [ 33 ]. In a retrospective cohort study, they indicates that high intake of 
vitamin E may mitigate periodontal disease [ 34 ]. 

 On the other hand, Chapple et al. [ 20 ] reported no relationship between serum 
vitamin E levels and the prevalence of periodontitis using multiple logistic regression 
analyses. Linden et al. [ 44 ] investigated the association between periodontal health 
and serum levels of various antioxidants, including vitamin E, in 1,258 Western 
European men aged 67–70 years. Subjects were divided into a low- threshold peri-
odontitis, a high-threshold periodontitis, and the remaining populations according 
to periodontal status. There were no signifi cant differences in serum α-tocopherol and 
γ-tocopherol levels in relation to periodontitis among groups. 

 Among intervention studies, a study by Cohen et al. [ 22 ] compared the effects of 
topical 5 % vitamin E gel delivering 800 mg of α-tocopherol and a placebo gel on 
established and developing plaque and periodontal disease in 48 adult subjects. No 
signifi cant effects on plaque or gingivitis were observed in the placebo and vitamin 
E groups. Liede et al. [ 43 ] assessed the effects of α-tocopherol supplementation on 
gingival bleeding in 409 men aged 55–74 years. Gingival bleeding was more com-
mon in subjects who received α-tocopherol than in those did not, with a high preva-
lence of dental plaque. This suggests that α-tocopherol supplementation increases 
the risk of clinically important bleeding. 

 Regarding the effects of vitamin E on tooth loss, Yoshihara et al. [ 92 ] indicated 
that no signifi cant differences existed between the number of teeth present and 
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vitamin E intake. This is in accordance with the result obtained by Yoshida et al. [ 91 ] 
investigated the correlation between dental and nutritional status among 182 elderly 
Japanese individuals aged 65–85 years. The subjects were divided into two groups 
according to occlusion, and no signifi cant differences in vitamin E intake were 
observed between the group with lost contacts and that with retained contacts. 

 Concerning serum vitamin E levels during pregnancy, Cerná et al. [ 18 ] investi-
gated 39 pregnant women and reported that serum vitamin E levels gradually 
increased from the third to the seventh month of pregnancy, following which it 
declined and increased again in a relatively sharp manner shortly before term, when 
it was at its peak. However, statistical evaluation did not prove signifi cant differ-
ences. With regard to the effects of smoking on vitamin E levels in body fl uids, 
Zhou et al. [ 93 ] demonstrated that plasma vitamin E levels were signifi cantly 
decreased in smokers compared with those in non-smokers. In a group of smokers 
who stopped smoking completely for 6 months, the average plasma vitamin E level 
increased, although it was still signifi cantly lower than that in the matched non- 
smokers. However, after smoking cessation for a year, the average plasma vitamin 
E level was not signifi cantly different from that in the non-smokers. In contrast, Seri 
et al. [ 73 ] reported that GCF tocopherol levels in smokers were not signifi cantly 
different from those in non-smokers. 

 Taken together, confl icting results have been reported on the association of 
vitamin E levels with periodontal disease; therefore, the effects of vitamin E on 
periodontal disease are currently viewed with skepticism. Recent human studies, 
published after 2000, concerning the effects of vitamin E on periodontal disease are 
summarized in Table  19.3 .

   Table 19.3    Human studies concerning the association of vitamin E with periodontal disease   

 Authors (year) 
[reference]  Subjects/age  Study design 

 Defi nition 
of PD  Result 

 Panjamurthy et al. 
(2005) [ 61 ] 

 25 male PD patients 
 25 male controls/25–35 

years 

 Case–control 
study 

 PPD  Lower plasma VE 
levels in PD patients 

 Chapple et al. 
(2007) [ 20 ] 

 11,480 subjects/>20 
years 

 Cross-sectional 
study 

 CAL/PPD  No relationship 
between serum VE 
levels and PD 

 Linden et al. 
(2009) [ 44 ] 

 1,258 men/60–70 years  Cross-sectional 
study 

 CAL  No relationship 
between serum VE 
levels and PD 

 Iwasaki et al. 
(2012) [ 33 ] 

 224 subjects/71 years  Longitudinal 
study 

 CAL  Inverse relationship 
between serum VE 
levels and PD 

 Iwasaki et al. 
(2012) [ 34 ] 

 264 subjects/75 years  Longitudinal 
study 

 CAL  Inverse relationship 
between dietary VE 
intake and PD 

   PD  periodontal disease,  VE  vitamin E  
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19.4         Effect of Vitamin C + E Supplements 
on Periodontal Disease 

 A combined action of vitamin C and vitamin E appears to exist, and a synergy 
between vitamin C and vitamin E has been reported. For example, Bendich et al. 
[ 12 ] indicated in a guinea pig model that higher dietary vitamin C intake increased 
the vitamin E content in the lung at all levels of vitamin E intake. When ascorbic 
acid was depleted, no regeneration of vitamin E was possible, and a decrease in its 
concentration was observed [ 10 ]. Therefore, we investigated the effects of vitamin 
C + E supplements on periodontal disease in a randomized controlled trial. A total 
of 65 current smokers aged 27–75 years were randomly assigned to four groups that 
were studied for 24 weeks: the vitamin C group (1,000 mg/day), the vitamin E 
group (135 mg/day), the combination group (C + E: 1,000 + 135 mg/day), and the 
placebo group (placebo without vitamin C and vitamin E). Vitamin C levels in 
blood samples from the vitamin C and combination groups and vitamin E levels in 
blood samples from the vitamin E and combination groups signifi cantly increased 
from each level at baseline. No differences were observed in CAL and PPD among 
groups according to subject-based analysis; however, site-based analysis revealed 
that CAL and PPD in the vitamin C, vitamin E, and combination groups showed 
statistically signifi cant improvements during the trial compared with those in the 
placebo group. Furthermore, the rate of GCF samples wherein cross-linked car-
boxyterminal telopeptide of type I collagen as a biochemical marker of periodontal 
disease was decreased or maintained was signifi cantly greater in the combination 
group than in the placebo group at 24 weeks. These results suggest that vitamin 
C + E supplements may maintain periodontal health status in smokers [ 52 ]. Using 
data obtained in the same study, Okamura et al. [ 59 ] investigated the effects of the 
intake of tablets containing vitamin C and vitamin E on blood antioxidative activity 
in smokers. Compared with the placebo group, thiobarbituric acid reactive sub-
stances as a marker of lipid peroxide signifi cantly decreased in the vitamin E and 
combination groups and slightly decreased in the vitamin C group, suggesting that 
intake of chewable tablets containing vitamin C and vitamin E increased blood anti-
oxidative activity. A similar effect was observed even in the non-smokers. Forty two 
non-smokers undergoing periodontal maintenance were randomly assigned to the 
combination group or the placebo group. Serum vitamin C and vitamin E levels in 
the combination group increased signifi cantly at 24 weeks. Furthermore, GCF vita-
min C and GSH levels signifi cantly increased at 24 weeks compared with those at 
baseline in the combination group, while no change was observed in GCF vitamin 
E levels in the combination group. Subject-based analysis revealed that BOP and 
PPD were signifi cantly improved at 24 weeks compared with those at baseline in 
the combination group, which also demonstrated a signifi cant improvement in GI at 
24 weeks relative to the placebo group. These results indicate that vitamin C + E 
supplements may prevent periodontal disease during the periodontal maintenance 
period by controlling oxidative status in the periodontal tissues, even in non- smokers 
[ 53 ]. These results are summarized in Table  19.2 .  
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19.5     Conclusions 

 Numerous studies concerning the association of vitamin C with periodontal disease, 
including in vitro studies, animal studies, epidemiological studies, case–control 
studies, and intervention studies, have been conducted for a long time, and the evi-
dence of an affi rmative association has been accumulated. In vitamin C-defi cient 
subjects, features of infl ammation including bleeding and edema are observed. A 
number of studies clearly demonstrated the association of plasma/serum vitamin C 
levels with periodontal disease. Many epidemiological studies found signifi cant 
associations between decreased vitamin C intake and an increased risk of periodon-
tal disease. Numerous epidemiological and interventional studies also indicate 
the effi cacy of vitamin C in preventing/decreasing gingival bleeding; however, the 
effects of vitamin C on PPD and CAL in humans are currently questionable despite 
proven effi cacy in animal models. Concerning vitamin E, the number of studies on 
the association of vitamin E with periodontal disease is much lower than that of 
studies concerning vitamin C; furthermore, the results of these studies are contra-
dictory. Therefore, the effi cacy of vitamin E in preventing periodontal disease is 
currently viewed with skepticism. We investigated the effects of vitamin C + E sup-
plements on periodontal disease in randomized controlled trials and found that these 
supplements signifi cantly improved the clinical parameters and biomarkers of peri-
odontal disease, even though the degree of improvement is not equivalent to that 
seen with periodontal therapy, including scaling and oral hygiene instructions. Data 
collected from the literature suggest that vitamin C and vitamin C + E supplements 
may decrease the risk of periodontal disease and may be potent nutrients for pre-
venting gingivitis and maintaining healthy periodontal tissues. However, they cannot 
be used to treat periodontal disease currently; in other words, they may be useful as 
functional foods but not as therapeutic material. Current evidence is insuffi cient to 
evaluate the benefi cial effects of vitamin C and vitamin E on periodontal disease and 
periodontal health, and the mechanism by which these vitamins improve periodontal 
disease has not been fully elucidated. Additional research is required to generate 
conclusive evidence on role of vitamin C and vitamin E in periodontal disease.     

   References 

     1.    Abou Sulaiman AE, Shehadeh RM (2010) Assessment of total antioxidant capacity and the 
use of vitamin C in the treatment of non-smokers with chronic periodontitis. J Periodontol 
81:1547–1554  

    2.    Ainamo J, Bay I (1975) Problems and proposals for recording gingivitis and plaque. Int Dent 
J 25:229–235  

    3.       Akman S, Canakci V, Kara A, Tozoglu U, Arabaci T, Dagsuyu IM (2013) Therapeutic effects 
of alpha lipoic acid and vitamin C on alveolar bone resorption after experimental periodontitis 
in rats: a biochemical, histochemical and stereologic study. J Periodontol 84(5):666–674  

    4.    Alvares O, Siegel I (1981) Permeability of gingival sulcular epithelium in the development of 
scorbutic gingivitis. J Oral Pathol 10:40–48  

19 Role of Vitamin C and Vitamin E in Periodontal Disease



324

     5.    Alvares O, Altman LC, Springmeyer S, Ensign W, Jacobson K (1981) The effect of subclinical 
ascorbate defi ciency on periodontal health in nonhuman primates. J Periodontal Res 
16:628–636  

     6.    Amaliya, Timmerman MF, Abbas F, Loos BG, Van der Weijden GA, Van Winkelhoff AJ, 
Winkel EG, Van der Velden U (2007) Java project on periodontal diseases: the relationship 
between vitamin C and the severity of periodontitis. J Clin Periodontol 34:299–304  

     7.    Amarasena N, Ogawa H, Yoshihara A, Hanada N, Miyazaki H (2005) Serum vitamin C-periodontal 
relationship in community-dwelling elderly Japanese. J Clin Periodontol 32:93–97  

    8.    Åsman B, Wijkander P, Hjerpe A (1994) Reduction of collagen degradation in experimental 
granulation tissue by vitamin E and selenium. J Clin Periodontol 21:45–47  

    9.    Aurer-Koželj J, Kralj-Klobučar N, Buzina R, Bačić M (1982) The effect of ascorbic acid 
supplementation on periodontal tissue ultrastructure in subjects with progressive periodontitis. 
Int J Vitam Nutr Res 52:333–341  

     10.    Battino M, Ballon P, Wilson M, Newman H (1999) Oxidative injury and infl ammatory peri-
odontal diseases: the challenge of anti-oxidants to free radicals and reactive oxygen species. 
Crit Rev Oral Biol Med 10:458–476  

    11.    Battino M, Bompadre S, Politi A, Fioroni M, Rubini C, Bullon P (2005) Antioxidant status 
(CoQ10 and Vit. E levels) and immunohistochemical analysis of soft tissues in periodontal 
diseases. Biofactors 25:213–217  

    12.    Bendich A, D’Apolito P, Gabriel E, Machlin LJ (1984) Interaction of dietary vitamin C and 
vitamin E on guinea pig immune response to mitogens. J Nutr 114:1588–1593  

    13.    Blignaut JB, Grobler SR (1992) High fruit consumption and the periodontal status of farm 
workers. Clin Prev Dent 14:25–28  

    14.    Block G, Dietrich M, Norkus EP, Morrow JD, Hudes M, Caan B, Packer L (2002) Factors 
associated with oxidative stress in human populations. Am J Epidemiol 156:274–285  

    15.    Brock GR, Butterworth CJ, Matthews JB, Chapple ILC (2004) Local and systemic total anti-
oxidant capacity in periodontitis and health. J Clin Periodontol 31:515–521  

    16.    Buduneli N, Kardeşler L, Işik H, Willis CS, Hawkins SI, Kinane DF, Scott DA (2006) Effects 
of smoking and gingival infl ammation on salivary antioxidant capacity. J Clin Periodontol 
33:159–164  

    17.    Carvalho RDS, de Souza CM, Neves JC, Holanda-Pinto SA, Pinto LM, Brito GA, de Andrade 
GM (2013) Vitamin E does not prevent bone loss and induced anxiety in rats with ligature- 
induced periodontitis. Arch Oral Biol 58:50–58  

    18.    Cerná H, Veselý J, Nastoupilová E, Lechner J, Fingerová H, Pohanka J (1990) Periodontium 
and vitamin E and A in pregnancy. Acta Univ Palacki Olomuc Fac Med 125:173–179  

     19.    Chapple ILC, Matthews JB (2007) The role of reactive oxygen and antioxidant species in 
periodontal tissue destruction. Periodontol 2000 43:160–232  

       20.    Chapple ILC, Milward MR, Dietrich T (2007) The prevalence of infl ammatory periodontitis is 
negatively associated with serum antioxidant concentrations. J Nutr 137:657–664  

    21.    Clark DE, Navia JM, Manson-Hing LR, Duncan HE (1990) Evaluation of alveolar bone in 
relation to nutritional status during pregnancy. J Dent Res 69(3):890–895  

    22.    Cohen RE, Ciancio SG, Mather ML, Curro FA (1991) Effect of vitamin E gel, placebo gel and 
chlorhexidine on periodontal disease. Clin Prev Dent 13(5):20–24  

    23.    Cohen ME, Meyer DM (1993) Effect of dietary vitamin E supplementation and rotational 
stress on alveolar bone loss in rice rats. Arch Oral Biol 38(7):601–606  

    24.    Dehghan M, Akhtar-Danesh N, McMillan CR, Thabane L (2007) Is plasma vitamin C an 
appropriate biomarker of vitamin C intake? a systematic review and meta-analysis. Nutr J 6:41  

    25.    Diab-Ladki R, Pellat B, Chahine R (2003) Decrease in the total antioxidant activity of saliva 
in patients with periodontal diseases. Clin Oral Investig 7:103–107  

    26.    Dorsky R (2001) Nutrition and oral health. Gen Dent 49(6):576–582  
    27.    Ekuni D, Tomofuji T, Sanbe T, Irie K, Azuma T, Maruyama T, Tamaki N, Murakami J, 

Kokeguchi S, Yamamoto T (2009) Vitamin C intake attenuates the degree of experimental 
atherosclerosis induced by periodontitis in the rat by decreasing oxidative stress. Arch Oral 
Biol 54:495–502  

H. Nagata



325

    28.    Evans RM, Currie L, Campbell A (1982) The distribution of ascorbic acid between various 
cellular components of blood, in normal individuals, and its relation to the plasma concentra-
tion. Br J Nutr 47:473–482  

    29.    Gümüş P, Buduneli N, Çetinkalp Ş, Hawkins SI, Renaud D, Kinane DF, Scott DA (2009) 
Salivary antioxidants in patients with type 1 or 2 diabetes and infl ammatory periodontal dis-
ease: a case–control study. J Periodontol 80:1440–1446  

    30.    Hoffeld JT (1982) Oxygen radicals in infl ammation and immunity. In: Genco RJ, Mergenhagen 
SE (eds) Host-parasite interactions in periodontal diseases. American Society for Microbiology, 
Washington, DC  

    31.    Holmes LG (1990) Effects of smoking and/or vitamin C on crevicular fl uid fl ow in clinically 
healthy gingival. Quintessence Int 21:191–195  

    32.    Ismail AI, Burt BA, Eklund SA (1983) Relation between ascorbic acid intake and periodontal 
disease in the United States. J Am Dent Assoc 107:927–931  

        33.    Iwasaki M, Manz MC, Taylor GW, Yoshihara A, Miyazaki H (2012) Relations of serum ascor-
bic acid and α-tocopherol to periodontal disease. J Dent Res 91:167–172  

        34.    Iwasaki M, Maynihan P, Manz MC, Taylor GW, Yoshihara A, Muramatsu K, Watanabe R, 
Miyazaki H (2012) Dietary antioxidants and periodontal disease in community-based older 
Japanese: a 2-year follow-up study. Public Health Nutr 16:330–338  

    35.    Jacob RA, Omaye AT, Skala JH, Leggott PJ, Rothman DL, Murray PA (1987) Experimental 
vitamin C depletion and supplementation in young men. Nutrient interactions and dental 
health effects. Ann N Y Acad Sci 498:333–346  

    36.    Keith RE, Mossholder SB (1986) Ascorbic acid status of smoking and nonsmoking adolescent 
females. Int J Vitam Nutr Res 56:363–366  

    37.    Kim JE, Shklar G (1983) The effect of vitamin E on the healing of gingival wounds in rats. 
J Periodontol 54(5):305–308  

    38.    Knekt P, Ritz J, Pereira MA, O’Reilly EJ, Augustsson K, Fraser GE, Goldbourt U, Heitmann 
BL, Hallmans G, Liu S, Pietinen P, Spiegelman D, Stevens J, Virtamo J, Willett WC, Rinum 
EB, Ascherio A (2004) Antioxidant vitamins and coronary heart disease risk: a pooled analysis 
of 9 cohorts. Am J Clin Nutr 80:1508–1520  

     39.    Kuzmanova D, Jansen IDC, Schoenmaker T, Nazmi K, Teeuw WJ, Bizzarro S, Loos BG, Nan 
der Velden U (2012) Vitamin C in plasma and leucocytes in relation to periodontitis. J Clin 
Periodontol 39:905–912  

     40.    Leggott PJ, Robertson PB, Rothman DL, Murray PA, Jacob RA (1986) The effect of controlled 
ascorbic acid depletion and supplementation on periodontal health. J Periodontol 57:480–485  

     41.    Leggott PJ, Robertson PB, Jacob RA, Zambon JJ, Walsh M, Armitage GC (1991) Effects of 
ascorbic acid depletion and supplementation on periodontal health and subgingival microfl ora 
in humans. J Dent Res 70:1531–1536  

    42.    Li KL, Vogel R, Jeffcoat MK, Alfano MC, Smith MA, Collins JG, Offenbacher S (1996) The 
effect of ketoprofen creams on periodontal disease in rhesus monkeys. J Periodontal Res 
31:525–532  

    43.    Liede KE, Haukka JK, Saxén LM, Heinonen OP (1998) Increased tendency towards gingival 
bleeding caused by joint effect of α-tocopherol supplementation and acetylsalicylic acid. Ann 
Med 30:542–546  

     44.    Linden GJ, McClean KM, Woodside JV, Patterson CC, Evans A, Young IS, Kee F (2009) 
Antioxidants and periodontitis in 60-70-year-old men. J Clin Periodontol 36:843–849  

     45.    Lingström P, Fure S, Dinitzen B, Fritzne C, Klefbom C, Birkhed D (2005) The release of 
vitamin C from chewing gum and its effects on supragingival calculus formation. Eur J Oral 
Sci 113:20–27  

    46.    Löe H, Silness J (1963) Periodontal disease in pregnancy. Acta Odontol Scand 21:533–551  
    47.    Marcenes W, Steele JG, Sheiham A, Walls AWG (2003) The relationship between dental sta-

tus, food selection, nutrient intake, nutritional status, and body mass index in older people. Cad 
Saude Publica 19(3):809–816  

    48.    Melnick SL, Alvarez JO, Navia JM, Cogen RB, Roseman JM (1988) A case–control study of 
plasma ascorbate and acute necrotizing ulcerative gingivitis. J Dent Res 67:855–860  

19 Role of Vitamin C and Vitamin E in Periodontal Disease



326

    49.    Meyle J, Kapitza K (1990) Assay of ascorbic acid in human crevicular fl uid from clinically 
healthy gingival sites by high-performance liquid chromatography. Arch Oral Biol 35:319–323  

    50.    Moynihan PJ (2005) The role of diet and nutrition in the etiology and prevention of oral 
diseases. Bull World Health Organ 83:694–699  

    51.    Mühlemann HR, Son S (1971) Gingival sulcus bleeding – a leading symptom in initial gingivitis. 
Helv Odontol Acta 15:107–113  

     52.    Nagata H, Ojima M, Shizukuishi S, Takemura A, Hinode D, Fukui M, Nakamura R (2003) 
Effect of vitamin C and vitamin E supplements on periodontal disease in smokers. J Dent 
Health 53:544–553 (in Japanese)  

     53.    Nagata H, Shizukuishi S, Saho T, Nozaki T, Murakami S, Takeguchi-Hatanaka K, Katsuragi- 
Fuke K, Takashiba S, Takemura A (2006) The effect of vitamin C and E supplementation in 
non-smokers in periodontal maintenance. Japan J Conserv Dent 49:683–692 (in Japanese)  

    54.    Neiva RF, Steigenga J, Al-Shammari KF, Wang HL (2003) Effects of specifi c nutrients on 
periodontal disease onset, progression and treatment. J Clin Periodontol 30:579–589  

     55.    Nishida M, Grossi SG, Dunford RG, Ho AW, Trevisan M, Genco RJ (2000) Dietary vitamin C 
and the risk for periodontal disease. J Periodontol 71:1215–1223  

    56.    Nowjack-Raymer RE, Sheiham A (2003) Association of edentulism and diet and nutrition in 
US adults. J Dent Res 82(2):123–126  

    57.    Nowjack-Raymer RE, Sheiham A (2007) Numbers of natural teeth, diet, and nutritional status 
in US adults. J Dent Res 86(12):1171–1175  

    58.    Oberritter H, Glatthaar B, Moser U, Schmidt KH (1986) Effect of functional stimulation on 
ascorbate content in phagocytes under physiological and pathological conditions. Int Arch 
Allergy Appl Immunol 81:46–50  

    59.    Okamura S, Hinode D, Nagata H, Kondo K (2005) The effects of vitamin C and E intake on 
blood antioxidative activity in smokers. Health Sci 21(1):105–114 (in Japanese)  

    60.    Palacios C, Joshipura KJ, Willett WC (2009) Nutrition and health: guidelines for dental prac-
titioners. Oral Dis 15:369–381  

       61.    Panjamurthy K, Manoharan S, Ramachandran CR (2005) Lipid peroxidation and antioxidant 
status in patients with periodontitis. Cell Mol Biol Lett 10:255–264  

    62.    Pavlica Z, Petelin M, Nemec A, Erzen D, Skaleric U (2004) Measurement of total antioxidant 
capacity in gingival crevicular fl uid and serum in dogs with periodontal disease. Am J Vet Res 
65:1584–1588  

    63.    Polidori MC, Mecocci P, Stahl W, Sies H (2003) Cigarette smoking cessation increases plasma 
levels of several antioxidant micronutrients and improves resistance towards oxidative chal-
lenge. Br J Nutr 90:147–150  

     64.    Pussinen PJ, Laatikainen T, Alfthan G, Asikainen S, Jousilahti P (2003) Periodontitis is associ-
ated with a low concentration of vitamin C in plasma. Clin Diagn Lab Immunol 10:897–902  

     65.    Rock CL, Jacob RA, Bowen PE (1996) Update on the biological characteristics on the antioxi-
dant micronutrients: vitamin C, vitamin E, and the carotenoids. J Am Diet Assoc 96:693–702  

    66.    Royack GA, Nguyen MP, Tong DC, Poot M, Oda D (2000) Response of human oral epithelial 
cells to oxidative damage and the effect of vitamin E. Oral Oncol 36:37–41  

    67.    Rubinoff AB, Latner PA, Pasut LA (1989) Vitamin C and oral health. J Can Dent Assoc 
55(9):705–707  

    68.    Russell AL (1956) A system of classifi cation and scoring for prevalence surveys of periodontal 
disease. J Dent Res 35(3):350–359  

    69.    Sanbe T, Tomofuji T, Ekuni D, Azuma T, Tamaki N, Yamamoto T (2007) Oral administration 
of vitamin C prevents alveolar bone resorption induced by high dietary cholesterol in rats. 
J Periodontol 78:2165–2170  

