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1  |  INTRODUC TION

Periodontitis is a widespread disease that has recently been shown 
to be the sixth- most prevalent condition worldwide; its severe forms 
affect about 10% of the adult population.1– 3 The disease is charac-
terized by chronic inflammation of the gingival tissues in response 
to bacterial colonization of the tooth surface. In susceptible indi-
viduals, this immune response results in tissue destruction and the 
loss of supporting bone.4 Similarly, chronic inflammation can affect 
dental implants in the form of peri- implantitis, that is, inflammation 
in peri- implant tissues with loss of supporting bone, which can ul-
timately lead to implant loss.5,6 The prevalence of peri- implantitis 
varies across studies but, according to a recent review, ranged from 
13% to 47% among individuals with implants.6 As with periodontitis, 
peri- implantitis is considered to be induced by microbial biofilms at 
the implant surface.7

Several factors —  environmental, genetic, and epigenetic —  
contribute to an individual's susceptibility to periodontal disease.8 
Epigenetics is a critical link between genetic and environmental fac-
tors. Epigenetic alterations may contribute to individual differences 
in tissue- specific gene expression and induce or enhance inflamma-
tion and susceptibility to disease.9 However, less is known about 

how these factors influence peri- implantitis. There is a clinical need 
for methods to regenerate alveolar bone and suppress inflammation 
in order to improve the long- term prognosis of teeth and implants af-
fected by periodontitis and peri- implantitis, respectively.10 The fact 
that epigenetic mechanisms are reversible makes them attractive 
targets for new treatment models within tissue regeneration and 
inflammatory disease.

2  |  INFL AMMATORY LESIONS OF 
PERIODONTITIS AND PERI-  IMPL ANTITIS

Numerous studies have analyzed how the inflammatory lesion of 
peri- implantitis differs from that of periodontitis.6,11 Studies using 
both human biopsy material and experimental models have con-
cluded that the peri- implantitis lesion is larger than the periodontal 
lesion, and that their cellular and cytokine compositions differ in im-
portant ways (Figure 1).

Although plasma cells and lymphocytes are the dominant cells in 
both lesions, neutrophils and macrophages occur in greater numbers 
in peri- implantitis than in periodontitis. Experimental studies have 
also shown a greater number of osteoclasts in the peri- implantitis 
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lesion.12 In line with these data, a study using biopsies from 40 pa-
tients with periodontitis and 40 with peri- implantitis showed that not 
only were the inflammatory lesions around implants twice as large 
as those in periodontitis, but the peri- implant lesion also had greater 
numbers of plasma cells, macrophages, and neutrophils.5 By con-
trast, the density of B cells and the density of vessels were greater 
in periodontitis. An experimental study in dogs from the same group 
reported a larger lesion in peri- implantitis.12 Moreover, the levels of 
myeloperoxidase, a marker for neutrophils, and tartrate- resistant 
acid phosphatase, a marker for osteoclasts, were higher in peri- 
implantitis.12 Similarly, a rat lipopolysaccharide experimental model 
indicated the presence of osteoclasts, bone resorption, and exten-
sive inflammation in peri- implantitis and suggested that the destruc-
tion of peri- implant tissue occurs faster than that of periodontitis 
tissue.13 Shedding light on these findings, a review of experimental 
ligature models in animals illustrated that the inflammatory infiltrate 
around teeth was separated from the alveolar bone by a connective 
tissue zone, whereas the inflammatory infiltrate around implants ex-
tended all the way to the alveolar crest.11

The different pathologies of these lesions are reflected in their 
signaling: gingival crevicular fluid samples from healthy, periodonti-
tis, or peri- implantitis sites each showed distinct cytokine profiles.14 
In an experimental murine model with Porphyromonas gingivalis infec-
tion, implants experienced greater bone loss than teeth.15 Compared 
with implants without infection, forkhead box P3, a negative reg-
ulator of the immune response, decreased in the setting of infec-
tion, while tumor necrosis factor alpha, a cytokine for inflammation, 
increased. Meanwhile, teeth experienced no change in forkhead 
box P3 or tumor necrosis factor alpha in the setting of infection.15 
Interestingly, the presence of an implant even without infection al-
tered the expression of cytokines compared with healthy teeth; the 
implant increased the expression of interleukin- 10 and forkhead box 
P3; increased the RANK/osteoprotegerin ratio, an indicator of apop-
tosis; and decreased the expression of tumor necrosis factor alpha.15

Despite similar bacterial etiologies, there are also histopatholog-
ical differences between peri- implantitis and periodontitis lesions. 
The spread of the lesion to the crestal bone in peri- implantitis and 
the lack of an epithelial lining between the biofilm and the apical por-
tion of the infiltrate can be explained by the absence of supra- crestal 

fibers and a periodontal ligament in peri- implant tissues. In addition, 
a review summarized the distinct microbiome compositions of the 
two diseases.7 It was shown that surface material, roughness, and 
energy can influence the colonization of bacteria. Because dental 
implants differ in those aspects from teeth, a specific microbiome 
may be associated with peri- implantitis.7,16

Recently, two reviews reported on the differences between peri-
odontitis and peri- implantitis with respect to epigenetic markers.17,18 
We will explore them in subsequent sections.