    70.    Schectman G, Byrd JC, Gruchow HW (1989) The infl uence of smoking on vitamin C status in 
adults. Am J Public Health 79:158–162  

    71.    Schifferle RE (2005) Nutrition and periodontal disease. Dent Clin N Am 49:595–610  
    72.    Sculley DV, Langley-Evans SC (2003) Periodontal disease is associated with lower antioxidant 

capacity in whole saliva and evidence of increased protein oxidation. Clin Sci 105:167–172  

H. Nagata



327

     73.    Seri M, D’Alessandro A, Seri S (1999) The effect of cigarette smoking on vitamin C and 
vitamin E levels of gingival crevicular fl uid. Boll Soc Ital Biol Sper 75:21–25  

    74.    Sheiham A, Steele JG, Marcenes W, Lowe C, Finch S, Bates CJ, Prentice A, Walls AWG 
(2001) The relationship among dental status, nutrient intake, and nutritional status in older 
people. J Dent Res 80:408–413  

    75.    Shizukuishi S, Tanaka M, Nagata H (2011) Current evidence regarding association between 
periodontal disease and nutrition. J Dent Health 61:2–12 (in Japanese)  

    76.    Shizukuishi S, Tanaka M, Nagata H (2011) Current evidence regarding functional foods for 
periodontal health. J Dent Health 61:190–202 (in Japanese)  

    77.    Silness J, Löe H (1964) Periodontal disease in pregnancy. II. Correlation between oral hygiene 
and periodontal condition. Acta Odontol Scand 22:121–135  

       78.    Staudte H, Sigusch BW, Glockmann E (2005) Grapefruit consumption improves vitamin C 
status in periodontitis patients. Br Dent J 199:2113–2217  

    79.    Su H, Gornitsky M, Velly AM, Yu H, Benarroch M, Schipper HM (2009) Salivary DNA, lipid, 
and proteins oxidation in non-smokers with periodontal disease. Free Radic Biol Med 
46:914–921  

    80.    Sugano N, Yokoyama K, Oshikawa M, Kumagai K, Takane M, Tanaka H, Ito K (2003) Detection 
of  Streptococcus anginosus  and 8-hydroxy-deoxyguanosine in saliva. J Oral Sci 45:181–184  

     81.    Thomas B, Kumari S, Ramitha K, Kumari MBA (2010) Comparative evaluation of micronutrient 
status in the serum of diabetes mellitus patients and healthy individuals with periodontitis. 
J Indian Soc Periodontol 14:46–49  

    82.    Tomofuji T, Ekuni D, Sanbe T, Irie K, Azuma T, Maruyama T, Tamaki N, Murakami J, 
Kokeguchi S, Yamamoto T (2009) Effects of vitamin C intake on gingival oxidative stress in 
rat periodontitis. Free Radic Biol Med 46:163–168  

    83.    Väänänen MK, Markkanen HA, Tuovinen VJ, Kullaa AM, Karinpää AM, Kumpusalo EA 
(1993) Periodontal health related to plasma ascorbic acid. Proc Finn Dent Soc 89:51–59  

    84.    Van der Putten GJ, Vanobbergen J, De Visschere L, Schols J, De Baat C (2009) Association of 
some specifi c nutrient defi ciencies with periodontal disease in elderly people: a systematic 
literature review. Nutrition 25:717–722  

    85.    Van der Velden U, Kuzmanova D, Chapple ILC (2010) Micronutritional approaches to peri-
odontal therapy. J Clin Periodontol 38(Suppl 11):142–158  

    86.    Vogel RI, Lamster IB, Wechsler SA, Macedo B, Hartley LJ, Macedo JA (1986) The effects of 
megadoses of ascorbic acid on PMN chemotaxis and experimental gingivitis. J Periodontol 
57:472–479  

    87.    Waddington RJ, Moseley R, Embery G (2000) Reactive oxygen species: a potential role in the 
pathogenesis of periodontal diseases. Oral Dis 6:138–151  

    88.    Wakai K, Naito M, Naito T, Kojima M, Nakagaki H, Umemura O, Yokota M, Hanada N, 
Kawamura T (2010) Tooth loss and intakes of nutrients and foods: a nationwide survey of 
Japanese dentists. Community Dent Oral Epidemiol 38:43–49  

    89.    Woolfe SN, Hume WR, Kenney EB (1980) Ascorbic acid and periodontal disease: a review of 
the literature. J West Soc Periodontol Periodontal Abstr 28(2):44–56  

    90.    Woolfe SN, Kenney EB, Hume WR, Carranza FA Jr (1984) Relationship of ascorbic acid 
levels of blood and gingival tissue with response to periodontal therapy. J Clin Periodontol 
11:159–165  

     91.    Yoshida M, Kikutani T, Yoshikawa M, Tsuga K, Kimura M, Akagawa Y (2011) Correlation 
between dental and nutritional status in community-dwelling elderly Japanese. Geriatr 
Gerontol Int 11:315–319  

     92.    Yoshihara A, Watanabe R, Nishimuta M, Hanada N, Miyazaki H (2005) The relationship 
between dietary intake and the number of teeth in elderly Japanese subjects. Gerodontology 
22:211–218  

     93.    Zhou JF, Yan XF, Guo FZ, Sun NY, Qian ZJ, Ding DY (2000) Effects of cigarette smoking and 
smoking cessation on plasma constituents and enzyme activities related to oxidative stress. 
Biomed Environ Sci 13:44–55    

19 Role of Vitamin C and Vitamin E in Periodontal Disease



329D. Ekuni et al. (eds.), Studies on Periodontal Disease, Oxidative Stress in Applied 
Basic Research and Clinical Practice, DOI 10.1007/978-1-4614-9557-4_20,
© Springer Science+Business Media New York 2014

20.1            Introduction 

 Oxidative stress is defi ned as an imbalance between antioxidant systems of the body 
and the production of reactive oxygen species (ROS), and associated with many 
systemic or tissue specifi c conditions. Initiation and development of periodontal 
disease are also connected with a progressive accumulation of ROS in oral fl uids 
and tissues. Saliva plays an important role in counteracting the effects of oxidative 
stress through the presence of several antioxidant systems and can accurately refl ect 
the oxidative stress status in a pathological situation. In this chapter, we summarize 
important salivary functions in the oral environment with a special focus on its diag-
nostic potential and on the antioxidant defense mechanisms that are connected with 
the pathogenesis of periodontitis.  

20.2     Oxidative Stress: Implications in Periodontal Disease 

 Oxidative stress (OS) appears when the redox balance constituted of the prooxidants 
and antioxidants is broken in favor of the prooxidant or when there is a disruption 
in the redox signaling and control. ROS include free radical species and molecules 
which are capable of radical formation in the extra- and intracellular environments. 
ROS include normal metabolic products such as hydrogen peroxide, hydroxyl 
radicals, or superoxide radicals. ROS of endogenous origin are produced in both 
physiological and pathological processes such as aging, phagocytosis, diabetes, 
cancers, or oral conditions and have a myriad of cellular or tissue origins 
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(mitochondria, endothelial cells, immune cells, peroxisomes, polymorphonuclear 
neutrophils). Typical exogenous sources for ROS include: cigarette smoke and 
ionizing radiation. In normal conditions, ROS often have benefi cial effects for 
biological processes and are involved in key mechanisms such as: modulation of 
cellular redox state, modulation of metabolism, cell signaling, activation of gene- 
transcription factors, antibacterial roles by regulating bacterial growth, stimulation 
of pro-infl ammatory cytokine release—by intracellular thiol depletion, and nuclear 
factor kB (NF-kB) activation. A solid body of literature demonstrates that this 
imbalance between antioxidant mechanisms and the production of ROS is closely 
associated with the initiation and development of several systemic or tissue specifi c 
diseases including: diabetes, cancer, cardiovascular diseases, asthma, chronic 
obstructive pulmonary diseases, or oral conditions [ 1 – 9 ]. 

 Periodontal diseases including both gingivitis and periodontitis are the most 
widespread chronic conditions affecting populations worldwide [ 10 ]. Periodontitis 
is a nonreversible infl ammatory disease affecting the supporting tissues of the teeth. 
Periodontal disease is initiated and developed mainly by oral microorganisms from 
the dental plaque that elicit an immune response in the tooth’s neighboring tissues. 
These responses are usually followed by migration of oral epithelium, loss of col-
lagen fi bers, and alveolar bone resorption leading to formation of periodontal pock-
ets. Loss of support leads to increased tooth mobility followed by tooth loss. Tissue 
destruction is a consequence of immune and infl ammatory processes triggered by 
dental plaque, processes that include a progressive accumulation of ROS in both 
oral tissues and surrounding biological fl uids. Current research can connect the 
pathogenesis of periodontitis with OS [ 11 ]. As pointed out, OS appears as an imbal-
ance between free radicals and ROS levels and AO defense mechanisms. This pro-
cess, characterized either by an increased ROS production or by a decreased AO 
activity, may play a key role in the initiation and development of oral conditions. 
Due to its accessibility oral environment may provide an ideal medium where anti-
oxidant response to OS or OS mediated tissue damage can be studied. Recent data 
shows that ROS can directly infl uence cellular metabolism and behavior in many 
cell types including cells from oral tissues [ 12 – 17 ]. Other reports demonstrate posi-
tive associations between OS and systemic markers of infl ammation linked to other 
general diseases such as cancer, diabetes, and heart failure [ 18 – 20 ]. OS may also be 
one possible link between the presence of periodontal diseases and systemic disor-
ders such as the metabolic syndrome [ 21 ], cardiovascular diseases [ 22 – 24 ], diabetes 
[ 25 ], or cancer [ 26 ].  

20.3     Saliva: General Characteristics and Functions 

 Saliva is a body fl uid that can accurately refl ect the status of OS in a particular 
situation as well as different markers defi ning oral or general pathologies. During the 
past two decades, saliva has been considered as an alternative diagnostic approach 
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for multiple oral and systemic diseases [ 3 ,  27 – 29 ]. From a clinical application point 
of view, saliva meets a number of characteristics that recommend it as one of the 
most suitable biological fl uids for diagnosis. Most importantly saliva fulfi lls one key 
aspect in the process of any diagnosis sequence: it is noninvasive. Other qualities 
include: easy collection method; simple handling and storage procedures; correlations 
between markers found in blood and markers found in saliva; marker concentration 
does not depend on fl ow rate; small sample amounts needed for detection; the 
potential for performing dynamic studies; good sensitivity; noninvasive collection 
method which provides a good cooperation with the patients [ 30 ]. These aspects 
make saliva one of the top priority biomedical research challenges of the twenty- 
fi rst century. 

 Saliva functions include protection and when needed repair of oral mucosa; roles 
in taste and digestive process; antibacterial, antiviral, and antifungal activity that 
protects oral cavity from insults coming from different microorganisms. Saliva 
physical and chemical properties as well as its components are also essential for 
protecting the teeth and the periodontal apparatus that supports the teeth. A thin 
saliva fi lm containing proteins: mucins, statherins, proline-rich proteins and miner-
als such as calcium, phosphate, or fl uoride ions is always covering the tooth surface 
preventing demineralization, promoting remineralization, and inhibiting bacterial 
adherence and growth [ 4 ]. A detailed overview of the salivary functions is included 
in Table  20.1 .

   Saliva is a complex mixture including an important number of inorganic and 
organic molecules acting as a possible “mirror of the body’s health.” Saliva compo-
sition is composed of salivary glands secretions, mucosal transudate, gingival 
crevicular fl uid, nasal and pharynx mucous, food debris, epithelial and blood cells, 
oral microorganisms, and traces of exogenous chemicals and drugs. Saliva compo-
sition depends on a variety of biological factors, exogenous and endogenous insults, 
the time of day, stimulated or unstimulated saliva, healthy or diseased state, age of 
the subject. For example, unstimulated whole saliva is a mixture of mucous and 
serous secretions originating from minor salivary glands (8 %); sublingual gland 
(4 %); parotid gland (25 %); and submandibular gland (65 %). Despite its clear 
advantages as a diagnostic and prognostic fl uid some authors argue that in the past 
saliva has been largely disregarded due to a set of limitations. Some drawbacks 
include individual and inter-individual physiological differences, type of saliva 
collected, and genetic variations. Recent proteomic studies have identifi ed and char-
acterized more than 2,400 compounds in salivary proteome of a wide range of local 
or systemic diseases. Twenty-one percent of the proteins discovered so far are con-
nected to immune system; 9.7 % with molecular signaling pathways; 4.2 % to the 
cell proliferation process while 4.8 % are associated to cellular motility [ 31 ]. 
Nevertheless none of the detected protein has just one function; many of them have 
different biological roles. With the new available methodologies such as mass 
 spectrometry and 2D electrophoresis coupled with high-performance liquid chro-
matography it seems fair to assume that the number of salivary markers will expand 
in the near future. Studies show that human saliva includes a plethora of proteins 

20 Salivary Biomarkers of Oxidative Stress Associated with Periodontal Diseases



332

such as immunoglobulins, statherins, proline-rich proteins, histatins, mucins, and 
enzymes [ 32 – 35 ]. It is also becoming increasingly clear that different salivary glands 
contribute to the salivary proteome with specifi c proteins and peptides. Thus 
Veerman et al. [ 36 ] show that cystatins, statherins, and proline-rich proteins can 
derive from all three major salivary glands. Other researchers report that mucins, 
cystatins, calgrunalin, amylase, statherins are secreted either from submandibular 
and/or sublingual glands [ 37 ,  38 ]. Other studies demonstrate that minor salivary 
glands are also involved in the secretion of amylase, histatins, or mucins [ 39 ]. 
Recent studies show that during fetal development salivary glands can release cer-
tain peptides that aid the development of oral cavity [ 40 ].  

   Table 20.1    Salivary functions in the oral cavity   

 Function  Marker  Remarks  References 

 Taste  Gustin (carbonic 
anhydrase VI), zinc 

 Saliva (hypotonic fl uid) dissolves the 
substances that are better perceived 
by taste buds 

 [ 61 ,  62 ] 

 Protection 
of oral 
tissues 

 Mucin 1, mucin 2, 
mucin 5B, mucin 7, 
epidermal growth 
factor 

 Lubrication, viscoelasticity, protection 
against infection, infl ammation and 
mechanical wear 

 [ 62 – 64 ] 

 Buffer 
system 

 Urea, salivary proteins 
(sialin), acid 
carbonic–carbonate 
system, phosphate 
system 

 Saliva increases the pH preventing enamel 
demineralization 

 [ 37 ] 

 Protection 
of tooth 
surface 

 pH; concentration of: 
calcium, phosphate, 
fl our ions 

 Lubrication (same as protection of oral 
tissues)—prevents enamel erosion 

 Enamel remineralization/demineralization 
ion-exchange confer enamel less 
solubility and a higher integrity 

 [ 37 ,  65 ] 

 Salivary fl ow rate  Oral clearance—dilution and removal 
of foreign substances 

 Digestion  Ptyalin (alpha- amylase), 
lingual lipase, 
protease, DNAse, 
RNAse 

 Saliva is responsible for starch digestion 
and formation of bolus; salivary fl ow 
increases with size and hardness of the 
chewed object; strong association 
between saliva composition and fl ow 
and the frequency and duration of 
swallowing 

 [ 62 ,  64 ] 

 Antibacterial, 
antiviral 
and 
antifungal 
properties 

 IgA, lysozyme, 
lactoferrin, sialoper-
oxidase, proline-rich 
proteins, statherins, 
cystatins, histatins, 
agglutinin; mucins, 
lactoperoxidase, 
agglutinin, VEGh 

 Regulate agglutination, and promote or 
inhibit bacterial adhesion to hard 
surfaces 

 [ 37 ,  62 , 
 64 ,  66 ] 
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20.4     Salivary Biomarkers in Oral and Systemic Diseases 

 While there is no comprehensive defi nition of a biomarker, it can be defi ned as: “a 
biomarker is a cellular, biochemical, molecular or genetic alteration by which a 
normal, abnormal or simply biologic process can be recognized or monitored” [ 5 ]. 

 Due to the anatomic proximity intense efforts have been undertaken to identify 
salivary biomarkers that can refl ect oncological pathologies such as head and neck 
or oral cancers [ 41 – 43 ] (see Table  20.2 ). Saliva composition can also refl ect 

   Table 20.2    Salivary biomarkers of different general and oral conditions   

 Disease  Salivary marker  Reference 

  General conditions  
 Breast cancer  Her2, c-erbB-2, CA15-3  [ 67 ,  68 ] 
 Gastric cancer  Panel of four proteins  [ 31 ] 
 Pancreatic cancer  KRAS, MBD3L2, ACRV1, DPM1 miRNA  [ 69 ] 
 Lung cancer  HP, AZGP1, calprotectin  [ 70 ] 
 Cardiovascular system 

associated 
conditions 

 MMP-9, vascular cell adhesion molecule, troponin, 
myoglobin, creatine kinase MB, C reactive protein, 
free fatty acid, intercellular adhesion molecule, 
ischemia modifi ed albumin, low density lipoprotein, 
soluble CD-40 ligand 

 [ 6 ] 

 Systemic sclerosis  Keratin 6, psoriasin, Arp2/3 complex  [ 71 ] 
 Alzheimer disease  Acetylcholinesterase  [ 51 ] 
 Physiological stress  Cortisol, alpha-amylase  [ 72 ] 
 Anorexia, bulimia  Cortisol, alpha amylase  [ 73 ] 
 Diabetes  Infl ammatory markers, glucose, cortisol, salivary pH  [ 74 ,  75 ] 
 AIDS  HIV-1  [ 76 ] 
 Hepatitis  Virus detection  [ 77 ] 
 Monitoring drug abuse  Different drugs  [ 78 ] 
 Neuroendocrine 

functions 
 Oxytocin  [ 79 ] 

  Oral conditions  
 Periodontal disease  Ig gamma 2, Ig alpha2, Vit. D-binding protein, alpha- amylase, 

zinc-alpha2 glycoprotein, lactotransferrin, elongation 
factor 2, 14-3-3 sigma; aspartate aminotransferase, alkaline 
phosphatase, lactate dehydrogenase, prostaglandin E2, 
calprotectin, cystatin S, lysozyme, IL1-beta, histatins, 
defensins, peroxidase, mucins, infl ammatory, collagen 
breakdown and bone remodeling related biomarkers 

 [ 5 ,  6 ,  48 ,  52 , 
 80 – 85 ] 

 Dental caries  Cystatin S, proline-rich proteins, lipocalin, cystatin SN, 
mucins, statherin, lactoferrin 

 [ 86 – 89 ] 

 Oral lichen planus  Palate, lung and nasal epithelium carcinoma associated 
protein 

 [ 90 ] 

 Sjögren syndrome  Albumin, alpha-actin-1, salivary amylase, calgranulin B  [ 50 ] 
 Head and neck region 

cancer 
 Maspin; stathmin; Dim1p; v-Ha-ras oncogene; tumor 

necrosis factor; pirin; alpha and beta defensins; 
endothelins, statherins, interleukin-8 

 [ 42 ,  44 ,  45 , 
 91 ,  92 ] 
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cancerous changes of the glands. Saliva from patients with salivary tumors contains 
higher levels of stathmin or maspin, tumor necrosis factor, transketolase, Dim1p, 
v-Ha-ras oncogene, type I collagen pro alpha or pirin [ 44 ,  45 ]. Several experiments 
have also focused on the potential anti-carcinogenic properties of saliva [ 46 ]. Other 
tumors that can be detected using salivary biomarkers include breast cancer, gastric 
cancer, and larynx neoplasms [ 32 ,  47 ,  48 ]. Another condition intensely studied in 
association with ROS and saliva is Sjögren syndrome. The affection is an autoim-
mune disease which among other effects alters the composition of saliva and tears. 
Several studies showed that the protein print is different in human saliva from 
patients with Sjögren syndrome when compared to controls [ 49 ]. Whole saliva was 
also analyzed in relation with other diseases such as systemic sclerosis, Alzheimer 
disease, anorexia and bulimia, psychological stress [ 2 ,  50 – 52 ].

20.5        Saliva: Antioxidant Defense Systems and Oxidative 
Stress Biomarkers 

 Studies show that one important function of saliva is its potential to act as a defense 
mechanism against OS [ 7 ,  53 ,  54 ]. This is achieved through the presence of antioxi-
dant systems such as: uric acid, albumin, ascorbate, glutathione and specialized 
enzymes like superoxide dismutase, glutathione peroxidase, or catalase. Out of all 
salivary glands, the parotid gland was proven to play a prominent role in secreting 
salivary AO. 

 Our group has analyzed major antioxidants and oxidative stress markers 
(Fig.  20.1 ) in connection with biomarkers in saliva from patients with various oral 
conditions (see Table  20.3 ).

    Uric acid represents a major AO of saliva accounting for more than 85 % of the 
total antioxidant salivary activity. Its concentrations in saliva range, depending on 
experimental conditions, between 40 and 240 μM. It is a powerful scavenger with a 
mechanism of action based on reactivity with HO· and binding to iron and copper 
ions. In our studies salivary levels of uric acid were signifi cantly decreased in 
chronic periodontitis patients as compared to controls. At the same time uric acid 
was found in a negative correlation with CTX I and MMP-8 both markers of bone 
resorption [ 55 ]. This fi nding shows that saliva refl ects the associations that can exist 
between decreased concentrations of antioxidant mechanisms and development of 
periodontal disease. A previous study done by our group shows that uric acid levels 
were decreased not only in patients with periodontal disease but also in smokers 
when compared to no-smoker controls [ 56 ]. This study shows that smoking habit 
can bring the most important antioxidant of saliva to 1/3 of the levels found in non- 
smoking volunteers. Oral lichen planus is a chronic infl ammatory disease of 
unknown origins with an increased cancerous potential. OS is involved in the devel-
opment of oral lichen planus [ 57 ]. We reported that in oral lichen planus saliva 
sample was twice less than in healthy controls [ 56 ]. Chronic infl ammation can thus 
deplete saliva of its antioxidant potential possibly making the oral tissues more 
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vulnerable to OS. Saliva is the fi rst body fl uid to enter in contact with cigarette 
smoke (CS). Saliva plays an important role in reducing the carcinogenic effects of 
molecules found in cigarette smoke. Our group assessed the direct effect of CS on 
salivary antioxidant mechanisms with a focus on uric acid. The results show that 
both CS and particulate phase can decrease the antioxidant capacity of saliva by 
signifi cantly reducing the uric acid levels. Interestingly in the same experiment 
addition of vitamin C was shown to have a protective effect on uric acid [ 58 ]. 

 Albumin can be detected both in saliva and gingival crevicular fl uid. Compared 
to uric acid it can be found in a lower concentration of approximately 10 μM. It has 
both a preventive role, binding to metal ions and a scavenger role taking over AO 
functions of uric acid when needed. Its concentrations decrease in saliva of patients 
with periodontal disease or diabetes probably in connection to OS increments in the 
oral cavity. Consistent with other studies our results show that in saliva from patients 
with chronic periodontitis, albumin levels are signifi cantly decreased when com-
pared to controls which can refl ect the OS involvement in the development of the 
disease [ 56 ]. When we compared saliva from smoking patients with no-smoking 
volunteers albumin levels were found to be similar showing that this marker may 
not be sensitive for smokers. Interestingly albumin concentration was higher but 
with no signifi cant difference in oral lichen planus patients than in healthy controls. 