3  |  EPIGENETIC S:  GENER AL PRINCIPLES

The DNA double helix is packaged in the cell nucleus in the form 
of chromatin. The building block of chromatin is the nucleosome, 
which consists of 146 base pairs of DNA wrapped around a histone 
protein complex (Figure 2). The structural arrangement of chromatin 
affects gene expression: chromatin can be loosely packed, allowing 
the transcriptional machinery to access and express it, or densely 
packed, silencing it.19 The term “epigenetics” refers to chemical al-
terations to gene expression independent of changes to the DNA 
sequence, that is, DNA methylation and histone modifications.20

Histones can be acetylated or methylated at N- terminal tails 
that protrude from the nucleosome.19 These functional groups ob-
struct the contact between the DNA and histones, loosening their 
packaging and activating transcription.19 Acetylation is regulated 
by histone acetyltransferases that add acetyl groups, and by his-
tone deacetylases that remove them. The balance between histone 
acetylation and deacetylation at the promoter region of the chro-
matin is key to the regulation of gene expression and the mainte-
nance of a transcriptionally competent chromatin state.21,22 The 
histone acetyltransferases are divided into five distinct families by 
their sequence divergence at the histone acetyltransferase domain 
(histone acetyltransferase- 1, general control non- depressible 5/
PCAF (P300/CBP- associated factor ), MYST (Moz, Ybf2/Sas3, Sas2, 
Tip60), cyclic adenosine monophosphate response element- binding 
protein/p300, and Rtt109 (regulation of Ty1 transposition gene 
product 109)). Among all the histone acetyltransferases, p300 is an 
important histone acetyltransferase that mediates transcriptional 

F I G U R E  1  Comparison of the 
inflammatory lesions (ICT) of peri- 
implantitis and periodontitis, showing 
major histopathological features. AcH3, 
acetylated histone H3; NF- κB, nuclear 
factor kappa B
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activation by participating in the cyclic adenosine monophosphate 
response element- binding protein/p300 transcriptional coactivation 
complex.23 The p300- cyclic adenosine monophosphate response 
element- binding protein coactivator family, in combination with 
other proteins, participates in proliferation, differentiation, apop-
tosis, and transcription through chromatin acetylation.24 Similar to 
histone acetyltransferases, histone deacetylases are also divided 
into four classes and take part in multi- protein complexes that are 
expressed in many bodily tissues.25

DNA itself can be modified by DNA methyltransferases, which 
add methyl groups to 5- methylcytosine at specific sites in the DNA 
sequence (ie, CpG sites, or sites with adjacent cytosine and guanine 
bases).20,26 When these methyl groups reside at promoters, they 

can occlude the binding of transcriptional machinery and deacti-
vate transcription; 5- methylcytosine can be further oxidized into 
5- hydroxymethylcytosine by the ten- eleven translocation methyl-
cytosine dioxygenases family of enzymes.27 This oxidation has been 
suggested as the mechanism for demethylation of DNA so that the 
cell can reactivate genes (Figure 2).28

Importantly, epigenetic mechanisms are reversible and change 
throughout our lifetimes in response to environmental factors, in-
cluding the microbiota, smoking, and dietary compounds. It was 
recently found that biomaterials, material energy, and material to-
pography also influence epigenetic patterns.9,29,30 Moreover, in-
fection and the host's immune response can induce changes in the 
epigenome that, in turn, enhance susceptibility to disease. These 

F I G U R E  2  The structure and modification of the nucleosome. The histone complex includes two copies each of histones H2A, H2B, 
H3, and H4, as well as a linker histone H1 that connects the nucleosomes. Along with DNA, these proteins form the primary chromatin 
structure. A, Chromatin configuration and epigenetic regulation. B, Crystal structure of Protein Data Bank ID 5B2I, showing the nucleasome, 
rendered in UCSF Chimera.126 C, Transcriptionally active genes are associated with low levels of DNA methylation and high levels of histone 
acetylation. Figure adapted with permission from Larsson et al.9 C, Cytosine; DNMTs, DNA methyltransferases; 5caC, 5- carboxylcytosine; 
5fc, 5- Formylcytosine; 5hmC, 5- hydroxymethylcytosine; 5mC, 5- methylcytosine; HATs, histone acetyltransferases; HDAC, histone 
deacetylase; K9HMT, Lysine 9 histone methyltransferase; TET, ten- eleven translocation
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epigenetic changes are cell-  and tissue- specific, which is relevant for 
chronic inflammatory diseases like periodontitis and peri- implantitis. 
These diseases have target tissues in which the inflammation is per-
sistent and tissue destruction occurs: not all teeth or implants are 
affected. As such, treatments can be targeted as well.