  Fig. 20.1    Saliva can accurately refl ect antioxidant, oxidative stress, and periodontal disease markers 
as well as possible functional associations between them. In chronic infl ammatory condition such 
as periodontitis the balance between AO and ROS is disrupted in favor of OS, leading to increased 
oral tissues damage. The diagram contains major salivary antioxidants and OS markers as well 
periodontal biomarkers analyzed by our group       
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   Table 20.3    Antioxidant defense mechanisms, oxidative stress markers, and periodontal disease 
biomarkers detected in whole saliva   

 Oral condition  Results  References 

  AO  
 Uric acid (mg/mg albumin)  Chronic periodontitis  Signifi cantly decreased  [ 55 ] 

 Patients vs. healthy controls 
 TAC (nmol/mg albumin)  Chronic periodontitis  Signifi cantly decreased  [ 55 ] 

 Patients vs. healthy controls 
 GPx (U/mg albumin)  Chronic periodontitis  Signifi cantly decreased  [ 55 ] 

 Patients vs. healthy controls 
 Uric acid (mg/dL)  Smoking patients  Signifi cantly decreased  [ 56 ] 

 Smokers vs. controls 
 Albumin (g/dL)  Smoking patients  Signifi cantly decreased  [ 56 ] 

 Smokers vs. controls 
 TAC (mM)  Smoking patients  Signifi cantly decreased  [ 56 ] 

 Smokers vs. controls 
 GPx (U/L)  Cigarette smoke effect 

on saliva (ex vivo) 
 Signifi cantly decreased  [ 59 ] 
 Sample vs. control 

 GGT (U/L)  Cigarette smoke effect 
on saliva (ex vivo) 

 Signifi cantly decreased  [ 59 ] 
 Sample vs. control 

 TAC (mM)  Cigarette smoke effect 
on saliva (ex vivo) 

 Signifi cantly decreased  [ 59 ] 
 Sample vs. control 

 Uric acid (mg/dL)  Cigarette smoke effect 
on saliva (ex vivo) 

 Signifi cantly decreased  [ 58 ] 
 Sample vs. control 

 Amylase (U/L)  Cigarette smoke effect 
on saliva (ex vivo) 

 Signifi cantly decreased  [ 58 ] 
 Sample vs. control 

 LDH (U/L)  Cigarette smoke effect 
on saliva (ex vivo) 

 Signifi cantly decreased  [ 58 ] 
 Sample vs. control 

  OS markers  
 8-HOdG (ng/mg albumin)  Chronic periodontitis  Signifi cantly increased  [ 55 ] 

 Patients vs. healthy controls 
 MDA (nmol/mg albumin)  Chronic periodontitis  Signifi cantly increased  [ 55 ] 

 Patients vs. healthy controls 
  Periodontal markers  
 Osteocalcin (pg/mg 

albumin) 
 Chronic periodontitis  Signifi cantly increased  [ 55 ] 

 Patients vs. healthy controls 
 25–OH D (ng/mg albumin)  Chronic periodontitis  Signifi cantly increased  [ 55 ] 

 Patients vs. healthy controls 
 MMP-8 (ng/mg albumin)  Chronic periodontitis  Signifi cantly increased  [ 55 ] 

 Patients vs. healthy controls 
 CTX I (ng/mg albumin)  Chronic periodontitis  Signifi cantly increased  [ 55 ] 

 Patients vs. healthy controls 

  Reported data is associated with various oral conditions: chronic periodontitis, oral lichen planus, 
smokers. Abbreviations are adequately explained in the text  

This increment should be associated with decreased levels of uric acid and can be 
seen as a possible compensatory mechanism for counteracting OS. 

 Total antioxidant capacity (TAC) includes all salivary antioxidant components 
having therefore an improved clinical signifi cance in evaluating the AO salivary 
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status in both normal and pathological conditions. TAC levels depend on the analyzed 
oral fl uid: thus it has different values in saliva and gingival crevicular fl uid. TAC is 
signifi cantly decreased in smokers, patients with periodontal affections, patients 
with oral cancer or diabetes. In a recent study our group demonstrated that saliva 
from chronic periodontitis patients had a decreased TAC value compared to normal 
controls [ 55 ]. However, TAC did not correlate with other analyzed periodontal bio-
markers. In a previous study Miricescu et al. [ 56 ] showed that besides periodontal 
patients, TAC levels were also signifi cantly lower in smoking patients when com-
pared to controls. These results are also consistent with in vitro experiments 
performed by our group. Thus direct effect of CS on saliva signifi cantly decreased 
TAC concentrations ( p  < 0.01) [ 59 ]. This suggests the conclusion that in a prolonged 
infl ammatory state such as smoking habit or chronic periodontitis the antioxidant 
mechanisms of saliva are decreased making the oral tissues more vulnerable to OS 
and altering tissue homeostasis. 

 Although glutathione is found in relatively low concentrations, approximately 
2 μM, it plays a major role in periodontal diseases through regulating pro- infl ammatory 
cytokines such as TNFα, IL-8, and IL-6 which in turn activate bone resorption. 
The tripeptide is also involved in protecting the oral cavity from OS induced by metal 
ions from dental materials. 

 Ascorbic acid concentrations in saliva are similar to those found for albumin. Its 
levels are particularly high in gingival crevicular fl uid where the concentration is 
three times higher than in plasma. Some reports show that an adequate intake may 
avoid cigarette smoke induced by oxidative damage. Our group also supports this 
assumption by showing that in vitro adding vitamin C to saliva directly exposed to 
CS maintains constant the levels of uric acid [ 58 ]. 

 Salivary peroxidase plays a dual role acting both as an antibacterial and an anti-
oxidant vector. The enzyme is of key importance in the oral defense mechanism, 
especially against the attack of ROS related to CS and the evolution of oral cancer. 
It has decreased activity in smokers probably due to the cyanide ions present in 
cigarette smoke. Salivary peroxidase also has a lower activity in saliva of patients 
with oral cancer [ 53 ]. 

 Gamma-glutamyltransferase (GGT) is a potential OS marker not only in serum 
but also in saliva being a key enzyme in the glutathione metabolism. The enzyme 
modulates antioxidant/antitoxic defense with possible implications in tumor pro-
gression. An increased GGT activity may be an adaptive response to OS which can 
increase the translocation of glutathione precursors into cells. Smokers’ saliva con-
tains signifi cantly lower concentrations of GGT. We have analyzed the effect of CS 
on saliva in relation to GGT in an in vitro study. As expected the results show that 
exposure to CS resulted in a statistically signifi cant decrease of salivary GGT 
( p  < 0.01) [ 59 ]. We have also studied salivary GGT together with TAC and uric acid 
in a group of non-ferrous metals mine workers. The results showed signifi cant 
differences in all analyzed markers and suggested a possible usage for monitoring 
oxidant exposure in this group [ 60 ]. 

 Glutathione peroxidase is a key selenium dependent enzyme of glutathione 
metabolism. The biological function of GPx is to protect the organism against OS 
through reducing lipid hydroperoxides and hydrogen peroxide. This enzyme plays 
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a major role in protection against low levels of OS. In one in vitro study we show 
that GPx levels in saliva are markedly decreased by prolonged incubation with CS. 
This suggests that GPx can be a potential marker for assessing OS caused by smok-
ing [ 59 ]. These fi ndings have been re-confi rmed in a recent study on saliva from 
patients with chronic periodontitis. While no correlation could be found between 
GPx and other clinical or periodontal disease markers, the enzyme was signifi cantly 
decreased in patients vs. healthy controls [ 55 ]. 

 Other enzymes such as superoxide dismutase, glutathione reductase, ceruloplasmin, 
lysosyme, lactoferrin or catalase, amylase, and lactate dehydrogenase have only a 
secondary antioxidant signifi cance. Our group showed that both salivary amylase 
and lactate dehydrogenase can be inactivated as a result of direct exposure to CS. 

 One of the most studied biomarkers in correlation with OS in both systemic and 
local diseases are malondialdehyde (MDA) and 8-hydroxy-2-deoxyguanosine 
(8-OHdG). OS progression starts at the cellular level with membrane lipid peroxi-
dation, MDA being a marker of this process. DNA damage is also a known effect of 
OS increase; 8-OHdG is formed through hydroxylation of DNA deoxyguanosine 
residues by hydroxyl radical and is therefore being used as a biomarker of DNA 
oxidation. Both markers, MDA and 8-OHdG, are increased in several chronic 
infl ammatory diseases including periodontitis. In our studies the salivary levels of 
these compounds have been analyzed in relation with periodontal tissue initiation 
and development. 8-OHdG was signifi cantly increased in chronic periodontal 
patients as compared to normal controls. However, the present reported data shows 
no statistical signifi cance between 8-OHdG and bone resorption markers such as 
osteocalcin, C-terminal telopeptide of type I collagen, or matrix metalloproteinase 
8. MDA results show that the compound was signifi cantly elevated in saliva from 
chronic periodontal patients vs. controls. Similar to 8-OHdG, MDA could not be 
statistically correlated with bone resorption markers. 

 Our group has also analyzed various markers of periodontal development in 
saliva and their correlation with clinical parameters and molecules. 

 Matrix metalloproteinases (MMPs) are host proteinases with key roles in tissue 
degradation. MMP-8 is the most common MMP found to be increased in periodontal 
tissues. MMP-8 or collagenase-2 activity results in collagen type I, II, or III degra-
dation, all of them found in alveolar bone. Some reports demonstrate that MMP-8 is 
signifi cantly elevated in patients with periodontitis while others show that MMP-8 
is increased in gingival crevicular fl uid from patients with implants and severe bone 
loss. In our studies MMP-8 was signifi cantly elevated in total saliva from chronic 
periodontitis patients. At the same time statistical analysis showed a negative 
correlation with uric acid, the most important antioxidant mechanism of saliva. 
MMP-8 was also positively correlated with clinical parameters such as probing 
depth. Osteocalcin is a noncollagenous protein produced by osteoblasts. It has been 
associated with rapid bone turnover in general conditions such as multiple myeloma 
or osteoporosis. High levels of osteocalcin in body fl uids have also been linked 
to periodontal disease. Our results show that osteocalcin levels in total saliva 
from chronic periodontitis patients are signifi cantly increased. Unlike MMP-8 no 
correlation could be found between osteocalcin and members of the salivary 
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antioxidant defense system. However, the marker showed an expected positive 
correlation with clinical parameters such as probing depth. 

 C-terminal telopeptide of type I collagen is a collagen related biomarker used for 
quantifying bone turnover rate. Although bone resorption is an important event in 
the development of periodontitis up to date there are very few studies that associate 
CTX I with periodontal disease. We have measured CTX I levels in saliva from 
patients with chronic periodontitis and found that they are markedly increased as 
compared to controls. At the same time CTX I could be positively correlated with 
antioxidant mechanisms such as uric acid. Also CTX I was negatively correlated 
with OS biomarker MDA. The results also show that CTX I was positively associated 
with probing depth. 

 Calcifediol or 25-hydroxycholecalciferol [25(OH)D] is another marker of bone 
resorption. Studies show that plasma levels of 25(OH)D are higher in aggressive 
periodontitis patients and that periodontal treatment decreases both local and 
systemic 25(OH)D levels. Data resulting from our experiments shows that 
25(OH)D is signifi cantly increased in saliva from patients with periodontitis as 
compared to controls. The marker, however, did not correlate with the analyzed 
salivary antioxidant systems or OS biomarkers but could be positively correlated 
with probing depth. 

 Taken together these results show that saliva contains several markers that are 
connected to tissue destruction in periodontitis and that functional associations can 
be found between these markers, salivary antioxidants and clinical parameters.     

   References 

    1.    Tothova L, Celecova V, Celec P (2013) Salivary markers of oxidative stress and their relation 
to periodontal and dental status in children. Dis Markers 34(1):9–15  

    2.    Yeh CK, Christodoulides NJ, Floriano PN et al (2010) Current development of saliva/oral 
fl uid-based diagnostics. Tex Dent J 127(7):651–661  

    3.    Malamud D (2011) Saliva as a diagnostic fl uid. Dent Clin North Am 55(1):159–178  
    4.    Castagnola M, Picciotti PM, Messana I et al (2011) Potential applications of human saliva as 

diagnostic fl uid. Acta Otorhinolaryngol Ital 31(6):347–357  
     5.    Baum BJ, Yates JR 3rd, Srivastava S, Wong DT, Melvin JE (2011) Scientifi c frontiers: emerg-

ing technologies for salivary diagnostics. Adv Dent Res 23(4):360–368  
     6.    Miller CS, Foley JD, Bailey AL et al (2010) Current developments in salivary diagnostics. 

Biomark Med 4(1):171–189  
    7.    Greabu M, Battino M, Mohora M et al (2009) Saliva—a diagnostic window to the body, both 

in health and in disease. J Med Life 2(2):124–132  
   8.    Pendyala G, Thomas B, Joshi SR (2013) Evaluation of total antioxidant capacity of saliva in 

type 2 diabetic patients with and without periodontal disease: a case–control study. N Am J 
Med Sci 5(1):51–57  

    9.    Kinney JS, Morelli T, Braun T et al (2011) Saliva/pathogen biomarker signatures and peri-
odontal disease progression. J Dent Res 90(6):752–758  

    10.    Petersen PE, Ogawa H (2012) The global burden of periodontal disease: towards integration 
with chronic disease prevention and control. Periodontol 2000 60(1):15–39  

    11.    Nibali L, Donos N (2013) Periodontitis and redox status: a review. Curr Pharm Des 19(15):
2687–2697  

20 Salivary Biomarkers of Oxidative Stress Associated with Periodontal Diseases



340

    12.    Bullon P, Cordero MD, Quiles JL et al (2012) Autophagy in periodontitis patients and gingival 
fi broblasts: unraveling the link between chronic diseases and infl ammation. BMC Med 10:122  

   13.       Calenic B, Yaegaki K, Ishkitiev N, Kumazawa Y, Imai T, Tanaka T (2013) p53-pathway activity 
and apoptosis in hydrogen sulfi de-exposed stem cells separated from human gingival epithe-
lium. J Periodontal Res 48(3):322–330  

   14.    Chapple IL, Matthews JB, Wright HJ, Scott AE, Griffi ths HR, Grant MM (2013) Ascorbate 
and alpha-tocopherol differentially modulate reactive oxygen species generation by neutro-
phils in response to FcgammaR and TLR agonists. Innate Immun 19(2):152–159  

   15.    Pradeep AR, Rao NS, Bajaj P, Agarwal E (2013) 8-Isoprostane: a lipid peroxidation product in 
gingival crevicular fl uid in healthy, gingivitis and chronic periodontitis subjects. Arch Oral 
Biol 58(5):500–504  

   16.    Calenic B, Yaegaki K, Kozhuharova A, Imai T (2010) Oral malodorous compound causes oxida-
tive stress and p53-mediated programmed cell death in keratinocyte stem cells. J Periodontol 
81(9):1317–1323  

    17.    Greabu M, Battino M, Mohora M, Olinescu R, Totan A, Didilescu A (2008) Oxygen, a paradoxi-
cal element? Rom J Intern Med 46(2):125–135  

    18.    Reuter S, Gupta SC, Chaturvedi MM, Aggarwal BB (2010) Oxidative stress, infl ammation, 
and cancer: how are they linked? Free Radic Biol Med 49(11):1603–1616  

   19.    Tran B, Oliver S, Rosa J, Galassetti P (2012) Aspects of infl ammation and oxidative stress in 
pediatric obesity and type 1 diabetes: an overview of ten years of studies. Exp Diabetes Res 
2012:683680  

    20.    Kobulnik J, Delgado D (2012) Experimental biomarkers in heart failure: an update. Expert Rev 
Cardiovasc Ther 10(9):1119–1132  

    21.    Bullon P, Morillo JM, Ramirez-Tortosa MC, Quiles JL, Newman HN, Battino M (2009) 
Metabolic syndrome and periodontitis: is oxidative stress a common link? J Dent Res 
88(6):503–518  

    22.    Bullon P, Cordero MD, Quiles JL, Morillo JM, Del Carmen Ramirez-Tortosa M, Battino M 
(2011) Mitochondrial dysfunction promoted by Porphyromonas gingivalis lipopolysaccharide 
as a possible link between cardiovascular disease and periodontitis. Free Radic Biol Med 
50(10):1336–1343  

   23.    Ekuni D, Tomofuji T, Endo Y et al (2012) Hydrogen-rich water prevents lipid deposition in the 
descending aorta in a rat periodontitis model. Arch Oral Biol 57(12):1615–1622  

    24.    Sanz M, D’Aiuto F, Deanfi eld J, Fernandez-Avilés F (2010) European workshop in periodontal 
health and cardiovascular disease—scientifi c evidence on the association between  periodontal and 
cardiovascular diseases: a review of the literature. Eur Heart J Suppl 12(Suppl B):B3–B12  

    25.    Sardi Jde C (2013) Oxidative stress in diabetes and periodontitis. N Am J Med Sci 5(1):58–59  
    26.    Soory M (2010) Oxidative stress induced mechanisms in the progression of periodontal 

diseases and cancer: a common approach to redox homeostasis? Cancers 2(2):670–692  
    27.    Miller CS, King CP Jr, Langub MC, Kryscio RJ, Thomas MV (2006) Salivary biomarkers of 

existing periodontal disease: a cross-sectional study. J Am Dent Assoc 137(3):322–329  
   28.    Giannobile WV, Beikler T, Kinney JS, Ramseier CA, Morelli T, Wong DT (2009) Saliva as a 

diagnostic tool for periodontal disease: current state and future directions. Periodontol 2000 
50:52–64  

    29.    Lamster IB, Ahlo JK (2007) Analysis of gingival crevicular fl uid as applied to the diagnosis of 
oral and systemic diseases. Ann N Y Acad Sci 1098:216–229  

    30.    Segal A, Wong DT (2008) Salivary diagnostics: enhancing disease detection and making med-
icine better. Eur J Dent Educ 12(Suppl 1):22–29  

     31.    Wu ZZ, Wang JG, Zhang XL (2009) Diagnostic model of saliva protein fi nger print analysis of 
patients with gastric cancer. World J Gastroenterol 15(7):865–870  

     32.    Castagnola M, Inzitari R, Rossetti DV et al (2004) A cascade of 24 histatins (histatin 3 frag-
ments) in human saliva. Suggestions for a pre-secretory sequential cleavage pathway. J Biol 
Chem 279(40):41436–41443  

   33.    Messana I, Cabras T, Inzitari R et al (2004) Characterization of the human salivary basic 
proline- rich protein complex by a proteomic approach. J Proteome Res 3(4):792–800  

M. Greabu and B. Calenic



341

   34.    Inzitari R, Cabras T, Rossetti DV et al (2006) Detection in human saliva of different statherin 
and P-B fragments and derivatives. Proteomics 6(23):6370–6379  

    35.    Cabras T, Inzitari R, Fanali C et al (2006) HPLC-MS characterization of cyclo-statherin Q-37, 
a specifi c cyclization product of human salivary statherin generated by transglutaminase 2. 
J Sep Sci 29(17):2600–2608  

    36.    Veerman EC, Van Den Keybus PA, Vissink A, Nieuw Amerongen AV (1996) Human glandular 
salivas: their separate collection and analysis. Eur J Oral Sci 104(4 Pt 1):346–352  

       37.    De Almeida PV, Gregio AM, Machado MA, De Lima AA, Azevedo LR (2008) Saliva compo-
sition and functions: a comprehensive review. J Contemp Dent Pract 9(3):72–80  

    38.    Hu S, Denny P, Xie Y et al (2004) Differentially expressed protein markers in human subman-
dibular and sublingual secretions. Int J Oncol 25(5):1423–1430  

    39.    Siqueira WL, Salih E, Wan DL, Helmerhorst EJ, Oppenheim FG (2008) Proteome of human 
minor salivary gland secretion. J Dent Res 87(5):445–450  

    40.    Nemolato S, Messana I, Cabras T et al (2009) Thymosin beta(4) and beta(10) levels in pre- 
term newborn oral cavity and foetal salivary glands evidence a switch of secretion during 
foetal development. PLoS ONE 4(4):e5109  

    41.    Dowling P, Wormald R, Meleady P, Henry M, Curran A, Clynes M (2008) Analysis of the 
saliva proteome from patients with head and neck squamous cell carcinoma reveals differences in 
abundance levels of proteins associated with tumour progression and metastasis. J Proteomics 
71(2):168–175  

    42.    Wong DT (2006) Towards a simple, saliva-based test for the detection of oral cancer ‘oral fl uid 
(saliva), which is the mirror of the body, is a perfect medium to be explored for health and 
disease surveillance’. Expert Rev Mol Diagn 6(3):267–272  

    43.    Xie H, Onsongo G, Popko J et al (2008) Proteomics analysis of cells in whole saliva from oral 
cancer patients via value-added three-dimensional peptide fractionation and tandem mass 
spectrometry. Mol Cell Proteomics 7(3):486–498  

     44.    Nakashima D, Uzawa K, Kasamatsu A et al (2006) Protein expression profi ling identifi es 
maspin and stathmin as potential biomarkers of adenoid cystic carcinoma of the salivary 
glands. Int J Cancer 118(3):704–713  

     45.    An J, Sun JY, Yuan Q et al (2004) Proteomics analysis of differentially expressed metastasis- 
associated proteins in adenoid cystic carcinoma cell lines of human salivary gland. Oral Oncol 
40(4):400–408  

    46.    Dayan D, Hirshberg A, Kaplan I, Rotem N, Bodner L (1997) Experimental tongue cancer in 
desalivated rats. Oral Oncol 33(2):105–109  

    47.    Tomasik A, Tarnawski R, Wierzynski J (1994) Measurements of amylase isoenzymes in sera 
and saliva of patients after radiotherapy because of larynx carcinoma. Otolaryngol Pol 
48(2):132–137  

     48.    Wu Y, Shu R, Luo LJ, Ge LH, Xie YF (2009) Initial comparison of proteomic profi les of whole 
unstimulated saliva obtained from generalized aggressive periodontitis patients and healthy 
control subjects. J Periodontal Res 44(5):636–644  

    49.    Ryu OH, Atkinson JC, Hoehn GT, Illei GG, Hart TC (2006) Identifi cation of parotid salivary 
biomarkers in Sjogren’s syndrome by surface-enhanced laser desorption/ionization time-
of- fl ight mass spectrometry and two-dimensional difference gel electrophoresis. Rheumatology 
(Oxford) 45(9):1077–1086  

     50.    Giusti L, Baldini C, Bazzichi L et al (2007) Proteome analysis of whole saliva: a new tool for 
rheumatic diseases—the example of Sjogren’s syndrome. Proteomics 7(10):1634–1643  

    51.    Sayer R, Law E, Connelly PJ, Breen KC (2004) Association of a salivary acetylcholinesterase 
with Alzheimer’s disease and response to cholinesterase inhibitors. Clin Biochem 
37(2):98–104  

     52.    Fabian TK, Fejerdy P, Csermely P (2008) Salivary genomics, transcriptomics and proteomics: 
the emerging concept of the oral ecosystem and their use in the early diagnosis of cancer and 
other diseases. Curr Genomics 9(1):11–21  

     53.    Greabu M, Battino M, Mohora M et al (2007) Could constitute saliva the fi rst line of defence 
against oxidative stress? Rom J Intern Med 45(2):209–213  

20 Salivary Biomarkers of Oxidative Stress Associated with Periodontal Diseases



342

    54.    Battino M, Ferreiro MS, Gallardo I, Newman HN, Bullon P (2002) The antioxidant capacity 
of saliva. J Clin Periodontol 29(3):189–194  

               55.   Miricescu D, Totan A, Calenic B et al (2013) Salivary biomarkers: relationship between 
oxidative stress and alveolar bone loss in chronic periodontitis. Acta Odontol Scand [Epub 
ahead of print]  

          56.    Miricescu D, Greabu M, Totan A, Didilescu A, Rădulescu R (2011) The antioxidant potential 
of saliva: clinical signifi cance in oral diseases. Ther Pharmacol Clin Toxicol 2:139–143  

    57.    Battino M, Greabu M, Totan A et al (2008) Oxidative stress markers in oral lichen planus. 
Biofactors 33(4):301–310  

        58.    Greabu M, Battino M, Totan A et al (2007) Effect of gas phase and particulate phase of cigarette 
smoke on salivary antioxidants. What can be the role of vitamin C and pyridoxine? Pharmacol 
Rep 59(5):613  

         59.    Greabu M, Totan A, Battino M et al (2008) Cigarette smoke effect on total salivary antioxidant 
capacity, salivary glutathione peroxidase and gamma-glutamyltransferase activity. Biofactors 
33(2):129–136  

    60.    Greabu M, Didilescu A, Puiu L, Miricescu D, Totan A (2012) Salivary antioxidant biomarkers 
in non-ferrous metals mine workers—a pilot study. J Oral Pathol Med 41(6):490–493  

    61.    Henkin RI, Martin BM, Agarwal RP (1999) Decreased parotid saliva gustin/carbonic anhydrase 
VI secretion: an enzyme disorder manifested by gustatory and olfactory dysfunction. Am J 
Med Sci 318(6):380–391  

       62.       Amerongen A, Veerman EC (2008) Saliva: properties and functions. In: Wong DT (ed) 
Salivary diagnostics. Wiley Blackwell, Ames, pp 27–36  

   63.    Sarosiek J, Mccallum RW (2000) Mechanisms of oesophageal mucosal defence. Baillieres 
Best Pract Res Clin Gastroenterol 14(5):701–717  

      64.    Pedersen A, Bardow A, Jensen SB, Nauntofte B (2002) Saliva and gastrointestinal functions 
of taste, mastication, swallowing and digestion. Oral Dis 8(3):117–129  

    65.    Humphrey SP, Williamson RT (2001) A review of saliva: normal composition, fl ow, and func-
tion. J Prosthet Dent 85(2):162–169  

    66.    Scannapieco FA (1994) Saliva-bacterium interactions in oral microbial ecology. Crit Rev Oral 
Biol Med 5(3–4):203–248  

    67.    De Abreu Pereira D, Areias VR, Franco MF et al (2013) Measurement of HER2 in saliva of 
women in risk of breast cancer. Pathol Oncol Res 19(3):509–513  

    68.    Streckfus C, Bigler L, Dellinger T, Dai X, Kingman A, Thigpen JT (2000) The presence of 
soluble c-erbB-2 in saliva and serum among women with breast carcinoma: a preliminary 
study. Clin Cancer Res 6(6):2363–2370  