4  |  EPIGENETIC S AND PERIODONTITIS

Even although epigenetics is a new area of research in periodontol-
ogy, several studies over the last decade have characterized changes 
in the epigenetic pattern for periodontal diseases.9,31– 35

Oral pathogens and bacterial products, such as lipopolysaccha-
ride, have been shown to influence periodontitis by inducing epi-
genetic changes in gene expression in cells and tissue. For example, 
P. gingivalis and Fusobacterium nucleatum can induce acetylation of 
histone 3 while decreasing the expression of DNA methyltransfer-
ase- 1.36 Bacterial activation of pathogen recognition receptors and 
toll- like receptors, both typically activated in the immune response, 
can induce histone modifications in oral epithelial cells.36 These find-
ings are in line with previous research showing that gingival epithelial 
cells cultured with P. gingivalis saw an increase in DNA methylation 
of the toll- like receptor- 2 promoter.37 A study conducted by Diomede 
et al23 showed that, similar to reports by Martins et al,36 P. gingivalis 
lipopolysaccharide reduced the expression of DNA methyltransfer-
ase- 1 in human periodontal ligament cells while upregulating histone 
acetyltransferase p300 and nuclear factor kappa B, a complex typi-
cally activated in response to cellular stress and foreign antigens.23

Dysregulation of toll- like receptor expression and consequent 
changes in the host response against periodontal pathogens can 
occur, increasing not only inflammation but also a patient's sus-
ceptibility to periodontitis.38 The DNA methylation patterns of the 
toll- like receptor- 2 and toll- like receptor- 4 promoters have previously 
been investigated in gingival biopsies, cells, and animal models.38– 41 
The toll- like receptor- 4 promoter was reported to be unmethylated 
in healthy and periodontitis patients, while that of toll- like recep-
tor- 2 included both methylated and unmethylated regions for both 
groups.40 However, a higher degree of methylation of toll- like recep-
tor- 2 was found in samples from patients with periodontitis relative 
to controls, as was a correlation between the level of toll- like recep-
tor- 2 methylation and the number of inflammatory cells within the 
adjacent connective tissue.41 Using an in vitro periodontitis and oral 
gavage model in mice, the presence of P. gingivalis was shown to in-
duce methylation of the toll- like receptor- 2 promoter in human gingi-
val epithelial cells.38 The DNA methylation pattern of other genes in 
the toll- like receptor signaling pathway (FADD, FAS- associated death 
domain protein; MAP3K7, Mitogen- activated protein kinase kinase 
kinase 7; MYD88, Myeloid differentiation primary response 88; in-
terleukin6R, interleukin 6 receptor; PPARA, Peroxisome Proliferator 
Activated Receptor Alpha; IRAK, Interleukin- 1 receptor- associated 
kinase and RIPK2, Receptor- interacting serine/threonine kinase 2) 
also differed between patients with localized, aggressive periodon-
titis and healthy controls.42 The degree of methylation even varied 

by the severity of disease: patients with moderate disease showed 
hypermethylation of these genes relative to controls, while patients 
with severe disease displayed hypomethylation.42

The oral pathogen Treponema denticola has also been shown to 
alter epigenetic patterns by inducing hypomethylation of the matrix 
metalloprotease- 2 promoter, causing chronic activation of pro- matrix 
metalloprotease- 2 expression in periodontal ligament cells.43 Matrix 
metalloproteases are key factors in matrix degradation, bone re-
sorption, wound healing, cell proliferation, inflammation, and immu-
nity.43,44 As a result, hypomethylation by T. denticola may influence 
the activation of matrix metalloproteases and augment the destruc-
tion of supporting tissues that occurs in periodontitis.

The epigenetic patterns of several inflammatory cytokines and 
markers have also been investigated in relation to periodontitis,9 
with variations in DNA methylation between healthy and periodon-
titis patients being especially large for genes related to immune 
response.45 In one study, the methylation levels of CpG sites in 22 
inflammatory genes were analyzed in gingival tissue samples from 
patients with aggressive periodontitis vs controls. A decrease in 
methylation was found in the promoter regions for interleukin- 17C 
and chemokine ligand- 25 in periodontitis patients, resulting in in-
creased expression.46 These cytokines play important roles in the im-
mune response to bacteria. The different levels of DNA methylation 
reported by Schulz et al46 were similar to those reported by Barros 
and Offenbacher.31 Given the suggested link between interleukin- 17 
expression and bone resorption, changes in the methylation pattern 
and expression of these genes might contribute to the inflammatory 
response and the loss of attachment seen in periodontitis.46