    69.       Zhang L, Farrell JJ, Zhou H et al (2010) Salivary transcriptomic biomarkers for detection of 
resectable pancreatic cancer. Gastroenterology 138(3):949–957, e1–7  

    70.    Xiao H, Zhang L, Zhou H, Lee JM, Garon EB, Wong DT (2012) Proteomic analysis of human 
saliva from lung cancer patients using two-dimensional difference gel electrophoresis and 
mass spectrometry. Mol Cell Proteomics 11(2):M111.012112  

    71.    Giusti L, Bazzichi L, Baldini C et al (2007) Specifi c proteins identifi ed in whole saliva from 
patients with diffuse systemic sclerosis. J Rheumatol 34(10):2063–2069  

    72.    Van Holland BJ, Frings-Dresen MH, Sluiter JK (2012) Measuring short-term and long-term 
physiological stress effects by cortisol reactivity in saliva and hair. Int Arch Occup Environ 
Health 85(8):849–852  

    73.    Monteleone P, Scognamiglio P, Canestrelli B, Serino I, Monteleone AM, Maj M (2011) 
Asymmetry of salivary cortisol and alpha-amylase responses to psychosocial stress in anorexia 
nervosa but not in bulimia nervosa. Psychol Med 41(9):1963–1969  

    74.    Dodds MW, Johnson DA, Yeh C-K (2005) Health benefi ts of saliva: a review. J Dent 
33(3):223–233  

    75.    Taylor GW (2001) Bidirectional interrelationships between diabetes and periodontal diseases: 
an epidemiologic perspective. Ann Periodontol 6(1):99–112  

    76.    Balamane M, Winters MA, Dalai SC et al (2010) Detection of HIV-1 in saliva: implications for 
case-identifi cation, clinical monitoring and surveillance for drug resistance. Open Virol J 4:88  

M. Greabu and B. Calenic



343

    77.    Cruz H, Marques V, Villela-Nogueira C et al (2012) An evaluation of different saliva collection 
methods for detection of antibodies against hepatitis C virus (anti-HCV). J Oral Pathol Med 
41(10):793–800  

    78.    Srivastava S, Krueger K (2008) Diagnostics other than blood. In: Wong D (ed) Salivary 
diagnostics. Wiley Blackwell, Ames, pp 95–103  

    79.    Sue Carter C, Al E (2007) Oxytocin behavioral associations and potential as salivary biomarker. 
In: Malamud D, Niedbala R (eds) Oral-based diagnostics. Annals of the New York Academy 
of Sciences, Boston, pp 312–323  

    80.    Goncalves Lda R, Soares MR, Nogueira FC et al (2010) Comparative proteomic analysis of 
whole saliva from chronic periodontitis patients. J Proteomics 73(7):1334–1341  

   81.    Ito T, Komiya-Ito A, Arataki T et al (2008) Relationship between antimicrobial protein levels 
in whole saliva and periodontitis. J Periodontol 79(2):316–322  

   82.    Fabian TK, Fejerdy P, Nguyen MT, Soti C, Csermely P (2007) Potential immunological 
functions of salivary Hsp70 in mucosal and periodontal defense mechanisms. Arch Immunol 
Ther Exp (Warsz) 55(2):91–98  

   83.    Kibayashi M, Tanaka M, Nishida N et al (2007) Longitudinal study of the association between 
smoking as a periodontitis risk and salivary biomarkers related to periodontitis. J Periodontol 
78(5):859–867  

   84.    Nishida N, Yamamoto Y, Tanaka M et al (2006) Association between passive smoking and 
salivary markers related to periodontitis. J Clin Periodontol 33(10):717–723  

    85.    Totan A, Greabu M, Totan C, Spinu T (2006) Salivary aspartate aminotransferase, alanine 
aminotransferase and alkaline phosphatase: possible markers in periodontal diseases? 
Clin Chem Lab Med 44(5):612–615  

    86.    Preza D, Thiede B, Olsen I, Grinde B (2009) The proteome of the human parotid gland secre-
tion in elderly with and without root caries. Acta Odontol Scand 67(3):161–169  

   87.    Vitorino R, De Morais Guedes S, Ferreira R et al (2006) Two-dimensional electrophoresis 
study of in vitro pellicle formation and dental caries susceptibility. Eur J Oral Sci 
114(2):147–153  

   88.    Van Nieuw Amerongen A, Bolscher JG, Veerman EC (2004) Salivary proteins: protective and 
diagnostic value in cariology? Caries Res 38(3):247–253  

    89.    Dowd FJ (1999) Saliva and dental caries. Dent Clin North Am 43(4):579–597  
    90.    Yang LL, Liu XQ, Liu W, Cheng B, Li MT (2006) Comparative analysis of whole saliva pro-

teomes for the screening of biomarkers for oral lichen planus. Infl amm Res 55(10):405–407  
    91.    Mizukawa N, Sawaki K, Nagatsuka H et al (2001) Human alpha-and beta-defensin immuno-

reactivity in oral mucoepidermoid carcinomas. Anticancer Res 21(3C):2171–2174  
    92.    Pickering V, Jordan RC, Schmidt BL (2007) Elevated salivary endothelin levels in oral cancer 

patients—a pilot study. Oral Oncol 43(1):37–41    

20 Salivary Biomarkers of Oxidative Stress Associated with Periodontal Diseases



345D. Ekuni et al. (eds.), Studies on Periodontal Disease, Oxidative Stress in Applied 
Basic Research and Clinical Practice, DOI 10.1007/978-1-4614-9557-4,
© Springer Science+Business Media New York 2014

  Dr. Daisuke Ekuni, DDS, Ph.D. , is currently Lecturer, Okayama University 
Hospital, Department of Preventive Dentistry, Okayama, Japan where he also com-
pleted his DDS and Ph.D. in Dental Science. He was a Post-Doctoral Fellow in the 
Department of Oral Biological & Medical Sciences at the University of British 
Columbia, Vancouver, Canada. He is a member of several professional societies 
including the International Associate for Dental Research and the Japanese Society 
of Periodontology. 

  Dr. Maurizio Battino, D.Sc., Ph.D. , earned his D.Sc. at the University of Bologna 
and his Ph.D. in Biochemistry at the University of Catania, Italy. He was a Post-
Doctoral Fellow at the University of Granada and is currently Associate Professor in 
Biochemistry at the Università Politecnica delle Marche. He serves on the editorial 
boards of several journals including as Editor-in-Chief for Journal of Berry Research. 
His laboratory focuses on: the healthy effects of bioactive compounds in berries, 
honey and olive oil; unraveling the role of oxidative stress in the onset and develop-
ment of periodontal diseases; and the mitochondrial role in genetic diseases. 

  Dr. Takaaki Tomofuji, DDS, Ph.D. , is Senior Assistant Professor, Okayama 
University Hospital, Department of Preventive Dentistry, Okayama, Japan. He was 
a Post-Doctoral Fellow at the Chonbuk National University, South Korea. He is a 
councilor of the Japanese Society for Dental Health and serves on the editorial 
board of Journal of Dental Health. 

  Dr. Edward E. Putnins, DMD, Dip Perio, MRCD(C), M.Sc., Ph.D.  received his 
undergraduate and periodontal training at The University of Manitoba prior to comple-
tion of his Ph.D. at The University of British Columbia. He is a professor and serves as 
Associate Dean of Research, Graduate and Postgraduate Studies at The University of 
British Columbia. Dr. Putnins’ laboratory has two principal areas of focus: (1) examin-
ing whether novel bone marrow stromal cell expansion strategies can be developed 
to regenerate lost hard and soft periodontal tissues and (2) regulating epithelial cell 
barrier integrity and proliferation with respect to periodontal disease pathogenesis.         

           About the Editors 



347D. Ekuni et al. (eds.), Studies on Periodontal Disease, Oxidative Stress in Applied 
Basic Research and Clinical Practice, DOI 10.1007/978-1-4614-9557-4,
© Springer Science+Business Media New York 2014

  A 
  Abetalipoproteinemia , 198  
   Abscess , 200, 229, 231  
   Absorption , 111, 119, 235, 262, 265, 282  
   Acetyl coenzyme A , 237  
   Acidic buffer , 136, 187  
   Acidic proline-rich protein , 267  
   Acinar cells , 203, 264  
   Acini , 267  
   Aconitase , 108         
   Actin , 231  
    Actinobacillus actinomycetemcomitans  , 

36, 40, 60, 108, 228  
    Actinomyces  

  A. naeslundii  , 288  
  A. viscosus  , 288  

   Activators , 18, 34, 59, 66, 162, 185, 240, 
279, 287  

   Active vitamin D hormone , 262  
   Acute cellular injury , 243  
   Acute hepatitis , 199  
   Acute infl ammation , 160, 229, 230, 232  
   Addison’s disease , 242  
   Adenosine diphosphate (ADP) , 239  
   Adenosine monophosphate P-activated protein 

kinase (AMPK) , 239–240  
   Adenosine triphosphate (ATP) , 18, 78, 235, 

237–240  
   Adherens junction , 55, 58  
   Adhesion molecules , 3, 8, 57–58, 67, 173, 

184, 236, 288  
   Adipocyte lipolysis , 240  
   Adipocytes , 240, 257  
   Adipokines , 175, 178, 240  
   Adiponectin , 175, 198  
   Adiponutrin , 199  

   Adipose tissue , 168, 198, 199, 245, 255  
   Aerobic , 7, 78, 107, 110, 113, 114, 116, 

120–122, 237  
   Aerobic organism , 7, 107  
   Aerobic respiration , 237  
   Aerobic respiratory chain , 116, 120  
    Aeropyrum pernix  , 114  
    Aeruginosa  , 110, 115, 116, 118, 119, 242  
   Age , 3, 8, 9, 35, 38, 80, 81, 141, 150, 152, 

170–172, 184, 211–215, 219, 220, 
228, 255, 259, 284, 286  

   Age-related diseases , 3, 80  
   Agglutinating defense factors , 253  
   Agglutinin , 332     
    Aggregatibacter actinomycetemcomitans  , 

28, 40, 135, 160, 169, 288  
   Aggressive periodontitis , 21, 133, 141, 160, 

169, 170  
   Aging , 6, 15, 18, 20, 24, 27, 77, 79–81, 

85, 140, 141, 211–213, 217–220, 
246, 280  

   Agonist , 18  
   AhpCF system , 121  
   AIM2 , 241  
   ALA.    See  Alpha-linolenic acid (ALA) 
   Alanine aminotransferase (ALT) , 

198–200, 204  
   Alarmin , 158  
    Albicans  , 216  
   Albumin , 7, 174  
   Alcohol abuse , 255  
   Alcohol dehydrogenase , 266  
   Alcoholic fatty liver disease (AFLD) , 197  
   Alcoholism , 151, 255, 264  
   Aldose reductase , 42  
   Alkaline phosphatase , 262, 266  

                     Index 



348

   Alkoxyl radical , 17  
   Alkylamine , 136  
   Alkyl hydroperoxide reductase , 112  
   Alkyl hydroperoxide reductase subunit C , 112  
   Alkyl hydroperoxide reductase subunit F , 112  
   Alkylperoxide , 17                
   Alpha-enolase , 178  
   Alpha-linolenic acid (ALA) , 235  
   Alpha-tocopherol , 261  
   ALT.    See  Alanine aminotransferase (ALT) 
   Alveolar bone , 9, 33, 36, 37, 39–42, 55, 63, 

66, 133, 160, 170, 171, 176, 215, 227, 
228, 252, 254–257, 263–265, 267, 285, 
287–289  

   Alveolar crest , 264  
   Alzheimer-like dementia , 212  
   Alzheimer’s disease , 151, 211, 214, 243, 

244, 282  
   Amalaki ( phyllanthus emblica ) , 290  
   Amino acid , 7, 17, 18, 115, 116, 118, 120, 

140, 177, 237, 253, 259  
 chains , 140  
 polypeptide , 118  
 sequence , 118, 120  

   4-Aminobutyrate aminotransferase , 64  
   Aminoguanidine , 42, 290  
   Amphiphilic molecules , 235  
   Amphiregulin , 65  
   Amylase , 264  
   Amyloid-A , 173  
   Amyloid precursor protein (APP) , 213  
   Anaerobic bacteria , 110, 280  
   Anaphase , 101, 102  
   Anaphase-promoting complex/cyclosome 

(APC/C) , 102  
   Anemia , 259, 265, 266  
   Angiogenesis , 6  
   Animal , 3, 4, 6, 8, 10, 11, 33–44, 63, 64, 

80, 81, 107, 108, 134, 137, 147, 
168–169, 185, 186, 190, 197, 198, 
200–202, 236, 238, 252, 254, 257, 
261, 264–266, 280, 282, 284, 285, 
287, 288, 291  

   Animal cells , 265  
   Animal model , 3, 4, 6, 10, 11, 33–44, 134, 

137, 168–169, 198, 202, 254, 280, 
284, 288, 291         

   Antiadhesion , 289  
   Antiamyloid , 282  
   Antibacterial , 285, 288, 290  
   Antibodies , 20, 24, 26–28, 139, 158, 173, 

176–178, 231  
   Anticancer agents , 160          

   Antigen-presenting cell , 57  
   Antigens , 18, 21, 24, 25, 27, 28, 57, 58, 176, 

178, 253  
   Anti-HMGB1 antibody , 161  
   Anti-infl ammatory properties , 257, 262, 282, 

289, 290  
   Antimicrobial peptide , 53, 54, 60, 67, 231, 262  
   Antimycin A , 115  
   Antioxidant , 3, 16, 38, 62, 78, 112, 135, 

148, 163, 173, 183, 197, 211, 
238, 252, 279     

   Antioxidant enzymes , 7, 17, 40, 120, 121, 211, 
215, 238, 282  

   Antioxidant protein , 135  
   Antioxidant system , 3–11, 16, 17, 78, 183, 267  
   Antioxidant therapies , 3, 11, 190, 191          
   Antioxidant vitamins , 189  
   Aorta , 8, 186–190  
   Aphytyl group , 260  
   Apical caspases , 86  
   Apigenin , 289  
   Apnea , 212  
   Apoptosis , 6, 8, 19, 24, 60–62, 77–82, 85–91, 

95–103, 134, 140, 159, 160, 163, 186, 
201, 203, 214, 239, 241–246, 259, 286  

   Apoptosome , 78, 86, 88, 89  
   Apoptotic cells , 24–26, 159, 244  
   Apoptotic markers , 86, 90  
   Arachidonic acid , 236  
    Arcanobacterium haemolyticum  , 37         
   Arginine , 6, 177, 230  
   Arginine-specifi c proteinase , 177  
   Arrhythmia , 283  
   Arteries , 176, 183  
   Artery specimens , 176  
   Arthritis , 24, 66, 134, 137, 158, 167, 171–172, 

174, 175, 177, 178, 218, 244  
   Arthrosclerosis , 190  
   Artifi cial electron donor , 112, 114  
   Ascofuranone , 122, 123  
   Ascorbic acid , 257, 258  
   Aseptic , 227         
   Asn231 , 118, 119                      
   Assay , 118, 121, 135–140, 175, 187, 280, 287         
   Ataxia-telangiectasia , 96, 97  
   Ataxia-telangiectasia and Rad3-related 

protein , 96, 97  
   Ataxia telangiectasia mutated (ATM) , 96–98, 

101, 103  
   ATG16L1.    See  Autophagy related 16-like 1 

(ATG16L1) 
   ATG start codon , 118  
   Atherogenesis , 26, 185, 187  

Index



349

   Atherosclerosis , 6, 8, 9, 20, 24, 26, 27, 134, 
135, 176–178, 183–192, 218, 228, 233, 
246, 279, 283, 290  

   ATM.    See  Ataxia telangiectasia mutated 
(ATM) 

   ATP.    See  Adenosine triphosphate (ATP) 
   Attachment loss , 169, 172, 201, 258, 259, 264  
   Attenuation , 123, 283  
   Audiological dysfunction , 212  
   Aureus , 216  
   Autoantigenicity , 177  
   Autoimmune disease , 20, 28, 167, 243–246  
   Autophagosomes , 244, 245  
   Autophagy , 23–26, 160, 242–246  
   Autophagy related 16-like 1 (ATG16L1) , 

23, 24  
   Autoxidation , 108  
   2,2′-Azino-bis(3-ethylbenzothiazoline-6- 

sulphonic acid) , 136  

    B 
   Bacillus subtilis  , 110  
   Bacteria , 18, 21–28, 33, 35–37, 58–60, 67, 

107–116, 122, 134, 135, 139, 142, 160, 
162, 172, 176, 177, 185, 228, 230, 231, 
239, 253–255, 257, 262, 266, 280, 286, 
288  

   Bacterial 
 enzymes , 175  
 fraction , 288  
 inoculation , 257  
 periplasm , 115  

   Bacterial cytochrome c peroxidase (BCCP) , 
115–120  

   Bacterial cytoplasmic membrane , 108, 115  
   Bacterial lipopolysaccharide , 169, 257  
   Bacterial multiheme peroxidase family , 120  
   Bacterioferritin , 112–114, 121  
   Bacterioferritin comigratory proteins (BCP) , 

112–114, 121  
   Bacteroides fragilis , 118  
   Baicalin , 9, 41, 289  
   Band intensity , 161  
   Barrier , 53–55, 57, 58, 65, 87, 233–236, 253, 

261, 307  
   Basal lamina , 56–59  
   Basal-membrane synthesis , 87  
   Base excision repair (BER) , 80, 102, 103  
   BAX , 88, 90, 243  
    Bc 1 , 117  
    Bc 1 complex , 120  
   BCCP.    See  Bacterial cytochrome c peroxidase 

(BCCP) 

   B cell proliferation , 241  
   Bcl-2 , 86  
   Bcl-2 family , 90, 243  
   Bcl-x , 243  
   BCP.    See  Bacterioferritin comigratory 

proteins (BCP) 
   Beans , 281, 283  
   Benzene , 235  
   Benzoquinone , 42, 116, 290  
   BER.    See  Base excision repair (BER) 
   Beta-carotene , 189  
   Beta-catenin , 8  
   Beta defensins , 53, 60  
   Beta-diketone , 282  
   Bibhitaki ( terminalia bellerica ) , 290  
   Bifi dobacteria , 260  
   Bifunctional catalase , 110, 111, 121  
   Bilayer matrix , 234  
   Bilirubin , 7, 200   
  Bioenergy , 108  
   Biofi lm , 21, 37, 54, 55, 59, 60, 147, 187, 

228, 246  
   Biological fl uids , 135, 139  
   Biosynthesis , 108, 215, 218, 237, 

240, 258  
   Biotin , 259  
   Black-pigmented anaerobes , 260  
   Black-pigment gram-negative anaerobic 

rods , 9  
   Bleeding , 22, 33, 42, 149, 169, 172, 255–260, 

263, 265, 286, 289, 290  
   Bleeding on probing (BOP) , 149, 172, 259, 

263, 265, 290  
   Block cell death , 244  
   Block chromosome segregation , 101  
   Blood , 7, 39, 66, 136, 138–140, 147–151, 168, 

170, 171, 174, 184, 186, 197, 200–204, 
219, 229, 231, 233, 239, 255, 256, 
258–260, 263, 265, 266  

   Blood antioxidant status , 148  
   Blood ectasia , 229  
   Blood oxidative stress , 148  
   Blueberries , 281  
   B lymphocytes , 60, 262  
   Body cells , 232  
   Body fl uid , 139, 238  
   Body mass index , 171, 255  
   Body reaction , 240         
   Bone , 8–10, 22, 33, 36–42, 55, 63, 66, 81, 82, 

86, 115, 133, 135, 160, 169–171, 176, 
215, 227, 228, 252, 254–257, 259, 
262–267, 285, 287–289  

   Bone mass index , 263  
   Bone metabolism , 38, 262, 263  

Index



350

   Bone mineral density , 263, 264  
   BOP.    See  Bleeding on probing (BOP) 
   Brain , 61, 65, 77, 169, 197, 202, 203, 214, 

235, 254, 284  
   Breast cancers , 283  
   Broccoli , 283  
    Brucella abortus  , 111         
   Bulk , 215, 245, 255  
    Burkholderia pseudomallei  , 110  
   Butyric acid , 86, 160–163  

    C 
  C5a , 170  
   Ca9-22.    See  Gingival epithelial cells 

(Ca9-22)        
   C5a anaphylatoxin receptor , 170  
   Cadherin , 58  
   Caged reaction , 17   
  Calcifi cation , 184  
   Calcium , 42, 116, 119, 243, 262–265, 

281, 290  
   Calcium gluconate , 42, 290  
   Calcium/magnesium ratio , 264  
   Calculus , 35, 38         
   Caloric restriction , 246  
   Calprotectin , 53, 60  
   Cancer , 6, 80, 86, 88, 102, 134, 140, 160, 

168, 218, 236, 244, 246, 255, 279, 
282, 283  

   Cancer chemoprevention , 282  
   Carbohydrate , 15, 138, 198, 236, 240, 253, 

254, 257, 259, 279, 281  
   Carbonic anhydrase , 266  
   Carbonyl compounds , 138, 140  
   Carboxylation , 260  
   Carcinogenesis , 6, 95–103  
   Carcinoma , 64, 151, 199, 200, 204          
   Cardiac myocytes , 240  
   Cardiac transplant , 171  
   Cardinal signs , 229  
   Cardiolipin , 24, 28  
   Cardiology , 184  
   Cardiomyocyte apoptosis , 239  
   Cardiomyopathy , 238, 255  
   Cardiovascular disorders , 236  
   Caries , 252, 255  
   Carotene , 189, 261  
   Carotenoid , 7, 40, 41, 235, 261, 279, 282  
   Carotid endarterectomy specimens , 176  
   Carratelli Units (CARR U) , 187  
   Cascade , 11, 65, 79, 86, 89, 229, 230, 

232, 243  
   Case-control studies , 140, 258, 263, 265  

   Caspase 1 , 86, 241, 242  
   Caspase 3 , 62, 78, 79, 86, 89, 102  
   Caspase 8 , 86, 89, 90, 243  
   Caspase family , 243, 244  
   Catabolic processes , 239  
   Catalase , 4, 5, 11, 17, 36, 40, 107–115, 120, 

121, 136, 148, 217, 238, 279, 280  
   Cataractogenesis , 212  
   Cataracts , 212  
   Catechin , 9, 41, 281, 282, 285–286, 290  
   Cathelicidin , 53, 60  
   Cathepsin B , 169  
   Cationic proteins , 231  
   Cavity , 7, 21, 27, 28, 35–37, 53, 55, 57, 

66, 77, 81, 87, 95, 96, 149, 231, 
252, 255, 288  

   C3b , 231  
   CCP.    See  Cytochrome c peroxidase (CCP)        
   CD36 , 198, 238  
   CD18-β chain , 213  
   Cdk5.    See  Cyclin-dependent kinase 5 (Cdk5) 
   Celiac disease , 212  
   Cell , 3, 15, 35, 53, 77, 85, 95, 107, 134, 

147, 158, 168, 183, 197, 214, 227, 
252, 285     

   Cell adhesion , 57–58, 67, 233, 288  
   Cell adhesion molecules , 57–58, 67, 288  
   Cell cycle , 77, 79, 81, 82, 87, 89, 90, 95–99, 

101–103, 162, 163, 240  
   Cell cycle-related genes , 163  
   Cell death , 6, 7, 77, 85–87, 97, 101, 158, 161, 

163, 214, 241, 243–245  
   Cell type , 63, 65, 78, 79, 87, 88, 90, 91, 168, 

183, 234, 235, 237  
   Cellulose sponges , 291  
   Cementum , 54, 252  
   Central nervous system (CNS) , 87, 214  
   Centromere , 101  
   Ceramide , 199          
   Cereal fi ber , 255  
   Cerebral atrophy , 255  
   Ceruloplasmin , 136, 266  
   Ceruloplasmin oxidase , 136  
   Chain reaction , 19, 20, 238  
   Chamomile , 289  
   Chaperone , 134, 158, 176  
   Check point kinase 1 (Chk1) , 98, 103  
   Check point kinase 2 (Chk2) , 97, 98, 103  
   Checkpoint protein , 79  
   Checkpoints , 79, 95–99, 101–103  
   Chemiluminescence , 135, 138  
   Chemiluminescent , 136  
   Chemoattractants , 3, 8, 159, 184, 190, 287  
   Chemokine , 53, 58, 67, 199, 232, 286  

Index



351

   Chemokine ligand , 199, 286  
   Chemotactic cytokines , 232  
   Chlorine species , 281  
   Chloroform , 235  
   Chloroplasts , 234  
   Cholesterol , 149, 150, 184, 201, 204, 

235–237, 240, 255  
   Cholesterol synthesis , 240  
   Cholinesterase , 199  
   Chondroitin , 254  
   Chromatin , 101, 103, 159  
   Chromosome 14 , 212  
   Chromosome 21 , 211–214, 220  
   Chromosomes , 98, 101, 102, 140, 213  
   Chronic alcoholism , 264  
   Chronic disease , 18, 41, 140, 189, 191, 218, 

233, 246, 260, 266, 280  
   Chronic generalized periodontitis , 174  
   Chronic infections , 247, 266  
   Chronic infl ammation , 21, 28, 54, 63, 160, 

229, 230, 232, 246         
   Chronic periodontitis , 21, 59, 60, 133, 

136–138, 140, 141, 148–150, 152, 
160, 161, 170–175, 200, 204, 228, 
259, 290  

   Chronic viral hepatitis , 199  
   Chronic wound , 232          
   Cigarette smoke , 9  
   Circulating concentrations , 262  
   Circulation , 8, 66, 176, 199, 201, 212  
   Cirrhosis , 198–200, 204, 255  
   Cisplatin , 219  
   Citrate synthase , 239  
   Citrullinated fi brinogen , 178  
   Citrullinated peptides , 177  
   Citrullinated protein , 177, 178  
   Citrulline , 177  
   c-jun NH2-kinase (JNK) , 199, 287     
   Claudin , 58  
   Clinical attachment level , 170, 256, 260, 262, 

264, 286  
   Clinical trials , 6, 33, 134, 172, 174, 190, 191, 

244, 285–287   
  Clotting cascade , 230  
   Clusters , 108, 228  
   Coagulation , 86, 230, 260  
   Cocoa , 41, 281, 284–285  
   Cocoa polyphenols , 281  
   Coenzyme Q , 237         
   Coenzymes , 231, 237  
   Cofactors , 107, 110, 111, 114, 258, 260, 

266, 267  
    Coli  , 39, 41, 59, 61, 107–122, 

216, 285  

    Coli  cells , 108  
    Coli  enzyme , 113  
   Collagen , 35, 87, 215, 218, 231, 253, 

257–259, 265, 291  
   Collagenase , 87          
   Collagen type II , 178  
   Colon cancer , 160, 255  
   Colorimetric , 62, 136, 137, 139  
   Colorimetric assay , 139  
   Co-migrates , 113  
   Community Periodontal index , 

256, 265  
   Complex I , 238  
   Complex II , 238  
   Complex III , 238  
   Complex interaction , 22, 160  
   Complex IV , 238  
   Complex molecules , 280  
   Compounds , 4, 9, 10, 17, 41, 42, 77–82, 

85–91, 95, 96, 112, 122, 138, 140, 
227, 237, 246, 261, 266, 279, 280, 
282, 289  

   Condensation , 235  
   Confi dence interval (CI) , 185  
   Confounder factors , 167, 170, 171  
   Confounding effects , 141  
   Congenital heart disease , 212  
   Connective tissue , 18, 33–36, 39, 55–57, 60, 

61, 64, 177, 201, 227, 229, 233, 252, 
254, 287, 290  

   Conventional therapy , 123  
   Copper ions , 17, 266  
   Coronary heart diseases , 197, 228, 233, 

282, 284  
   Cortisol , 219  
   Cost-effective approach , 218  
   Cotton ligature , 36, 186, 190, 285  
   Counterbalance clotting , 230  
   Covalent modifi cation , 16, 282  
   COX.    See  Cytochrome c oxidase (COX) 
   COX-2.    See  Cyclooxygenase-2 

(COX-2) 
   Cranberry proanthocyanidins , 289  
   C reactive protein (CRP) , 168–171, 173–175, 

177, 178, 185, 201, 204                
   Crevicular , 9, 28, 33, 40, 56, 60, 62, 87, 136, 

147, 160, 169, 253, 260, 290  
   Crohn disease , 22–24   
  Cross-sectional studies , 255, 258, 

259, 262  
   CRP.    See  c reactive protein (CRP) 
   Cryptoxanthin , 261  
   Crystallization , 119   
  C-terminal domain , 110   

Index



352

  C-type cytochrome , 115, 116  
   C-type Lectin Receptors (CLRs) , 240  
   Cumene hydroperoxide , 113, 114, 121  
   Cumulative free radical damage , 280  
   Curcumin , 281, 282, 286–287  
   Cyanide , 111, 115  
   Cyanocobalamin , 259  
   Cyclin-dependent kinase 5 , 96  
   Cyclin-dependent kinase 5 (Cdk5) , 96, 97  
   Cycloheximide (CHX) , 161, 163  
   Cyclooxygenase , 5  
   Cyclooxygenase-2 (COX-2) , 41, 287, 288         
   Cys61 , 113  
   Cys106 , 159  
   Cys203 , 118  
   Cyst , 283  
   Cystathionine-synthase (CBS) , 213  
   Cystatin , 173  
   Cystatin C , 173         
   Cystatins , 173         
   Cysteine , 6, 16, 60, 86, 109, 112, 113, 159, 

241, 243, 282  
   Cysteine protease caspase-1 , 241  
   Cysteine sulfenic acid (–SOH) , 112  
   Cytochrome b 558 -d , 116  
   Cytochrome bd-encoding gene , 117  
   Cytochrome b 562 -o , 116  
   Cytochrome c , 78, 86, 88, 89, 109, 115–117, 

237, 238, 243  
   Cytochrome c oxidase (COX) , 78, 88, 116, 

117, 238  
   Cytochrome c oxidoreductase , 116, 238  
   Cytochrome c peroxidase (CCP) , 115, 117  
   Cytochrome P-450 oxygenase , 5  
   Cytochromes , 5, 78, 86, 88, 89, 109, 115–117, 

119, 237, 238, 243, 265  
   Cytokeratin , 56, 63  
   Cytokine , 3, 8, 18, 53, 57–61, 66, 67, 134, 

158–160, 162, 168, 169, 175, 178, 200, 
201, 204, 217, 232, 236, 241, 243, 245, 
257, 266, 286–288  

   Cytoplasm , 59, 111, 120, 121, 158, 162, 238, 
240, 244  

   Cytoprotection , 244  
   Cytoskeletal elements , 234  
   Cytosol , 5, 78, 86, 88, 89, 241, 244  
   Cytotoxic , 42, 85, 122, 123, 176, 

190, 289  

    D       
   Danger-associated molecular patterns 

(DMAPs) , 25  
   Danger signal , 158, 242  

   Dansyl chloride , 136  
   DAT cell , 57, 60  
   Daughter cells , 101  
   DD-DD interactions , 243  
   D-dimer , 173  
   Death-inducing signaling complex (DISC) , 

86, 243  
   Death receptor , 103, 243  
   Deciduous dentition , 215  
   Decolourization , 136  
   DED-DED interactions , 243  
   Defense mechanism , 3, 7, 10, 33, 57, 80, 82, 

199, 239, 241, 246, 282  
   Defensin , 53, 231  
   Deglycosidation , 283  
   Degradation , 15, 20, 86, 98, 102, 117, 121, 

138, 140, 177, 178, 231, 237, 239, 
243–245, 291  

   Dehydrogenation , 108  
   Dementia , 167, 212, 236  
   Demethylation , 103  
   Dendritic cells , 57, 158, 159, 240         
   Dental implant , 35, 38         
   Dental plaque , 21, 35, 54, 55, 228, 290  
   Dental pulp , 78, 82, 87, 88, 90  
   Dentin , 55, 56, 252  
   Dentistry , 168  
   Dentures , 263                          
   Dermatan sulfates , 254  
   Desferrioxamine (DFO) , 217  
   Desmosome , 55, 56  
   Destructive periodontitis , 266  
   Detoxifi cation , 203  
   Detrimental effects , 184, 185, 197, 245  
   DHA.    See  Docosahexaenoic acid (DHA) 
   Diabetes mellitus , 6, 8, 151, 167, 171, 175, 

184, 197, 201, 212, 255  
   Diacron reactive oxygen metabolities 

(D-ROM) , 135, 173  
   Diaminobenzidine , 63  
   Diapedesis , 230  
   Dibasic sodium phosphate , 265  
   Diet , 35, 38, 41, 42, 201, 235–238, 247, 

252–257, 264–267, 279, 281, 
283, 285  

   Dietary antioxidants , 3, 9  
   Digestion , 259  
   Digestive tube , 237  
   Digits , 243  
   Diglycerides , 235  
   Dihydrofl avin , 107  
   Dihydrogenistein , 283  
   Dihydropyrimidinase , 64  
   Dimer , 97, 103, 118  

Index



353

   Dimethyl sulfoxide , 116  
   5,5-dimetyl-1-pyrolline-N-oxide , 216         
   Diphenylene iodonium , 190  
   1,1-Diphenyl-2-picrylhydrazyl , 280  
   Disaccharides , 254  
   DISC.    See  Death-inducing signaling complex 

(DISC) 
   Dismutation , 5, 114, 136, 217  
   Disulfi de bond , 109, 112, 113, 159  
   Dithiothreitol (DTT) , 112–114  
   Diversity , 234  
   D-lactate , 116  
   DNA , 5, 15, 33, 62, 77, 86, 95, 108, 138, 147, 

169, 187, 197, 213, 228, 279     
   DNA damage , 18, 34, 39, 77–82, 88, 

90, 95–100, 102, 103, 108, 138, 
140–141, 147–149, 169, 187, 
188, 202, 213  

   DNA degradation , 86  
   DNA demethylation , 103  
   DNA double-strand breaks (DSBs) , 

81, 95–98, 100  
   DNA fragmentation , 243  
   DNA ligase , 99, 100  
   DNA metabolism , 103  
   DNA mutations , 140         
   DNA polymerases , 99, 100  
   DNA polymerases β , 102  
   DNA replication , 97–99, 101, 103  
   DNA single-strand , 98, 99  
   DNA synthesis , 99  
   Docosahexaenoic acid (DHA) , 235, 236, 257  
   Dog , 34–36, 38, 40, 43, 44, 60  
   Dose-dependent response , 201  
   Double membrane-enclosed organelle , 237  
   Downstream caspases , 86  
   Down syndrome , 211–220          
   Drosophila , 62, 244  
   Drugs , 10, 18, 65, 121–123, 200, 219, 239, 

240, 260, 264, 290  
   DSBs.    See  DNA double-strand breaks (DSBs) 
   Dying cells , 159, 244  
   Dyslipidemia , 184, 200  

    E 
  Ecchymoses , 258  
   Eclampsia , 264  
    E. coli  O157 , 111         
   Edentulism , 258  
   E2F2 , 79, 90  
   E2F4 , 79, 90  
   E2F6 , 79, 90  
   Effi cacy , 123, 283  

   Effi ciency , 20, 236  
     EGF.    See  Epidermal growth factor (EGF) 
   Eicosanoids , 236  
   Eicosapentaenoic acid (EPA) , 235, 236, 257  
   Elastic ring , 264  
   Electron , 3–5, 11, 16, 18, 19, 107, 109, 110, 

112–116, 118, 135, 212, 218, 
237, 238  

   Electron paramagnetic resonance (EPR) , 135  
   Electron spin resonance (ESR) , 3, 11, 212, 218  
   Electron transport chain , 5, 237, 238   
  Enamel , 35, 54–56, 252  
   Encoding gene , 117, 120  
   Endocytosis , 233  
   Endogenous factors , 215  
   Endogenous gaseous transmitters , 87  
   Endoplasmic reticulum (ER) , 102, 199, 242, 

244, 245  
   Endoplasmic reticulum stress , 244  
   Endothelial cells , 43, 176, 184, 190, 229, 

232, 288  
   Endothelial nitric oxide synthase (eNOS) , 

40, 186         
   Endotoxin , 3, 8, 24, 41, 158, 175  
   Engulfment , 231  
   Enteric bacteria , 112  
   Enterococci , 110  
   Environmental factors , 22, 80, 95, 212, 220  
   Enzyme , 5, 7, 16, 17, 19, 40, 56, 59, 65, 66, 

78, 102, 107–121, 140, 175, 177, 187, 
199, 211, 213–215, 217, 230, 231, 
237–239, 242, 243, 253, 258–260, 266, 
267, 279, 281–283  

   Eosin , 162  
   EPA.    See  Eicosapentaenoic acid (EPA) 
   Epicatechin (EC) , 282  
   Epicatechin 3 gallate (ECG) , 282, 286  
   Epidemiological studies , 137, 140, 141, 

167, 172, 197, 199, 253, 255, 258, 
265, 280  

   Epidermal growth factor (EGF) , 57–59, 64  
   Epidermis , 78, 90  
   Epigallocatechin (EGC) , 282, 290  
   Epigallocatechin 3 gallate (EGCG) , 282, 286  
   Epimerization , 108  
   Epithelial cell , 8, 53–63, 87, 135, 160, 162, 

163, 240, 241, 258, 288, 289  
   Epithelial regeneration , 87  
   Epithelium , 34, 36–39, 53–67, 82, 87, 136, 

161, 162, 177  
   Equilibrium kinetics , 122  
   ER.    See  Endoplasmic reticulum (ER) 
   Erythrocyte , 120, 136, 174, 214, 254, 

265, 266  

Index



354

   Erythropoiesis , 266  
   Erythropoietin , 174  
    Escherichia coli  , 39, 59, 107, 216, 285   
  Essential amino acids , 253  
   Ethanol , 8, 255–257  
   Ethylenediaminetetraacetic acid 

(EDTA) , 119  
   Ethylene glycol tetraacetic acid (EGTA )  , 119  
   Eukaryotes , 108, 114, 240  
   Eukaryotic cells , 5, 158, 176, 237  
   Exacerbation , 201, 215, 256  
   Excretion , 283  
   Executioner caspases , 78, 86, 89  
   Exercise , 18, 36, 153, 171, 246, 283  
   Exhaust fume , 18  
   Exocytosis , 20, 233, 241  
   Exogenous , 18, 111, 113, 121, 215  
   Experimental conditions , 257  
   Exponential phase , 111  
   Extracellular domain receptor , 230  
   Extracellular matrix , 58, 59, 234  
   Extracellular metabolite , 162  
   Extracellular signals , 243, 287  
   Extracellular space , 158, 241, 242  
   Extracellular water , 263  
   Extraction , 201, 263  
   Extraoral features , 212  
   Extravasation , 229, 267  
   Exudates , 260  
   Eyelids , 212  

    F 
  Facilitate absorption , 235  
    Faecalis  , 113  
   Fas , 86, 243  
   Fas-associated death-domain protein (FADD) , 

86, 243  
   Fas receptor associates , 86  
   Fat accumulation , 198  
   Fats , 235, 236, 259, 261  
   Fat-soluble vitamin , 235, 261  
   Fatty acid oxidation , 198, 237, 240  
   Fatty acids (FA) , 160, 170, 198, 235–238, 240, 

242, 257, 261, 290  
   Fatty acid transport protein , 198  
   Fatty acid transport protein 1 (FATP1) , 198  
   Fcγ receptor , 18, 150, 151  
   Feces , 283  
   Femur , 264  
   Fenton reaction , 5, 108, 109, 217  
   Fenton-type reaction , 216, 217  
   Fermented foods , 263  
   Ferret , 34, 38  

   Ferric ion , 136  
   Ferric iron , 137  
   Ferric reducing antioxidant power (FRAP) , 

136, 280  
   Ferritin , 266  
   Ferrous ion , 107, 112, 136  
   Ferrous iron , 108, 137  
   Fiber , 35, 57, 254–255, 281  
   Fibrinogen , 173–175, 178  
   Fibrinolysis system , 230  
   Fibroblast , 8, 9, 18, 40, 57, 59, 61, 65, 78, 79, 

81, 86–88, 90, 160, 162, 163, 212, 
214–218, 233, 239, 245, 265, 286–289  

   Fibroblast growth factor (FGF) , 59  
   Fibrogenic response , 201  
   Fibrosis , 81, 201, 229, 231  
   F2-isoprostanes , 139  
   Fissured tongue , 212  
   Flavin adenine dinucleotide , 237  
   Flavin-containing monooxygenase , 39, 64  
   Flavonoid , 9, 40, 41, 279–289  
   Flavonol , 9  
   Flavoprotein oxidases , 5  
   Fluctuations , 149  
   Fluorescence , 135, 288  
   F-met-leu-phe (FMLP) , 8, 151  
   Folate , 259  
   Folic acid , 259, 260, 281         
   Food and Drug Administration (FDA) , 219                
   Forkhead box O (FOXO) , 8, 9  
   FOXO.    See  Forkhead box O (FOXO) 
    Fragilis  , 118, 120  
   Fragmentation , 19, 138, 140, 243  
   Free fatty acid , 198  
   Free iron scavengers , 282  
   Free plasma quercetin , 283  
   Free radical , 3–5, 7, 16, 42, 135–137, 140, 

238, 259, 261, 266, 279, 280, 282  
   Free radical damage , 280  
   Free-radical-scavenging activity , 282  
   Fruits , 255, 261, 281, 283, 289, 290  
   Fumarate , 115, 116  
   Fumarate oxidoreductase , 115  
   Fungi , 122  
   Furcation , 263  
    Fusobacterium nucleatum  , 28, 33, 162, 288  

    G 
  G 0  , 98  
   G 2  , 98  
   GADD45 , 79  
   GADD45A , 79, 90  
   GADD45G , 79  

Index



355

   Gall bladder , 282  
   Gallocatechin , 290        
   Gamma-H2AX , 96–98  
   Gamma subdivision , 115  
   Gamma-tocopherol , 261  
   Gangliosides , 236, 237  
   Gap junction , 55, 56  
   G 1  arrest , 98  
   Gasotransmiters , 87  
   Gastric cancer , 62  
   Gastrointestinal system , 255  
   Gastrointestinal tract anomalies , 212  
   GCF.    See  Gingival crevicular fl uid (GCF) 
   Gender , 141, 170–172, 184, 256  
   Gene coding , 213  
   Gene dosage effect , 213, 214  
   Gene expression , 8, 9, 19, 59, 63–65, 163, 

186, 215, 230, 245, 279, 282, 287  
   General anesthesia , 186  
   Generation , 5, 8, 11, 18, 33, 34, 62, 63, 

107–109, 119–120, 163, 168, 177, 203, 
211, 212, 214, 216–218, 239, 261, 262, 
284, 287  

   Genes , 5, 24, 39, 58, 64, 65, 79, 82, 86, 90, 
103, 109, 110, 112, 117, 120, 163, 198, 
211–214, 220, 232, 239, 262  

   Gene transcription , 287  
   Gene-transcription factors , 232  
   Genistein (4,5,7-trihydroxyisofl avone) , 283  
   Genome , 63, 79, 90, 95, 99, 100, 102, 121, 

122, 239  
   Genomic damage , 96, 97, 102, 103  
   Genomic gaps , 100  
   Genomic stability , 99  
   Genotoxicity , 97  
   Gestation , 175  
   GFs.    See  Gingival fi broblasts (GFs) 
   Gingipain , 26–28, 60  
   Gingiva , 8, 35, 36, 39, 41, 56, 59, 87, 148, 

162, 177, 189, 201, 202, 218, 227, 228, 
252, 285  

   Gingival bleeding index , 256  
   Gingival crevicular fl uid (GCF) , 9, 28, 33, 40, 

56, 60, 62, 87, 136, 137, 140–142, 
147–149, 160, 162, 169, 290  

   Gingival epithelial cells (Ca9-22) , 8, 87, 88, 
160, 161, 163, 288  

   Gingival fi broblasts (GFs) , 9, 59, 78, 86, 90, 
160, 163, 212, 216–218, 239, 245, 265, 
286–289  

   Gingival index , 219, 259, 263, 265, 266, 
286, 290  

   Gingival infl ammation , 189, 254, 260, 262  
   Gingival keratinocytes , 40, 78, 87  

   Gingival papilla , 140  
   Gingival sulcus , 7, 36, 39, 55, 63, 160, 167, 

169, 200, 201, 203, 204, 262, 285  
   Gingival tissue , 9, 81, 85–87, 136, 140, 141, 

160, 161, 169, 176–178, 201, 203, 256, 
285, 287, 289  

   Gingivitis , 10, 33, 35, 36, 38, 137, 148, 152, 
215, 219, 227, 228, 253–255, 257, 258, 
261, 262, 290  

   Gingivomucosal tissue , 42, 267  
   Glands , 203, 253, 255, 264, 267         
   Glomerular fi ltration rate , 173         
   Glucids , 253–257  
   Glucocorticoid receptor , 158  
   Glucocorticoids , 158, 243  
   Glucose , 171, 173, 199, 235, 237–240, 242, 

254, 255, 259  
   Glutamate , 230  
   Glutaredoxins , 114, 121, 134  
   Glutathione (GSH) , 4, 7–9, 11, 17, 39–42, 

109, 112, 114, 135–137, 139, 148, 149, 
151, 152, 190, 238, 256, 279, 280, 285  

   Glutathione disulfi de (GSSG) , 8, 41, 139, 
256, 285  

   Glutathione peroxidases (Gpx) , 4, 7, 11, 
17, 112, 136, 137, 139, 148, 149, 
151, 152, 214  

   Glutathione S-transferase (GST) , 139         
   Glycerolipids , 235  
   Glycerophospholipids , 235  
   Glycinamide ribonucleotide synthase- 

aminoimidazole ribonucleotide 
synthase-glycinamide 
formyl transferase (GARS–
AIRS–GART) , 213  

   Glycogen , 254  
   Glycolipids , 235  
   Glycolysis , 18, 238, 242  
   Glycolysis enzymes , 242  
   Glycoprotein , 55, 253  
   Glycosaminoglycans , 254  
   Glycoside , 283, 289  
   Glycosilated hemoglobin A1c , 265  
   Glycosphingolipids , 234  
   Glycosylated hemoglobin A1 , 265  
   Glycosylation , 15  
   Gnotobiotic , 36, 37  
   Golgi apparatus , 233  
   Gpx.    See  Glutathione peroxidases (Gpx) 
   Gram negative anaerobic rods , 9, 285, 286  
   Gram-positive , 113  
   Gram quantities , 252  
   Grants-in-Aid , 44, 153  
   Granulation tissues , 291  

Index



356

   Granulocytes , 18, 151, 229, 230  
   Grapevine  (vitis vinifera)  , 283  
   Green leaves , 235  
   Green pepper , 289  
   Green tea , 9, 41, 282, 285, 286  
   Green tea catechin , 9, 41, 285, 286  
   Green vegetables , 255         
   GroEL , 176  
   Growth factor , 57–60, 67, 184, 189, 241, 243, 

244, 260, 287  
   Growth factor deprivation , 244  
   Growth-impaired phenotype , 122  
   Growth promoting activity , 135  
   GSH.    See  Glutathione (GSH) 
   GSH/GSSG ratio , 8, 256  
   G 1 /S phases , 98  
   GSSG.    See  Glutathione disulfi de (GSSG) 
   G 2 /S transition , 98  
   Guanine , 138, 140, 218          
   Gum , 254, 289  
   Gut , 22, 62, 228  
   Gut barrier , 236  

    H 
   Haemophilus infl uenzae  , 108  
    Haemophilus spp  , 115  
   Hair coat , 259  
   Halitosis , 78  
   Hamster , 34, 37, 254, 265  
   Harboring , 114, 120  
   H2AX , 96  
   Heart , 77, 134, 169, 186, 197, 202, 203, 231, 

235, 244, 261  
   Heart disease , 151, 197, 212, 228, 233, 244, 

282, 284  
   Heat , 18, 139, 168, 229, 243  
   Heat shock protein (HSP) , 168, 173, 175–177  
   Helicase , 99, 100  
    Helicobacter pylori  , 62, 110, 113, 114  
   Helper CD4+ T lymphocytes , 234  
   Helper T cells , 286  
   Hematocrit , 173, 265  
   Hematopoietic , 232, 240  
   Hematopoietic cells , 232, 240  
   Hematoxylin , 162  
   Heme , 78, 110–112, 115, 116, 118, 289  
   Heme catalase , 110–112  
   Heme  c -binding motifs , 116, 118, 120  
   Heme oxygenase-1 , 289  
   Hemidesmosome , 57, 58  
   Hemodialysis , 174, 175  
   Hemoglobin , 173, 204, 265, 266  
   Hemorrhages , 184  

   Hepatic abnormalities , 200  
   Hepatic fat , 198  
   Hepatic fatty acid oxidation , 240  
   Hepatic infl ammation , 200, 201  
   Hepatic steatosis , 198, 199, 201  
   Hepatocellular carcinoma (HCC) , 151, 199, 

200, 204  
   Hepatocytes , 168, 201  
   Hepatotoxicity , 200         
   Herbal extracts , 252  
   Hexanoyl-lysine , 39, 41, 169, 186, 188, 

202, 285  
   Hexose-monophosphate , 18        
   High carbohydrate intake , 198  
   High cholesterol diet , 201  
   High glucose levels , 242  
   High-mobility group box-1(HMGB1) , 

157–163  
   High-spin state , 116  
   High sucrose diet , 254, 256  
   His , 23, 118  
   Histatin , 53  
   Histidine , 6, 110, 116, 118, 230, 253  
   Histone , 96, 103, 162  
   Histone deacetylase 6 (HDAC6) , 90  
   Histone deacetylase (HDAC) , 162, 163  
   Histone h2a/h2b dimer , 96, 103  
   Histone proteins , 103, 158  
   H 2 O 2  , 5–7, 17, 107–117, 119, 121, 213, 

214, 217  
   H 2 O 2 -degrading enzymes , 109  
   Homeostasis , 8, 23, 25, 41, 54, 55, 57, 59, 

79–81, 85–87, 134, 135, 211, 213, 239, 
240, 244, 245  

   Homologs , 113, 118  
   Hormesis , 242–246  
   Hormone , 170, 219, 236, 240, 243, 262  
   H 2 O 2  scavenger , 110, 217  
   Host cells , 38, 147, 187, 241  
   Host defense , 6, 18, 33, 38, 57, 202, 241, 255  
   Host immune system , 21, 22, 115  
   Host response , 33, 34, 43, 147, 160, 197, 228, 

241, 246, 280, 287  
   H 2 O 2  stress catalyze , 108  
   H2S , 77–79, 81, 82, 87–91  
   HSP60 , 176, 177  
   Human cancer , 86, 102  
   Human chromosome , 213  
   Human promyelocytic leukemia cells , 121, 122  
   Humoral immunity , 253  
   Hydrogen , 17, 19, 33, 34, 42, 61–63, 65–67, 

78, 80, 85, 87, 89, 107, 109, 115, 118, 
147, 187, 190, 231, 234, 237, 279, 
288–290  

Index



357

   Hydrogen atoms , 19, 237          
   Hydrogen peroxide , 17, 33, 34, 61–63, 

65–67, 107, 109, 115, 118, 147, 
187, 231, 279, 288  

   Hydrogen-rich water , 42, 190, 290  
   Hydrogen sulfi de , 78, 80, 81, 85, 87, 89  
   Hydrolysis , 239  
   Hydroperoxide , 7, 110, 112–114, 121, 

136, 256  
   Hydroperoxyl radical , 16  
   Hydrophilic , 235  
   Hydrophobic , 235  
   Hydroxyapatite , 118, 263, 265  
   Hydroxydeoxyguanosine , 8, 39, 63, 140, 169, 

187, 188, 202, 285  
   Hydroxyguanine , 138, 140  
   Hydroxyl anions , 147  
   Hydroxylation , 218, 257  
   Hydroxyl peroxide , 279  
   Hydroxyl radical , 3, 5, 17, 108, 184, 213, 

216–218, 281, 284  
   Hydroxy radical , 107  
   Hypercholesterolemia , 6, 189  
   Hyperinnervation , 218  
   Hyperinsulinemia , 198  
   Hyperkeratinosis , 267  
   Hyperlipidemia , 197, 199, 238  
   Hyperoxia , 107  
   Hypertension , 6, 43, 167, 184, 233, 283  
   Hypochlorous acid , 33, 61, 281  
   Hypoxia , 243  

    I 
  IAPP , 242         
   IDH781 , 119–122  
   IgA , 173          
   IgG , 26, 27, 139, 265  
   IgG1 , 173          
   IgM , 25–27  
   IKM001 , 120, 121          
   Imidazoline , 65  
   Immune , 20–28, 36, 37, 53, 56, 86, 108, 

115, 134, 137, 147, 172, 176, 178, 
197, 201, 211–213, 215, 220, 228, 
229, 232, 236, 240, 241, 244, 245, 
252, 261, 262, 265, 286  

   Immunoglobulin , 27  
   Immunohistochemistry , 60, 162  
   Incubation , 78, 79, 82, 88–91, 115, 119, 161, 

163, 169, 178  
   Individuals , 8, 9, 22, 25, 26, 37, 43, 58, 

62, 123, 133, 137–139, 141, 153, 
170–176, 191, 211, 213, 215, 217, 

220, 225, 228, 233–237, 242, 253, 
258, 259, 261, 264, 280  

   Inducer , 243, 279, 282  
   Infant birth weight , 175  
   Infection , 7, 10, 18, 21, 23, 26, 27, 35, 40, 43, 

53, 62, 85, 86, 115, 134, 158, 160, 168, 
169, 184, 185, 187, 197, 200, 201, 212, 
228, 232, 241, 243–245, 257, 266, 283  

   Infi ltration , 33, 39, 41, 42, 66, 162, 189, 201, 
231, 256, 285  

   Infl amed epithelial cells , 162  
   Infl ammasome , 201, 240–242  
   Infl ammation , 6, 21, 33, 54, 77, 86, 134, 

147, 158, 167–178, 185, 197, 216, 
227, 254, 283     

   Infl ammatory biomarkers , 172  
   Infl ammatory bowel disease , 21–26, 28, 59  
   Infl ammatory cells , 5, 39–41, 55, 57, 114, 

162, 176, 197, 229–230, 233  
   Infl ammatory cytokines , 159, 162, 201, 241  
   Infl ammatory diseases , 20, 24, 28, 33, 37, 

66, 77, 86, 133, 147, 216, 239, 240, 
245, 246  

   Ingestion , 40, 283  
   Inherent affi nity , 119  
   Inhibition , 65–67, 78, 98, 102, 122–123, 

136, 190, 232, 238, 240, 245, 265, 
280, 287, 288  

   Inhibitor , 34, 40–42, 59, 65–67, 78, 81, 101, 
115, 122, 123, 134, 162, 163, 185, 
288, 289         

   Initiator caspases , 86, 89, 90  
   Injection , 36, 39, 40, 43, 122, 185, 257, 285  
   Injury , 3, 6, 8, 42, 80, 96, 98, 158, 168, 

183–187, 191, 199, 200, 203, 204, 
214, 228–230, 232, 233, 243  

   Innate immunity , 25, 53, 253  
   Inner membrane , 237  
   Inner mitochondrial membrane , 78, 88, 237  
   Inorganic , 265  
   Inorganic polyphosphate , 265  
   Insoluble fi ber , 255  
   Insulin , 8, 198, 199, 201, 236, 239, 240, 

242, 245  
   Intake , 41, 42, 189–191, 198, 238, 240, 

254–259, 261, 263, 265, 266, 281, 283, 
285, 290, 291  

   Integrin , 58, 63  
   Intercellular adhesion molecule-1 , 58, 288  
   Interferon-g , 58, 173  
   Interferon receptor , 213  
   Interleukin , 232  
   Interleukin-6 (IL-6) , 59, 66, 160, 162, 

168–171, 173, 175, 185, 245, 287, 289  

Index



358

   Interleukin-8 (IL-8) , 8, 58, 160, 175, 265, 290  
   Interleukin-10 (IL-10) , 172, 286  
   Interleukin-11 (IL-11) , 162  
   Interleukin-13 (IL-13) , 23  
   Interleukin-17 (IL-17) , 162, 287  
   Interleukin-18 (IL-18) , 173, 241  
   Interleukin (IL) , 232  
   Interleukin-1α , 59  
   Interleukin-1βIL-1β , 8, 59, 61, 160, 162, 

169, 172, 175, 241, 242, 265, 286–288  
   Interleukines , 232  
   Intermembrane space , 115, 237  
   Internal phagosome , 231  
   Intervention studies , 185, 252, 258, 280, 286  
   Intestinal microfl ora , 283  
   Intestine , 22, 66, 282, 283  
   Intima , 184, 186, 189  
   Intracellular , 5, 12, 77, 80, 81, 108, 114, 134, 

158, 159, 232, 233, 237, 238, 241–247, 
264, 265  

   Intracellular adhesion molecule , 8, 58, 288  
   Intracellular ROS , 5, 81  
   Intraperitoneal injection , 43, 122  
   Intravenous injection , 185  
   Intrinsic apoptosis , 243  
   Intrinsic proteins , 234  
   Invading agents , 232  
   Invasion , 61, 253  
   Investigation , 20, 23, 25, 27, 28, 34, 85, 87, 

102, 122, 137, 139, 140, 148, 151, 163, 
185, 186, 201, 215, 257–263, 285, 291  

   In-vitro , 4, 7, 10, 77–82, 99, 108, 113, 116, 
121, 162, 178, 186, 187, 190, 191, 236, 
264–266, 280, 281, 285–288, 291  

   Ionizing radiation , 17  
   Iron , 5, 7, 17, 78, 108, 109, 112, 114, 116, 

136, 137, 217, 218, 231, 258, 265–266, 
282, 290  

   Iron-catalyzed Fenton-type reaction , 217  
   Iron chelator Desferal , 218  
   Iron-cofactored version (FeSOD) , 114  
   Iron-dependent generation , 217  
   Iron-dependent ribonuclease , 112  
   Iron-dependent superoxide dismutase , 112  
   Irrigation , 201, 265  
   Irritants , 10, 228, 229, 254  
   Ischemia , 42, 66, 159, 243, 244  
   Isofl avones , 283  
   Isoleucine , 253  
   Isoprostane , 8, 138, 139  

    J 
  Jis score , 200  
   Junctional epithelium , 37–39, 54–67  

    K 
  Kaempferol (3,4,5,7-tetrahydroxyfl avone) , 289  
   KatA , 110, 111, 120, 121  
   KatG , 110  
   Keap1 , 43, 282  
   Keratin , 38, 254  
   Keratinization , 53  
   Keratinocyte , 40, 53, 54, 57, 78, 79, 81, 82, 

87–90  
   Keratinocyte cells , 78, 87, 89  
   Keratinocyte growth factor (KGF) , 57, 59  
   Keratinocyte stem cells , 78, 79, 82, 87–90  
   Ketogenesis , 240  
   Ketone bodies , 235         
   Key enzyme , 78  
   Kidney , 77, 167, 169–171, 197, 202, 203  
   Kill cells , 238  
   Kinase , 18, 86, 96–98, 103, 199, 230, 239, 

240, 287, 288  
   Kinetic , 111, 119, 122, 142  

      L 
  Labile water molecule , 230  
   Laboratory analyses , 141  
   Laboratory rodents , 282  
   Lactate , 116  
     Lactobacillus plantarum , 111  
   Lactoferrin , 231, 264  
     Lactotransferrin , 333     
   Lagging strand , 99  
   Lamina densa , 57  
   Lamina lucida , 57  
   Lamina propria , 56  
   Laminin , 57, 58  
   Langerhans cell , 57  
      l -ascorbate sodium , 265  
   LDL cholesterol , 149, 204, 236  
   Leaderless cytokines , 241  
   Leaderless proteins , 241  
   Lectin , 240  
   Legumes , 235, 283  
   Lentils , 283  
   Leptin , 170, 173, 175, 198  
   Lethargy , 258  
   Leu , 8  
   Leucine , 253  
   Leuconostocs , 110  
   Leukocytes , 3, 7, 18, 34, 38, 39, 41, 54, 56, 60, 

86, 120, 138, 140–142, 147, 150, 159, 
162, 170, 174, 184, 189, 202, 212, 216, 
219, 229–231, 241, 256, 285, 288, 290  

   Leukocyte telomere length , 138, 142  
   Leukotoxin , 114, 120  
   LFA-1 , 213  

Index



359

   Life expectancy , 212, 213  
   Ligand , 61, 65, 66, 75, 88–90, 110, 116, 118, 

160, 162, 199, 230, 236, 243, 286, 287  
   Ligature , 8, 9, 35–37, 39, 41–43, 168, 169, 

186, 187, 189, 190, 254, 256, 257, 259, 
267, 285, 287–290  

     Linoleic acid , 113, 114, 121, 235, 257  
   Linoleic acid hydroperoxide , 113, 114, 121  
   Linolenic acid , 235, 257  
   Lipid 

 bilayer , 234, 236, 261  
 biomarkers , 237  
 deposits , 183, 189, 190  
 hydroperoxide , 121  
 membrane , 18, 261  
 metabolism , 200  
 peroxidation , 3, 7–10, 33, 39, 42, 62, 138, 

139, 147–150, 185–186, 188, 217, 290  
   Lipoatrophy , 198  
     Lipodystrophy , 198  
   Lipogenesis , 198, 240  
   Lipopolysaccharide , 8, 39, 58, 59, 62, 63, 

158, 169, 197, 200, 204, 239, 241, 
245, 257, 285  

   Lipoprotein lipase , 198  
   Lipoproteins , 148, 150, 174, 184, 186, 187, 

189, 190, 198, 237, 241  
   Liposomes , 43, 235  
   Lipoxygenase , 5  
   Listeria seeligeri , 110  
   Liver , 8, 49, 65, 66, 77, 151, 159, 168, 169, 

197–205, 255, 256, 260, 281, 282  
   Liver cirrhosis , 199, 200, 255  
   LKB1 , 240  
   Localized aggressive periodontitis , 141  
   Long arm , 213  
   Longitudinal studies , 171, 172  
   LtxA , 114, 120–123  
     Luminal surface , 184  
   Lung , 64, 66, 158  
   Luteolin , 289  
   Lycopene , 149, 261, 290  
   Lymphocyte , 23, 35, 36, 57, 58, 60, 134, 176, 

184, 214, 215, 230, 232, 262  
   Lymphokines , 232  
     Lysine , 253, 257  
   Lysosomal hydrolases , 244  
   Lysosome , 158, 231, 233, 239, 244  
   Lysyl , 258  
   Lysyl hydroxylase , 258  

    M 
  M40403 , 43  
    Macaca fascicularis  , 35  

    Macaca mulatta  , 35  
   Macrophage , 8, 16, 18, 26, 40, 57, 58, 60, 66, 

108, 114, 158, 168, 178, 183, 184, 186, 
199, 231, 232, 239, 240, 245, 288, 289  

   Macrophage colony-stimulating factor , 
18, 66, 184  

   Macro-prep Ceramic Hydroxyapatite , 118  
   Magnesium , 264, 265, 267, 281  
   Malignant cells , 102  
   Malignant tumors , 102, 103  
   Malocclusion , 215  
   Malondialdehyde , 9, 20, 26, 138, 139  
   Mammalian caspase family , 244  
   Mammalian cells14 , 244  
   Mandible , 254, 256  
   Manganese , 43, 63, 110–112, 114, 267, 282  
   Manganese catalase , 111–112  
   Manganese enzyme , 112  
   Mangiferin , 42, 289  
   Map kinases , 86, 230  
     Matrilysin , 59  
   Matrix metalloproteinase 8 , 289  
   Matrix metalloproteinase 9 , 169, 173, 

175, 290  
   Matrix metalloproteinase (MMP) , 59, 289  
   Maturation , 15, 158, 241, 252, 261, 289  
   Maxillae , 252  
     Mcl-1 , 243  
   Megadalton complexes , 237   
  Meiosis , 102  
   Meiotic non-disjunction , 212  
   Membrane , 5, 9, 18, 57, 58, 65, 78, 87–89, 

107–123, 158, 230, 233–241, 243, 
261, 288  

   Menaquinone , 116, 260  
   Mesangial cells , 123  
     Meta-analyses , 280  
   Metabolic infl ammasome , 242  
   Metabolic syndrome , 40, 134, 151, 171, 174, 

238, 239, 246, 252  
   Metabolism , 18, 38, 77, 103, 147, 160, 

184, 200, 214, 237, 240, 253, 262, 
263, 282, 283  

   Metabolization , 283  
   Metal ions , 5, 7, 17, 230, 281  
   Metalloproteinases , 59, 81, 169, 230, 

266, 289  
   Metaphase plate , 101  
   Metazoans , 240, 241, 244  
   Metformin , 240  
   Methadone , 219  
   Methionine , 116, 118, 253  
    Methylococcus capsulatus  , 115  
   Methylxanthines , 281  
   Metmyoglobin , 136  

Index



360

   Metronidazole , 120, 174  
   MetS , 171, 174, 175  
   Mice , 24, 26, 34, 36–37, 40, 43, 122, 123, 135, 

158, 185, 190, 241, 242, 264, 281  
   Microarray , 39, 64  
   Microbial biofi lm , 228  
   Microbial redox proteins , 134  
   Microbiology , 21  
    Micrococcus lysodeikticus  , 110  
   Microfl ora , 34, 36, 38, 228, 283  
   Micromonas micros , 37  
   Microsomal transfer protein , 198  
   Microtubule , 101, 102, 245  
   Migraine , 284  
   Migration , 6, 37, 39, 40, 55, 57–59, 61, 66, 

184, 189, 190, 229, 232   
   Mirabilis  , 110   
  Mis-regulation , 134  
   Mitochondria , 18, 65, 78, 81, 88, 233, 234, 

236–239, 245, 264, 267  
   Mitochondrial apoptotic pathway , 78, 90  
   Mitochondrial ATP synthase , 239  
   Mitochondrial b-oxidation , 238  
   Mitochondrial DNA, 0 169 , 14, 18  
   Mitochondrial electron transport chain , 5  
   Mitochondrial membrane , 65, 78, 88, 89, 237, 

239, 243  
   Mitochondrial myopathies , 199  
   Mitochondrial 8-ohdg , 202, 203  
   Mitochondrial respiratory chain , 78, 237  
   Mitochondrial ROS , 62, 79, 245  
   Mitochondrial toxic compound , 79  
   Mitochondrion , 115, 237, 245  
   Mitogen-activated protein kinase activation 

(MAPK) , 9, 287, 288  
   Mitophagy , 240, 245  
   Mitosis , 57, 98, 101  
   Mixed hyperlipidemia , 199  
   MMP-8 , 289  
   MMP-9 , 169, 173, 175, 289, 290  
   MnSOD , 114, 115  
   Mobilization , 263  
   Modulation , 240, 283  
   Molecular , 4, 16–18, 24, 25, 27, 28, 42, 43, 

61, 79, 81, 82, 85, 87, 107, 112, 113, 
118, 134, 176, 190, 228, 231, 237, 240, 
244, 245, 289, 290  

   Molecular chaperones , 134, 176  
   Molecular hydrogen , 42, 190, 289, 290  
   Molecular mechanisms , 244, 245  
   Molecular mimicry , 24, 28, 176–177  
   Molecular oxygen , 4, 16, 18, 61, 107  
   Molecular signaling pathways , 81, 82, 

85, 87  

   Monkey , 34, 35  
   Monoamine oxidase , 39, 64–66  
   Monoclonal antibody , 20, 135, 177  
   Monocyte adhesion molecules , 184  
   Monocyte chemoattractant protein 1 , 

184, 190, 287  
   Monocytes , 60, 135, 158, 178, 184, 189, 190, 

218, 230, 232, 287  
   Monofunctional catalase , 110, 111, 121  
   Monofunctional enzymes , 110, 111  
   Monoglycerides , 235  
   Monoheme peroxidase , 119  
   Monomer , 97, 281  
   Monomeric protein , 118  
   Mononuclear cells , 230, 239  
   Mononuclear leukocytes , 60  
   Monosaccharides , 254  
   Monounsaturated fatty acids , 10, 235, 

237, 257  
   Mosaicism , 212  
   Mother cell , 101  
   Motif phosphorylation , 103  
   Mouth , 169, 212, 227, 228, 262, 286  
   Mouthwash , 290  
   Mre11-rad50-nbs1/xrs2 , 96  
   MRNA , 66, 169, 256, 287  
     Mucosa , 22, 53, 59, 62, 78, 88, 90  
   Mucosal surfaces , 21, 241  
   Multicellular organism , 85, 240, 243–245  
   Multiple antioxidant compounds , 279  
   Multivariate models , 256  
   Multivitamin/multimineral tablets , 291  
   Murine double mutant , 97  
   Murine model , 169, 178  
   Mutant strain , 114, 121, 122  
   Mutations , 23, 98, 102, 107, 120, 121, 138, 

140, 198, 242  
   Mycobacterium tuberculosis , 110, 242  
    Mycobacterium tuberculosis  , 110, 242  
   MyD88 , 20  
   Myelin membranes , 234  
   Myeloid leukemia , 212  
   Myeloid lineage , 241  
   Myeloperoxidase , 39, 42, 139, 173, 231  
   Myocardial infarction , 176  
   Myoglobin , 136, 265  
   Myosin , 231  
   Myriad , 6, 53, 58  
   Myxoma virus , 242  

    N 
   N -acetylcysteine (NAC) , 9, 10, 42, 290  
   NADH , 109, 115, 116, 118, 120  

Index



361

   NADH generated superoxide anion , 115  
   NADH-peroxidase , 120  
   NADPH , 18, 42, 109, 136  
   NADPH-oxidase , 18  
   Naphthoquinones , 116  
   Narrow channel , 110, 111  
   Nasal , 64, 212  
   National Center for Biotechnology 

Information (NCBI) , 118  
   National Health , 170, 261  
   Natural microbial biofi lm , 228  
   Natural teeth , 228  
    Nautica  , 115  
     Necrosis , 8, 19, 41, 57, 77, 88, 151, 158–160, 

163, 168, 185, 199, 204, 229, 243, 244, 
252, 256, 285  

   Necrotic cells , 159, 163, 244  
    Neisseria meningitidis  , 108  
   Neo-epitopes , 175, 177  
   Nervous system function , 213  
   N-ethylmaleimide-sensitive factor , 20  
   Neurodegenerative disorders , 6  
   Neurological diseases , 65, 279  
   Neuronal death , 211, 213  
    N. europaea  enzyme , 116  
   Neutralization , 8, 17, 243  
   Neutralizing radicals , 281  
   Neutrophil , 8, 16, 18, 36, 40, 53, 114, 150, 

151, 158, 170, 211, 212, 214–217  
   Neutrophil chemotaxis , 216  
   Neutrophil phagocytosis , 216  
     Newly-produced sister cells , 81  
   N-6 fatty acid , 236, 257  
   N-3 fatty acids , 236  
   N-formyl-methionyl-leucyl-

phenylalanine , 151  
   Niacin , 259  
   Nicholson , 234  
   Nicotinamide adenine dinucleotide , 237, 238  
   Nicotinamide adenine dinucleotide phosphate 

oxidase , 5, 231  
   Nicotinamide Adenosine Dinucleotide 

Phosphate (NADPH) , 18, 42, 109, 
136, 231  

   Nicotine , 219, 287  
     Nitric oxide , 5, 17, 20, 33, 39–41, 61, 160, 

186, 213, 243, 256  
   Nitric oxide synthase , 39–41, 186, 256  
   Nitroblue tetrazolium , 136, 216  
   Nitrogen , 16, 18, 42, 61–66, 174, 235, 279, 

281, 288  
   Nitrosomonas europaea , 115  
   Nitrotyrosine , 39, 41, 42, 187–190, 285, 290  
   Nlrc4 , 241  

   NLRP1 , 241, 242  
   NLRP3 , 241, 242  
   Nlrp6 , 241  
   Nlrp1b , 241  
   N, N-diethylparaphenylendiamine , 136, 186  
   Nobiletin (5,6,7,8,3′,4′-hexamethoxy 

fl avone) , 289  
   Nod-like receptors (NLRs) , 240–242  
   Non-alcoholic fatty liver (NAFL) , 198  
   Non-alcoholic fatty liver disease (NAFLD) , 

197–201, 204  
   Non-alcoholic steatohepatitis , 198–201  
   Nonhematopoietic cells , 240  
   Nonhuman primate , 34, 35, 44  
   Nonphysiological cell death , 241  
   Nonsmokers , 290  
   Nonsurgical periodontal therapy , 173, 174  
   Non-thiol peroxidases , 112  
   Normalization , 173  
   Noxious products , 253  
   N-6 polyunsaturated , 170, 237  
   Nrf2 , 43, 281, 282  
   Nrf2 knockout mice , 281  
   N-terminal domain , 116  
   Nuclear factor Kb , 66, 162, 186, 287  
   Nuclear factor-kb transcription factor , 

215, 230, 282  
   Nuclear protein , 158  
   Nuclear receptors , 243  
   Nuclear transcription factors , 279  
   Nucleic acid structures , 241  
   Nucleocytoplasmic shuttling , 158  
   Nucleosome , 103, 158  
   Nucleotide , 98, 102, 199, 213, 241  
   Nucleotide excision repair (NER) , 80, 102  
   Nucleus , 158, 159, 162, 215, 218  
   Nutraceutical industries , 280  
   Nutrient deprivation , 243, 245  
   Nutrition , 153, 170, 191, 227, 238, 247, 

251–267  
   Nutrition Council , 191  
   Nutrition Examination Survey study , 170, 261  
   Nuts , 235  

    O 
  Obesity , 6, 168, 170, 184, 199, 201, 233, 242, 

245, 246, 252, 255, 257  
   Observational studies , 169–171, 260  
   Occasional pain , 227  
   Okazaki fragment , 99, 100  
   OKD48 , 43  
   Omega-3 fatty acids , 235, 236  
   Onions , 283  

Index



362

   Open reading frame (ORF) , 118  
   Opposite sides , 101  
   Opsonins , 231  
   Opsonization , 230, 264  
   Oral bacteria , 22, 33, 37, 139, 142, 147, 176, 

177, 254, 262  
   Oral cancer , 88  
   Oral carcinogenesis , 96  
   Oral cavity , 7, 21, 27, 28, 35–37, 53, 55, 57, 66, 

77, 81, 87, 95, 96, 149, 252, 255, 288  
   Oral cavity hydrogen sulfi de , 81, 87  
   Oral epithelial cells , 87, 258, 289  
   Oral gavage , 169  
   Oralgen genome database , 121, 122  
   Oral hygiene , 211, 215, 220, 227, 253, 254  
   Oral infections , 85  
   Oral keratinocyte , 78, 79, 81  
   Oral keratinocyte stem cells , 78, 82, 90  
     Oral malodor , 85, 87  
   Oral malodorous compound , 77–82, 85–91, 95  
   Oral microorganisms , 37  
   Oral mucosa , 53, 78, 81, 88, 90  
   Oral oxidative stress , 149  
   Oral tissue , 77, 81, 85–87, 95–103  
   Orange peel , 289  
   Oranges , 136, 258, 289  
   Orchestration , 241  
   Organic hydroperoxide , 110, 112–114, 121  
   Organic peroxide , 113  
   Organic solvents , 4, 235  
   Organism , 7, 33, 85, 86, 107–109, 120, 135, 

176, 190, 216, 228, 229, 231–233, 240, 
242–246, 253, 254  

   Organism redox state , 135  
   Organ size , 86  
   Oropharyngeal cancers , 255  
     Osteoblast cells , 87  
   Osteocalcin , 262  
   Osteoclast , 9, 18, 42, 66, 135, 162, 169, 259, 

263, 286, 288, 290  
   Osteoclastogenic cytokines , 162  
   Osteocytes , 263  
   Osteoporosis , 167, 260, 283  
   Osteoprotegerin , 287  
   Outer membrane , 65, 237  
   Outer membrane proteins , 288  
   Overgrowth , 253, 280, 287  
   Over nutrition , 238  
   Over-oxidation , 110  
   Overproduction , 23, 202, 213  
   Oxidation , 5, 15–21, 24, 109, 110, 112, 

136–138, 140, 147, 148, 159, 161, 184, 
186, 190, 197, 198, 218, 237–240, 258, 
280–282  

   Oxidative burst , 16, 114, 150, 151, 216, 290  
   Oxidative damage , 3, 7, 9, 39, 41, 44, 80, 133, 

135, 140, 186, 189, 199, 200, 202–203, 
218, 279, 280  

   Oxidative phosphorylation , 237, 238  
   Oxidative processes , 237–239  
   Oxidative stress , 3, 15, 33–44, 61, 79, 121, 

133–142, 159, 169, 183, 197, 211–220, 
238, 256, 279     

   Oxidative stressors , 140  
   Oxidative stress phenotype , 213, 219  
   Oxidised LDL (oxLDL) , 138, 139,  
   Oxidized HMGB1 , 160, 163  
   Oxidized LDL , 138, 139  
   Oxidized low-density lipoprotein , 148, 184, 

186, 187, 189  
   Oxidize iron , 266  
   Oxygen , 3–11, 16, 18, 33, 39, 53–66, 77, 88, 

95, 96, 107–109, 112, 115, 135, 137, 
139–142, 147, 148, 150, 153, 159, 173, 
184, 186, 187, 189, 197, 200, 204, 211, 
227, 231, 234, 237–239, 262, 279–281  

   Oxygen metabolites , 135, 137, 140–142, 148, 
150, 173, 186, 187, 200  

   OxyR , 109–111, 113, 122  
   Oxytocin , 219  
   Ozone , 18  

    P 
  P53 , 79–82, 86, 88–90, 95–103  
   PAD.    See  Peptidyl arginine deiminases (PAD) 
   PAD-2 , 177  
   PAD-4 , 177  
   PAI-1.    See  Plasminogen activator inhibitor-1 

(PAI-1) 
   Palatal gingival sulcus , 39, 63, 285  
   Palate/lung/nasal carcinoma protein 

precursor , 64  
   Palmoplanar ectodermal dysplasia , 261  
   Pancreatic beta-cells , 240  
   Pancreatitis , 255  
   Pantothenic acid , 259  
   Papillon-lefèvre syndrome (PLS) , 261  
    Papio anubis  , 35  
    Paracoccus pantotrophus  , 115, 116, 118, 119  
   Paraoxonase , 64  
   Parenchymal cells , 231  
   Pargyline , 66  
   Parkinson’s disease , 66, 151, 244, 282  
   Parotid gland , 264, 267  
   Parotid saliva , 255, 264  
     Partial trisomy , 212  
   Particles , 18, 184, 235  

Index



363

    Pasteurella  , 115  
    Pasteurellaceae  , 115  
   Patatin-like phospholipase domain-containing 

protein 3 (PNPLA3) , 199  
   Pathogen-Associated Molecular Patterns , 

231, 240  
   Pathogen Botrytis cinerea , 283  
   Pathogenesis , 3, 4, 10, 20–28, 33–35, 37, 

43, 60, 66, 67, 85, 114, 121, 133, 
147, 160, 162, 170, 178, 183–191, 
198–199, 201, 211, 214–216, 
233, 245, 280  

   Pathology , 61–62, 134, 244  
   Pathophysiology , 7, 9–11, 34, 217  
   Pattern Recognition Receptors (PRRs) , 240  
   Paucity , 260  
   PCR , 79, 90, 141  
   PDB , 118  
   Peptide 19 , 177  
   Peptide mediators , 236  
   Peptidyl arginine deiminases (PAD) , 177, 178  
   Perferryl radical , 17  
   Perhydroxyl radicals , 16  
   Periapical stroma , 59  
   Peri-implant crevicular fl uid , 160  
   Peri-implantitis , 160  
   Perilla leaf , 289  
   Periodontal bacteria , 33, 135, 185, 288  
   Periodontal connective tissue , 35, 177  
   Periodontal diseases , 7, 15–28, 33–44, 86, 

133, 142, 162, 167–178, 227–247, 
251–267  

   Periodontal epithelium , 177  
   Periodontal Gram-negative pathogens , 201  
   Periodontal index , 256, 259, 261–266, 290  
   Periodontal infection , 184, 187, 200  
   Periodontal infl ammation , 10, 37, 39, 43, 44, 

60, 77, 141, 147, 169, 187, 197, 
201–204, 255, 288  

   Periodontal ligament , 8, 59, 61, 86, 162, 252, 
258, 288, 289  

   Periodontal micro-organisms , 55  
   Periodontal parameters , 139, 170, 172–174  
   Periodontal pathogenesis , 85, 178  
   Periodontal pocket , 23, 33, 61, 115, 160, 

162–163, 167, 170, 253, 285  
   Periodontal tissue , 3, 5, 8, 10, 11, 21, 23, 33, 

36–38, 40, 42, 54, 58, 61, 78, 85–91, 
147, 160, 168, 169, 178, 186, 202, 216, 
227, 252, 254, 256, 290  

   Periodontitis , 4, 8, 11, 21, 33–44, 59–62, 
64–67, 77, 78, 85–87, 133–142, 
147–153, 160–162, 167–178, 183–191, 
197–204, 227, 228, 233, 237, 239, 240, 

245, 246, 252, 254–267, 284, 285, 287, 
289–291  

   Periodontium , 8, 35, 36, 38, 39, 41, 55, 57, 
133, 137, 149, 171, 227, 252  

   Periodontology , 15, 21, 23, 34–38, 44, 184, 
287, 288  

   Periodontopathic bacteria , 21, 27, 28, 
107–123, 162  

   Peripheral blood mononuclear cells (PBMCs) , 
239, 245  

   Peripheral circulation , 176  
   Peripheral vascular arteriosclerosis , 228, 233  
   Periplasm , 111, 115, 121  
   Periplasmic 

 copper , 114  
 fraction , 113  
 isozymes , 114  

   Perivascular connective tissue , 229  
   Perlecan , 57  
   Permeability barrier , 235  
   Peroxidability index , 170  
   Peroxidase , 4, 7, 11, 17, 107–123, 135–137, 

139, 148, 149, 151, 152, 231, 238, 266  
   Peroxidatic thiol , 113  
   Peroxides , 8, 17, 19, 136, 186, 238  
   Peroxide scavenging enzymes , 121  
   Peroxidogenesis , 265  
   Peroxiredoxin , 5, 17, 112–114, 121, 134, 135, 

279, 280  
   Peroxiredoxin 5 , 135  
   Peroxiredoxin 2 family protein/

glutaredoxin , 121  
   Peroxisome proliferator-activated receptor , 230  
   Peroxisomes , 230  
   Peroxyl radical , 281  
   Peroxynitrite , 43, 213, 281, 282  
   PerR , 109–111  
   PerR binds , 109  
   PerR regulon , 109, 110  
   Perturbations , 237, 245  
   Phagocyte , 16, 18, 40, 230  
   Phagocytosis , 18, 40, 111, 216, 230, 231, 

239, 265  
   Phagosome , 231, 239  
   Pharmacological activities , 282  
     Phase II enzymes , 282  
   Phe , 8  
   Phenelzine , 65, 66  
   Phenolic compounds , 282  
   Phenotypic expression , 212  
   Phenylalanine , 253  
   Phosphate , 5, 18, 98, 231, 239, 262, 265  
   Phosphatidylinositol 3-kinase , 287  
   Phospholid bilayer cell membrane , 230  

Index



364

   Phospholipids , 108, 230, 235, 237  
   Phosphorous , 265  
   Phosphorylated Cdk5 , 96  
   Phosphorylation , 6, 15, 58, 79, 90, 96, 103, 

237, 238, 240  
   Phylloquinone , 260  
   Physical exercise , 171  
   Physiologic calcium antagonist , 264  
   Physiology , 233, 246  
   Pig , 190  
   Ping-Pong Bi Bi mechanism , 119  
     Pivotal redox modulator , 189  
   Pivotal role , 184, 286  
   Placebo , 174, 190, 257, 260–262, 264, 266, 

286, 290  
   Placebo-controlled trial , 190, 260  
    Plantarum  , 111, 112  
   Plaque index , 259, 266, 286  
   Plasma , 5, 8, 23, 35, 37, 40, 63, 136–139, 141, 

148–152, 158, 159, 170, 173, 185, 186, 
198, 203, 229, 237, 238, 241, 243, 258, 
262, 281–283  

   Plasma antioxidant concentration , 148  
   Plasma glucose , 173  
   Plasma glutathione peroxidase , 148, 149, 151  
   Plasma lemmal , 5  
   Plasma levels , 148, 149, 173, 185, 283  
   Plasma ROM levels , 151  
   Plasmin , 59  
   Plasminogen activator inhibitor-1 (PAI-1) , 

173, 185  
   Platelets , 65  
     P38 mitogen-activated protein kinase , 287   
  Pocket 

 depth , 35, 161, 200, 201, 255, 256, 259, 
285, 286, 290  

 epithelium , 53–67, 161, 162  
   Polar lipids , 235  
   Polyclonal , 177  
   Polyketides , 235  
   Polymerization reactions , 138, 140  
   Polymicrobial , 187  
   Polymorphonuclear granulocytes , 151  
   Polymorphonuclear leukocyte infi ltration , 

41, 42, 189, 256, 285  
   Polymorphonuclear leukocytes , 3, 18, 34, 38, 

39, 41, 42, 54, 56, 86, 147, 150, 189, 
202, 256, 285, 290  

   Polymorphonuclear neutrophils , 18, 151  
   Polyphenols , 41, 246, 281–283, 285, 291  
   Poly (G) sequences , 213  
   Polyunsaturated fatty acid (PUFA) , 235–237, 

257, 290  
   Porcine periodontal epithelial cell , 63  

    Porphyromonas gingivalis  , 22, 26–28, 33, 
35–37, 40, 59–61, 86, 114, 135, 160, 
162, 168, 169, 185, 186, 189–190, 200, 
201, 204, 228, 239, 245, 258, 260, 265, 
266, 285–286, 289  

    Porphyromonas gingivalis  adherence , 289  
    Porphyromonas gingivalis  

lipopolysaccharide , 239  
   Post-translational modifi cation , 15, 25  
   Potassium persulfate , 136  
   Prebiotics , 252  
   Precursors , 9, 42, 63, 64, 66, 184, 213, 235, 

241, 261  
   Pre-dialysis blood urea nitrogen , 174  
   Predictor , 169, 171, 259  
   Predispose , 24, 26, 27, 170, 215  
   Predominant isofl avone , 283  
   Predominant scavengers , 113  
   Pre-eclampsia , 264  
   Pregnancy , 137, 139, 175  
   Premature aging , 80, 212, 220  
   Prenol lipids , 235  
   Prenylphenol , 122  
   Preosteoclastic cells , 289  
   Preparation step , 161  
   Preponderance , 215  
   Prevention strategies , 247  
   Preventive Dentistry , 168  
    Prevotella  

  P. intermedia  , 286  
  P. loescheii  , 162  
  P. melaninogenica  , 36  

    Prevotella  spp , 285  
   PRISH , 229  
     Pro409 , 118, 119  
   Proanthocyanidin , 10, 41, 289  
   Pro-apoptotic genes , 86  
   Probing pocket depth , 200, 201, 255, 286, 290  
   Probiotics , 252  
   Pro-caspase 8 , 243  
   Procyanidins , 281  
   Programmed cell death , 85–87, 241, 243  
   Pro-il-1βby caspase-1 , 242  
   Pro-infl ammatory , 59, 61, 257, 262, 266, 288  
   Proinfl ammatory cell death , 241  
   Proinfl ammatory cytokine , 66, 159, 160, 245  
   Proliferation , 6, 53–55, 57–61, 66, 81, 87, 98, 

103, 158, 183, 186, 241, 262  
   Proline , 257, 267  
   Proline rich proteins , 267  
   Prolyl hydroxylase , 258  
   Promoter region , 109, 110, 122  
   Promoters , 109, 110, 122  
   Pronathism , 212  

Index



365

   Prooxidant , 213, 219, 281  
   Propionic acid , 160  
   Prostaglandin E2 , 66, 287  
   Prostate , 283  
   Prostatic fl uid , 283  
   Pro-survival function , 244  
   Protease , 27, 39, 59, 67, 86, 160, 169, 176, 

200, 201, 241, 243, 244, 285  
   Protection , 7, 27, 60, 137, 191, 199, 244  
   Protein 

 aggregates , 244  
 defi ciencies , 253  
 glycation , 140  
 nitration , 147, 187, 188, 190  
 oxidation , 16–21, 24, 147, 148  
 phosphorylation , 6  
 radicals , 138, 140  
 receptors , 234  

   Protein C , 171  
   Protein disulfi de isomerase , 134  
   Protein kinase C , 18, 287  
   Protein S-100β , 213  
   Proteobacteria , 115, 237  
   Proteoglycans , 267  
   Proteolytic enzymes , 59, 230, 231  
    Proteus mirabilis  , 110  
   P-selectin , 184  
    Pseudomonas  

  P. aeruginosa  , 110, 115, 116, 118, 119, 242  
  P. syringae  , 110  

     PTEN , 90  
   PUFA.    See  Polyunsaturated fatty 

acid (PUFA) 
   Purifi cation , 119  
   Purifi ed enzyme , 118  
   pVJTqpo , 120, 121  
   P48XPE , 102  
   Pycnogenol , 289  
   Pyogenic liver abscess , 200  
   Pyridoxine , 259  
    Pyrobaculum calidiofontis  , 111  
   Pyroptosis , 241  

    Q 
  QPO homologous genes , 120  
   QPS003 , 119–122  
   Quercetin , 9, 42, 281, 283, 288  
   Quinol , 107–123  
   Quinol oxidase , 116, 117  
   Quinol peroxidase , 107–123  
   Quinone oxidoreductase , 115, 116  
   Quinone oxidoreductase II , 115  

    R 
  Rabbit , 34, 37, 44  
   Rabbitpox virus , 242  
     Rad3 , 96, 97  
   Rad5 , 97  
   Radiation , 17, 18, 243  
   Radical , 3–5, 7, 16–18, 33, 42, 61, 107, 108, 

135–138, 140, 150, 151, 183, 184, 213, 
216–218, 238, 259, 261, 266, 279–282, 
284, 291  

   Radical scavenging antioxidants , 7, 279  
     RAGE.    See  Receptor for advanced glycation 

end products (RAGE) 
   Randomized controlled trial , 172, 173, 185, 

260, 280, 286  
   Rankl expression , 259  
   Rapeseed , 235  
   Rat bone marrow cells , 288  
   Rat ligature model , 42, 287, 290  
   Rat model , 8–10, 37, 39, 43, 62, 63, 65, 168, 

186, 189, 190  
   Rat periodontitis model , 42, 59, 64, 189, 290  
   Rat plasma , 281  
   Rats , 9, 34, 36–37, 39, 41, 42, 60, 62, 63, 168, 

169, 186–190, 200, 201, 253, 254, 256, 
259, 262, 264, 266, 267, 281, 284, 285, 
287, 289, 291  

   Rat tissues , 281  
   Reactive cysteine , 282  
   Reactive intermediates , 199, 238  
   Reactive nitrogen species (RNS) , 18, 61, 

279, 288  
   Reactive oxidative metabolites , 141  
   Reactive oxygen metabolites , 135, 137, 141, 

142, 148, 150, 173, 186, 187, 200  
   Reactive oxygen species (ROS) , 3–11, 15–19, 

33, 37–40, 42, 44, 53–67, 77–81, 88, 89, 
95, 96, 108, 109, 115, 121, 138–140, 
147, 150, 159, 162, 163, 184–187, 
189–191, 197, 198, 200, 202–204, 
211–216, 218, 231, 232, 238, 239, 245, 
262, 265, 279, 284, 285, 287, 289, 290  

   Receptor , 18, 20, 40, 58, 59, 66, 67, 86, 103, 
150, 151, 158, 160, 162, 170, 186, 198, 
199, 213, 230, 232, 234, 236, 240, 243, 
262, 279, 287, 289  

   Receptor activator for nuclear factor κB 
ligand , 66  

   Receptor for advanced glycation end products 
(RAGE) , 160, 162  

   Receptor traffi cking , 234  
   Recombination , 100, 158  
   Red cranberry fruits , 289  

Index



366

   Reddish , 118  
   Redness , 229, 260  
   Redox 

 enzymes , 107, 115  
 proteins , 133–135  

   Redox-sensitive protein , 159  
   Reduced glutathione , 17, 148, 256, 279  
   Reduced self-tolerance , 177  
   Reduce quinones , 116  
   Reductases , 42, 112, 113, 115, 134, 136  
   Red wine , 41, 281, 283  
     Regulatory proteins , 239  
   Renal , 171, 173  
   Replication 

 fork , 98–101  
 stress , 99  

   Replisome , 99, 100  
   Residue , 5, 17, 42, 109, 112, 113, 115, 116, 

118, 119, 213, 260  
   Resistance , 7, 8, 10, 35, 115, 160, 198, 199, 

201, 236, 242, 245, 246, 283  
   Resolvins , 231, 236  
   Respiration , 237  
   Respiratory burst , 18  
   Respiratory chain , 78, 79, 114–118, 

120–122, 237  
   Respiratory chain inhibitors , 115  
   Respiratory complex I , 238  
   Respiratory diseases , 167  
   Respiratory infections , 212  
   Respiratory substrates , 237  
   Resveratrol , 240, 246, 281–283, 

287–288  
   Retinoids , 261  
   Rheumatoid arthritis , 24, 66, 137, 158, 167, 

171–172, 174, 175, 177, 178, 218, 244  
   Rheumatoid factor , 177  
   Rhodobacter capsulatus , 115  
   Ribofl avin , 259  
   Ribosomal RNA , 240  
   Rig-I-like receptors , 240  
   Risk factor , 27, 148, 169, 184, 197, 199–202, 

204, 236, 253, 256, 257, 259  
   RNA , 63, 99, 103, 109, 162, 240  
   RNAse , 53  
   RNase 7 , 53  
   RNS.    See  Reactive nitrogen species (RNS) 
   Rodent , 38, 44, 280, 282  
   Root planing , 43, 174, 175, 185, 265  
   ROS.    See  Reactive oxygen species (ROS) 
     Rotenone , 115  
   RT-PCR , 90  
   RTX toxin family , 120  
   Russell’s Periodontal Index , 262  

    S 
  Saccharolipids , 235  
   Sacrifi ced , 186  
    Saimiri sciureus  , 35  
   Saliva , 10, 33, 53, 62, 136, 137, 139–141, 

147–149, 212, 218–220, 253, 258, 264, 
266, 267, 288  

   Saliva biomarkers , 219  
   Salivary gland function , 203, 253  
    Salmonella  

  S. typhimurium  , 113  
  S. enterica  , 111, 112, 118  

   Saturated fatty acid , 235  
   Scale bar , 62, 161  
   Scaling , 43, 174, 175, 185, 265  
   Scar , 231  
   Scarcity , 175, 178  
   Scavenger , 7, 9, 18, 42, 66, 107–110, 112–115, 

198, 214, 217, 279, 282  
   Scavenging antioxidants , 7, 279, 281  
   Scavenging systems , 107, 111  
   Schema , 204  
   Screening , 198, 219  
   Scurvy , 257, 258  
   Scutellaria baicalensis Georgi , 9, 41, 289  
   Second messenger systems , 236  
   Secretion , 59–61, 81, 122–123, 160, 232, 240, 

245, 253, 257, 266  
   Secretory lysosomes , 158  
   Segregation , 101, 102  
   Seizure disorders , 212  
   Selegiline , 65  
   Selenium , 40, 282, 290, 291  
   Self-renewal , 81  
   Senescence phase , 81  
   Sense ATP , 239  
   Sense cellular stress , 245  
   Sequesters iron , 231  
   Ser , 79  
   Sera , 175–177  
   Series , 107, 137  
   Serological parameters , 173  
   Seropositive subjects , 258  
   Serum 

 antibodies , 176  
 ascorbic acid , 257  
 ROS levels , 42, 198, 200, 290  

   Sesame oil , 290  
   SE-selectin , 173  
   Sheep , 34, 38  
    Shigella fl exneri  , 118  
   Short-chain fatty acids , 160  
     SICAM , 173  
   Sickle cell disease , 264  

Index



367

   Signal cellular stress , 241  
   Simple chemical compounds , 227, 237  
   Simpler molecules , 280  
   Simultaneous oxidation , 110  
   Single cell , 63, 78, 96, 240  
   Single-celled eukaryotes , 240  
   Single-copy gene , 141  
   Single enzyme family , 120  
   Single ferrous iron , 108  
   Single nucleotide polymorphism , 199  
   Single replication origin , 99  
   Single session , 151  
   Single-strand break , 80, 95, 98, 100  
   Single-strand break repair , 80  
   Single-strand DNA , 80, 97, 99  
   Single unattached kinetochore , 101  
   Sirtuin proteins , 79  
   Sister-chromatid , 102  
   Sister kinetochores , 101  
   Site-directed mutagenesis , 113  
   Site specifi city , 23, 213  
     Skeletal system , 263  
   Skeleton , 263  
     Smallest unit , 233  
   Small vessels , 184  
   SMCs secrete growth factors , 184  
   Smoking , 9, 18, 141, 170, 171, 184, 

259, 260   
  SOD.    See  Superoxide dismutase (SOD) 
   SOD-1 , 213, 217  
   Soft tissue , 54, 160–161, 227, 252, 263, 264  
     Sophisticated formulae , 284  
   Southern blotting , 141  
   Soybean , 283  
   Specifi c proteins , 177  
   Spectrophotometer , 136  
   Spectrophotometric assay , 136  
   Spectroscopic analyses , 119  
   Spectroscopy , 111, 135  
   S phase , 98–100  
   Sphingolipids , 235  
   Sphingomyelin production , 199  
   Spin concentration , 216–218  
   Spindle attachment , 98  
   Spindle kinetochores , 101  
   Spindle microtubules , 101, 102  
   Spindle microtubules bind , 101  
   Spin states , 116  
   Spin-state switch , 116  
   Spin trapping , 212, 216–218  
   Starches , 254  
   Starvation , 244  
     Stationary phase , 111, 112  
   Steatosis , 198, 199, 201  

   Stem cells , 78, 79, 81, 82, 87–90  
   Sterol lipids , 235  
   Sterol-regulatory element binding protein-1 , 242  
   Sterols , 235  
     Stimulation , 10, 58, 59, 61, 150, 151, 238, 240  
   Stimulus-dependent manner , 241  
   Stimulus-specifi c manner , 241  
   Storage , 78, 235  
   Strain , 28, 37, 62, 97, 114, 119–123  
   Strand , 7, 78–81, 88, 89, 95, 97–101, 138, 140  
   Streptococci , 110  
    Streptococcus gordoni  cultures , 265  
    Streptococcus sanguis  , 28  
    Streptomyces griseus  , 39, 285  
   Stress conditions , 176, 283  
   Stroke , 151, 228, 233, 244, 282  
   Stromal stem cells , 81  
   Subclinical markers , 185  
   Subendothelial space , 184, 189, 190  
   Subgingival bacterial fl ora , 228  
   Subgingival irrigation , 201  
   Subgingival microfl ora , 36  
   Subgingival plaque biofi lm , 147  
   Submandibular , 203  
   Submandibular glands , 203  
   Subset , 177, 232, 245  
   Substances , 17, 39, 139, 235, 253, 254, 

280, 281  
   Substratum , 163  
   Subunit , 5, 58, 78, 111, 235, 238, 239  
   Succinate , 115, 118, 120, 238  
   Succinate-peroxidase activities , 120  
   Sucrose rich diet , 254, 256  
   Sugar consumption , 254  
   Sulcular epithelium , 36, 54–56, 58, 64, 136  
   Sulcus bleeding index , 286  
   Sulfi te reductase , 115  
   Sulfonates , 159  
   Sulfur species , 108  
   Supernumerary , 244  
   Superoxide , 3–5, 11, 16–18, 43, 61, 63, 78, 88, 

107, 112, 114–115, 147–149, 211, 213, 
238, 266, 267, 279–282, 284  

   Superoxide dismutase (SOD) , 4–7, 9, 11, 17, 
18, 43, 78, 79, 88, 107, 112, 114, 136, 
148, 149, 211, 213–215, 217, 220, 238, 
266, 267, 279, 280  

   Superoxide radical scavenging activity , 284  
   Supporting tissues , 147  
   Suppressing carcinogenesis , 102  
   Suppressor , 79, 97, 240  
   Surface layer , 54, 252  
   Surface receptors , 18, 58, 232  
   Surgical periodontal therapy , 173  

Index



368

   Surrogate , 220  
   Surrounding bilayer , 234  
   Susceptibility , 35, 170, 199, 215, 245, 246, 253  
   SVCAM-1 , 173  
   Swallowing , 262  
   Swelling , 229, 241  
   Swish , 262  
   Swollen joints , 258  
   Symbiosis , 228  
   Syndromes , 40, 134, 151, 171, 174, 183, 

211–220, 238, 239, 246, 252, 261  
   Synechococcus , 110  
   Synergy , 265  
   Synthase , 5, 39–41, 186, 213, 237, 239, 256, 

282, 287  
   Synthesis , 42, 62, 66, 78, 87, 98, 99, 103, 

108, 112, 163, 168, 169, 201, 235, 
240, 242, 253, 254, 258, 259, 265, 
267, 288  

   Systematic review , 185  
   Systemic antibiotics , 120, 185  
   Systemic circulation , 199, 201  

    T 
  Taa stop codon , 118  
   TAC.    See  Total antioxidant capacity (TAC) 
   Tail , 79, 236, 243  
   Tangeretin (5,6,7,8,4’-pentamethoxy 

fl avone) , 289  
    Tannerella forsythia  , 160, 228  
   T cell , 23, 58, 135, 176, 215, 217, 232, 241, 

245, 286  
   T-cell immunodefi ciency together , 217  
   Tea , 9, 41, 281, 282, 285, 286, 289  
   Teeth , 7, 35–38, 43, 53, 54, 57, 86, 133, 147, 

160, 172, 211, 212, 215, 227, 228, 255, 
256, 258, 259, 263, 264  

   Teeth ligature , 259  
   Teeth loss , 228  
   Telomere length , 138, 140–142  
   Telomeres , 138, 140–142  
   Template strand , 100  
   Tempol , 9, 10, 42, 43, 290  
   Tempromadibular disease , 217  
   Tension , 99, 101, 102  
    Terminalia chebula  , 290  
   Terminal oxidase , 117, 122  
   Tert-butyl hydroperoxide , 136  
   Tethering , 184  
   Tetracycline , 120  
   TH2 , 23, 241, 262  
   Th17 , 241, 262  

   The guardian of the genome , 79, 90  
   T-helper , 262  
   T helper 1 , 241  
   Theoretical level , 246  
   Therapeutic actions , 134  
   Thermal insulation , 257  
    Thermophilus  , 111  

  T. catalases  , 111  
    Thermus thermophilus  , 111  
   Thiamin , 259  
   Thiobarbituric acid , 39, 139  
   Thiobarbituric acid reactive substances , 

39, 139  
   Thiol peroxidase , 112–114, 121  
   Thioredoxin , 109, 113, 114, 134, 135  
   Thioredoxin family , 135  
   Thioredoxin-interacting protein , 134  
   Thioredoxin reductase , 113, 134  
   Thioredoxins , 134  
   Thr , 118, 119  
   Thr407 , 118, 119  
   Threonine , 253  
   Thrombosis , 283  
   Thymine , 213  
   Thymoquinone , 42, 290  
   Thymus-dependent system , 215  
   Thyroid disorders , 212  
   Thyroiditis , 244  
   TIMP-1 , 81  
   TIMP-2 , 81  
   Tissue 

 destruction , 23, 33, 169, 173, 176, 
229–232, 290  

 homeostasis , 55, 85–87, 134  
 infl ammation , 6, 87, 168  
 injury , 42, 158, 168  

   TLR2 , 40, 162  
   Tlr4 , 162  
   T lymphocytes , 134, 184, 214, 232  
   TNFR1 , 243  
   Tocopherol , 261, 282  
   Tocotrienols , 261  
   Toll-like receptor , 18, 20, 40, 59, 240  
   Tongue , 212, 215, 267  
   Tooth , 7, 33, 35, 54–58, 60, 66, 115, 147, 171, 

197, 201, 203, 204, 227, 228, 252, 253, 
255, 263  

   Toothbrushing , 201, 203, 204  
   Total antioxidant capacities , 40  
   Total antioxidant capacity (TAC) , 136–138, 

148, 149, 152, 173, 281  
     Toxic proteins , 176  
   Toxins , 120, 232, 243, 245, 246  

Index



369

   TRADD , 243  
   TRAIL , 243  
   Transcription factor , 5, 8, 15, 19, 64, 109, 158, 

215, 230, 232, 279, 282  
   Trans-fat decrease membrane 

fl uidity , 236  
   Transfection , 135  
   Transforming growth factor 

(TGF) , 57  
   Transition metals , 5, 7, 17, 136  
     Translocation , 212, 238, 289  
   Transportation , 237  
   Trauma , 18, 168, 201, 243  
   Treatment-placebo trial , 261  
   Treatment studies , 141, 185  
   Treponema denticola , 160, 228  
   Trial duration , 191  
   Tricarboxylic acid cycle , 237  
   Trifunctional enzyme complex , 213  
   Trigger , 22, 78, 79, 82, 85–91, 97, 103, 109, 

141, 158, 167, 177, 178, 230, 243, 
246, 256  

   Triglyceride-rich lipoproteins , 174, 198  
   Triglycerides , 174, 235  
   Triglyceride synthesis , 240  
     Triphala , 290  
   Triple FLAG tag , 161  
   Triplicate experiments , 216–218  
   Trisomic genes , 212, 220  
   Trisomy , 212  
     Trp , 118  
   Trx80 , 134  
   Trypanosome , 122  
   Trypanosomiasis , 122  
   Tryptophan , 118, 253  
   Tumor necrosis factor alpha , 168, 185, 204  
   Turnover , 19, 114, 198, 244, 253  
   Type 2 diabetes , 40, 150, 151, 171, 

175, 177  
     Tyr , 118  
   Tyrosine kinases , 288  

    U 
  Ubiquinol-1 , 116, 118, 119  
   Ubiquinone-1 , 122  
   Ulceration , 62, 184  
   Ulcerative colitis , 22  
   Ultrasound , 18  
   Ultraviolet light , 18, 102, 108  
   Uncitrullinated enolase , 178  
   Unconventionally secreted cytokines , 241  
   Unsaturated fatty acids , 235, 236  

   Unsaturation , 236  
       Urate , 7  
   Urea cycle , 237  
   Uric acid , 137, 242, 280  
   Urine , 139, 212, 219, 258, 283  

    V 
  Vacuolization , 203  
   Vagaries , 233         
   Validity , 136, 172   
  Vascular disease , 6, 8  
   Vascular endothelial growth factor , 287  
   Vasodilation , 6, 229–231  
   VCAM-1 , 288  
   Vegetables , 41, 255, 261, 281, 283, 289  
   Venous blood , 138, 148, 151  
   Verbascoside , 42, 290  
   Vesicles , 115, 117, 118, 120, 235, 

244, 288  
   Vessel lumen , 184, 190  
   Vimentin , 178  
   Viral infection , 243  
   Virulence , 37, 53, 55, 60, 61, 67, 120–123, 

134, 135, 160, 162, 172, 200, 242  
   Virulence factor , 53, 55, 60, 61, 67, 120, 121, 

134, 135, 160, 162, 172                 
  Vitamin , 41, 189, 235, 252, 257–263  
   Vitamin A , 137, 261  
   Vitamin B1 , 259  
   Vitamin B2 , 259  
   Vitamin B6 , 259  
   Vitamin B12 , 259, 265  
   Vitamin-B complex , 259–260  
   Vitamin C , 7, 9, 10, 41, 137, 148, 152, 189, 

190, 238, 257–259, 265, 282, 290  
   Vitamin C defi ciency disease , 258  
   Vitamin D , 262–263         
   Vitamin D receptor , 262  
   Vitamin E , 7, 9, 10, 41, 137, 148, 189, 238, 

261–262, 282, 291  
   Vitamin K , 260  
   Vitamin K1 , 260  
   Vitamin K2 , 260          
   Vitiligo , 242  
   Vitro model , 288  
   Vitro studies , 186, 190, 236, 264, 266, 281, 

285–287, 291  
   Vivo , 3, 4, 10, 19, 78, 103, 107, 113, 114, 122, 

123, 158, 159, 162, 187, 191, 241, 279, 
281, 283, 285, 291  

   VOCs , 78  
   Volatile sulfur compounds , 81, 85, 95, 96  

Index



370

    W 
  Warfarin , 260  
   Water , 5, 7, 39, 42, 107–109, 115, 136, 189, 

190, 230, 235, 253, 259, 263, 289, 290  
   Water-soluble mixture , 289  
   Weight gain , 212  
   Weight loss , 22, 282  
   Western blotting analysis , 122  
   White blood cells , 171, 231, 233, 239, 

258, 259   
  Wine , 41, 281, 283, 285  
   Wnt signaling , 8  

    X 
  Xanthine oxidase , 5, 136, 138  
   Xanthine-xanthine oxidase system , 136, 138  

   Xanthomonas campestris , 113  
   Xenobiotics , 16, 199, 240  
   Xylenol orange , 136  

    Y 
  Yeast , 108, 112, 115, 239  
   Yersinia pestis , 118  

    Z 
  Zeaxanthin , 261  
   Zinc , 10, 114, 230, 266–267, 

282, 290          
   Zinc-cofactored superoxide dismutase 

(CuZnSOD) , 114  
    Zymomonas mobilis  , 120          

Index


	Preface 
	Contents
	Contributors
	Part I
Oxidative Stress in Periodontal Diseases (Basic Science)
	Chapter 1: Reactive Oxygen Species and Antioxidant Systems in Periodontal Disease
	1.1 Introduction
	1.2 Reactive Oxygen Species
	1.3 Antioxidant Systems
	1.4 Oxidative Stress and Periodontal Disease
	1.5 Antioxidants and Periodontal Disease
	1.6 Clinical Significance of the Measurement of Oxidative Stress in Periodontal Disease
	1.7 Conclusion
	References

	Chapter 2: The Role of Protein Oxidative Modification in Periodontal Diseases
	2.1 Introduction
	2.2 Basic Knowledge About Protein Oxidation
	2.2.1 Definition of the Oxidation
	2.2.2 S -Nitrosylation
	2.2.3 Metal-Catalyzed Oxidation
	2.2.4 Anti-oxidation System
	2.2.5 Source of Pro-oxidants
	2.2.6 Biochemistry of Protein Oxidation
	2.2.7 Biological Characteristics of Protein Oxidation
	2.2.8 Investigation
	2.2.9 The Involvement of OPTM in Periodontal Disease

	2.3 The Role of Protein Oxidative Modification in Periodontal Diseases
	2.3.1 Definition of the Target in This Discussion
	2.3.2 The Changing Concept of the Pathogenicity of Periodontal Disease
	2.3.3 IBD: Another Complicated Disorder in the Alimentary Tract
	2.3.4 IBD and PD: Are These Share Similarities?
	2.3.5 Post-translational Protein Oxidization in IBD
	2.3.6 Post-translational Protein Oxidization in PD

	2.4 Conclusions
	References

	Chapter 3: Association Between Oxidative Stress and Periodontal Diseases in Animal Model Studies
	3.1 Introduction
	3.2 Animal Models Used in Periodontology
	3.2.1 Nonhuman Primates
	3.2.2 Dogs
	3.2.3 Rats and Mice
	3.2.4 Hamsters
	3.2.5 Rabbits
	3.2.6 Miniature Pigs
	3.2.7 Ferrets
	3.2.8 Domestic Sheep

	3.3 Oxidative Stress and Periodontitis in Animal Model Studies
	3.3.1 Rats
	3.3.2 Mice
	3.3.3 Dogs

	3.4 Effects of Antioxidants in Animal Model Studies
	3.4.1 Vitamins
	3.4.2 Flavonoids
	3.4.3 Other Antioxidants

	3.5 Limitations
	3.6 Future Directions
	3.7 Conclusion
	References

	Chapter 4: Expression of Reactive Oxygen Species in Junctional and Pocket Epithelium
	4.1 Introduction
	4.2 Junctional Epithelium
	4.2.1 Junctional Epithelium Structure
	4.2.2 Junctional Epithelium: Cell Adhesion Molecules
	4.2.3 Junctional Epithelium: Cytokines and Growth Factors
	4.2.4 Junctional Epithelium Transition to Pocket Epithelium

	4.3 Reactive Oxygen and Nitrogen Species
	4.3.1 Pathology of Oxidative Stress
	4.3.2 ROS Production in Epithelium
	4.3.3 Gene Array Analysis of Epithelial Oxidative Stress
	4.3.4 Monoamine Oxidases
	4.3.5 Monoamine Oxidase Regulation of Cytokine Expression

	4.4 Conclusions
	References

	Chapter 5: DNA Damage Caused by Oral Malodorous Compounds in Periodontal Cells In Vitro: Novel Carcinogenic Pathway
	5.1 Introduction
	5.2 H 2 S and ROS
	5.3 DNA Damage Caused by H 2 S
	5.4 p53 and Aging
	5.5 Conclusion
	References

	Chapter 6: Apoptotic Pathways Triggered by Oral Malodorous Compounds in Periodontal Cells: Novel Periodontal Pathologic Cause
	6.1 Introduction
	6.2 Apoptosis in General
	6.3 Apoptosis in Oral Tissues
	6.4 H 2 S in General Systems and the Oral Cavity
	6.5 VSCs Induce Apoptosis in Periodontal Tissues
	References

	Chapter 7: The Role of p53 in Carcinogenesis and Apoptosis in Oral Tissues
	7.1 Introduction
	7.2 Checkpoints for the Choice Between DNA Repair and Apoptosis
	7.3 Original Firing, Fork Restart, and Stalled-Fork Stability
	7.4 Spindle Checkpoint
	7.5 p53 in Carcinogenesis
	7.6 Conclusion
	References

	Chapter 8: Physiological Roles of a Periodontopathic Bacterial Membrane-Bound Quinol Peroxidase
	8.1 Introduction
	8.2 Catalase and Peroxidase
	8.2.1 Properties of Catalase and Peroxidase
	8.2.2 OxyR
	8.2.3 Heme Catalase
	8.2.4 Manganese Catalase

	8.3 Thiol Peroxidase (Peroxiredoxin)
	8.3.1 Properties of Thiol Peroxidase (Peroxiredoxin)
	8.3.2 Bacterioferritin Comigratory Protein

	8.4 Scavengers of Superoxide
	8.5 QPO Produced by Periodontopathic Bacterium
	8.5.1 Properties of a Periodontopathic Bacterial QPO
	8.5.2 Absorption Spectra of QPO
	8.5.3 Kinetic Characterization
	8.5.4 Generation of qpo Null Mutant
	8.5.5 Properties of qpo Null Mutant
	8.5.6 QPO Inhibition Prevents Secretion of LtxA

	References


	Part II
Oxidative Stress in Periodontal Diseases (Clinical Studies)
	Chapter 9: Periodontitis and Oxidative Stress: Human Studies
	9.1 Introduction
	9.2 Oxidative and Non-oxidative Actions of Redox Proteins
	9.3 Measures of Oxidative Stress
	9.3.1 Redox Balance (Oxidants/Antioxidants Balance)
	9.3.1.1 Clinical Studies on Redox Balance in Periodontitis
	Local (Periodontal) Redox Balance
	Systemic Redox Balance



	9.4 Oxidative Stress Fingerprints
	9.4.1 Lipid Oxidative Fingerprints
	9.4.2 Protein Oxidative Fingerprints
	9.4.3 DNA Damage Caused by Oxidative Stress

	9.5 Summary
	9.6 Conclusions and Future Steps
	References

	Chapter 10: Effects of Periodontal Therapy on Circulating Oxidative Stress
	10.1 Introduction
	10.2 Periodontitis as a Risk Factor for Circulating Oxidative Stress
	10.3 Changes in GCF and Salivary Oxidative Stress After Periodontal Therapy
	10.4 Effects of Periodontal Therapy on Circulating Oxidative Stress in Periodontitis Patients
	10.5 Periodontal and Systemic Health: Is Circulating Oxidative Stress a Common Link?
	10.6 Recommendations for Future Research
	10.7 Conclusion
	References

	Chapter 11: Role of HMGB1 in Periodontal Disease
	11.1 Introduction
	11.1.1 Role of HMGB1 in Disease
	11.1.2 Oxidative Stress and HMGB1

	11.2 HMGB1 and Periodontal Disease
	11.2.1 Gingival Soft Tissues and HMGB1 in Periodontal Disease
	11.2.2 Cytokine-Dependent Expression of HMGB1 in Periodontal Ligament Cells
	11.2.3 HMGB1 Localization in the Periodontal Pocket

	References


	Part III
Periodontal Diseases and Systemic Diseases (Possible Link to Other Organs)
	Chapter 12: The Inflammation as the Connecting Link Between Systemic Diseases and Periodontal Diseases
	12.1 Introduction
	12.2 Systemic Inflammatory Markers and Periodontitis
	12.2.1 Animal Models
	12.2.2 Observational Studies in Systemically Healthy Humans
	12.2.3 Observational Studies in Humans with Systemic Conditions
	12.2.4 Rheumatoid Arthritis and Periodontitis: A Strong Link Between Two Inflammatory Conditions

	12.3 Effect of Periodontal Therapy Over Systemic Inflammatory Markers
	12.3.1 Systemically Healthy Individuals with Periodontitis
	12.3.2 Rheumatoid Arthritis
	12.3.3 Metabolic Syndrome
	12.3.4 Hemodialysis
	12.3.5 Diabetes Mellitus
	12.3.6 Pregnancy

	12.4 Autoimmune Processes as Inflammatory Link Between Periodontitis and Systemic Conditions
	12.4.1 Pg HSP and Systemic Diseases: Molecular Mimicry as Pathogenic Mechanism
	12.4.2 Citrullination of Proteins as Enhancing of Autoimmune Processes

	12.5 Conclusions
	References

	Chapter 13: Periodontitis and Atherosclerosis
	13.1 Introduction
	13.2 Atherosclerosis and Oxidative Stress
	13.3 Relationship Between Periodontitis and Atherosclerosis
	13.4 Oxidative Stress by Periodontitis and Pathogenesis of Atherosclerosis
	13.4.1 Lipid Peroxidation by Periodontitis and the Initial Stage of Atherosclerosis
	13.4.2 Roles of Ox-LDL Linking Periodontitis and Atherosclerosis

	13.5 Antioxidants
	13.6 Conclusion
	References

	Chapter 14: Periodontitis and Liver Diseases
	14.1 Introduction
	14.2 Pathogenesis of NAFLD/NASH Involves Many Factors
	14.3 Relationship Between Periodontitis and Liver Disease
	14.4 Relationship Between Periodontal Inflammation and Oxidative Damage of Other Organs
	14.5 Periodontal Treatments in Improving Liver Function
	14.6 Conclusion
	References

	Chapter 15: Oxidative Stress and Periodontal Disease in Down Syndrome
	15.1 Introduction
	15.1.1 Down Syndrome
	15.1.2 Down Syndrome and ROS
	15.1.3 Down Syndrome and Periodontal Disease
	15.1.4 Measurement of Oxidative Stress in DS-Related Periodontal Disease
	15.1.5 Conclusion

	References


	Part IV
Future Strategies (Control of ROS, Roles of Nutrition/Antioxidants and Application to Dentistry)
	Chapter 16: New Theories and Their Clinical Relevance to the Onset and Development of Periodontal Diseases
	16.1 Introduction
	16.2 Tissues Inflammatory Mechanism
	16.2.1 Vascular Changes
	16.2.2 Inflammatory Cells
	16.2.3 Biochemical Mediators and Its Membrane Receptors
	16.2.4 Tissue Destruction and Systemic Effects
	16.2.5 Aggression Control with Pathogens Destroys
	16.2.6 Healing/Recovery
	16.2.7 Cytokines

	16.3 Cellular Inflammatory Mechanisms
	16.3.1 Isolation/Individualization: Biological/Cell Membrane
	16.3.2 Energy Production Process: Mitochondria
	16.3.3 Energy Production Control: AMPK System
	16.3.4 Aggression Recognition: Inflammasome
	16.3.5 Debris Elimination: Apoptosis/Autophagy/Hormesis

	16.4 Clinical Relevance
	References

	Chapter 17: The Role of Nutrition in Periodontal Diseases
	17.1 Introduction
	17.2 Macronutrients
	17.2.1 Proteins
	17.2.2 Glucids
	17.2.2.1 Simple Sugars: Monosaccharides and Dissacharides
	17.2.2.2 Dietary Fiber
	17.2.2.3 Ethanol and Alcoholic Beverages

	17.2.3 Lipids

	17.3 Vitamins
	17.3.1 Vitamin C
	17.3.2 Vitamin-B Complex
	17.3.3 Vitamin K
	17.3.4 Vitamin A
	17.3.5 Vitamin E
	17.3.6 Vitamin D

	17.4 Minerals
	17.4.1 Calcium
	17.4.2 Magnesium
	17.4.3 Phosphorus
	17.4.4 Iron
	17.4.5 Copper
	17.4.6 Zinc
	17.4.7 Manganese

	References

	Chapter 18: Effects of Antioxidants on Periodontal Disease
	18.1 Introduction
	18.2 Antioxidants
	18.2.1 Role of Antioxidants
	18.2.2 Flavonoids
	18.2.3 Asian Traditional Medicines

	18.3 Effects of Antioxidants on Periodontal Disease
	18.3.1 Flavonoids
	18.3.1.1 Cocoa
	18.3.1.2 Catechins
	18.3.1.3 Curcumin
	18.3.1.4 Resveratrol
	18.3.1.5 Quercetin
	18.3.1.6 Genistein
	18.3.1.7 Other Flavonoids

	18.3.2 Other Antioxidants

	18.4 Limitation
	18.5 Conclusion
	References

	Chapter 19: Role of Vitamin C and Vitamin E in Periodontal Disease
	19.1 Introduction
	19.2 Association of Vitamin C Levels with Periodontal Disease
	19.2.1 Association of Vitamin C Levels with Gingivitis
	19.2.2 Animal Studies on the Effects of Vitamin C on Periodontal Disease
	19.2.3 Association of Vitamin C Levels in Body Fluids with Periodontal Disease
	19.2.3.1 Association of Plasma/Serum Vitamin C Levels with Periodontal Disease
	19.2.3.2 Association of Antioxidant Levels in the Saliva and Gingival Crevicular Fluid with Periodontal Disease
	19.2.3.3 Effect of Smoking on Vitamin C Levels in Body Fluids

	19.2.4 Human Studies on the Effects of Vitamin C on Periodontal Disease
	19.2.4.1 Association of Dietary Vitamin C Intake with Periodontal Disease
	19.2.4.2 Intervention Studies on the Effects of Vitamin C on Periodontal Disease


	19.3 Association of Vitamin E Levels with Periodontal Disease
	19.3.1 Animal Studies Concerning the Effects of Vitamin E on Periodontal Disease
	19.3.2 Human Studies Concerning the Effects of Vitamin E on Periodontal Disease

	19.4 Effect of Vitamin C + E Supplements on Periodontal Disease
	19.5 Conclusions
	References

	Chapter 20: Salivary Biomarkers of Oxidative Stress Associated with Periodontal Diseases
	20.1 Introduction
	20.2 Oxidative Stress: Implications in Periodontal Disease
	20.3 Saliva: General Characteristics and Functions
	20.4 Salivary Biomarkers in Oral and Systemic Diseases
	20.5 Saliva: Antioxidant Defense Systems and Oxidative Stress Biomarkers
	References


	About the Editors
	Index