Meanwhile, with respect to the pro- inflammatory cytokine in-
terleukin- 6, no difference in methylation of its promoter was found 
between periodontitis patients and healthy controls.47 It was previ-
ously reported that the interleukin- 6 promoter was partially methyl-
ated in gingival tissue samples from both periodontitis and healthy 
individuals, but that the expression of interleukin- 6 was higher in 
periodontitis patients.48 Ishida et al49 also reported an increase in 
interleukin- 6 expression, yet this increase was associated with hy-
pomethylation of only one CpG site in the interleukin- 6 promoter. 
Similarly, for the inflammatory cytokine tumor necrosis factor alpha, 
an analysis of 12 CpG sites in the promoter of tumor necrosis factor 
alpha in patients with chronic periodontitis and healthy controls re-
vealed differences in DNA methylation at only one CpG site,50 al-
though a previous study reported two hypermethylated sites in the 
tumor necrosis factor alpha promoter in chronic periodontitis.51

Comparison of the DNA methylation patterns of two inflam-
matory regulators, suppressor of cytokine signaling- 1 and the long 
interspersed element- 1, showed a higher degree of methylation in 
oral epithelial cells of patients with aggressive periodontitis, rel-
ative to healthy subjects.52 Intragenic CpG islands in suppressor of 
cytokine signaling- 1 were hypermethylated in periodontal speci-
mens compared with healthy tissue, yet there was no difference in 
gene expression.53 Interestingly, the results reported by Planello 
et al53 suggested that the increase in DNA methylation of suppres-
sor of cytokine signaling- 1 in periodontitis was not attributable to the 
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presence of inflammatory cells. Using tissue samples from healthy 
subjects and periodontitis patients that, at the time of the study, 
did not show signs of inflammation in the gingival tissue, the lev-
els of methylation for suppressor of cytokine signaling- 1, suppressor 
of cytokine signaling- 3, and long interspersed element- 1 were similar 
regardless of any previous periodontal inflammation.54 Similarly, a 
higher level of DNA methylation in the cyclooxygenase- 2 promoter 
has been reported for diseased sites compared with healthy sites 
in patients with periodontitis.55 Interestingly, periodontal therapy 
restored the DNA methylation pattern of cyclooxygenase- 2 to a level 
close to that of healthy patients. By contrast, no changes occurred in 
the DNA methylation level of tumor necrosis factor alpha, interferon- 
gamma, or long interspersed element- 1.55 These observations suggest 
that the treatment of periodontitis and resolution of inflammation 
may restore some but not all epigenetic modifications to the levels of 
healthy tissue. Finally, Cho et al56 also reported on the methylation 
pattern of inflammatory genes in periodontitis and healthy patients, 
but the differences were not significant.

Despite many reports on the epigenetic alterations of genes 
associated with immune response and bone formation, few studies 
have focused on the expression of epigenetic markers, themselves, 
in periodontitis. Martins et al36 reported a downregulation of DNA 
methyltransferase- 1 and upregulation of acetylated histone- 3 in ep-
ithelial cells close to the inflammatory lesion in a periodontitis model 
in mice. In contrast, a significant upregulation of DNA methyltrans-
ferase- 1 and 10- 11 translocation- 1 mRNA was found in tissue sam-
ples from periodontitis patients compared with those from healthy 
controls.45 However, it is important to remember that results using 
tissues reflect the DNA methylation level of genes in several dif-
ferent cell types. The proportion of 10- 11 translocation- 2- positive 
cells was even greater in periodontitis lesions than in gingivitis le-
sions.57 The increase in ten- eleven translocation (TET) methylcy-
tosine dioxygenases enzymes is of particular interest because they 
convert 5- methylcytosine to 5- hydroxymethylcytosine and promote 
demethylation, which, in turn, reactivates genes and increases ex-
pression.27,45 The fact that 10- 11 translocation- 2 increases in peri-
odontitis relative to gingivitis suggests an association between 
disease severity and the epigenetic regulation of inflammatory 
genes.57 Interestingly, not only did the methylation patterns differ 
between patients with chronic periodontitis and healthy controls, 
but this hypermethylation pattern was also found to be located in 
transcriptional enhancer regions, preventing enhancer activity and 
gene expression.57 The DNA methylation pattern found in gingival 
tissue from periodontitis patients resembled that found in oral squa-
mous cell carcinoma tissue, suggesting that chronically inflamed tis-
sues have a preneoplastic epigenome that may play a role in tumor 
development.53 Recently, a role for 10- 11 translocation enzymes in 
the regulation of macrophages in periodontal disease has also been 
suggested.58,59

Jumonji domain- containing protein- 3 is a demethylase that binds 
genes and demethylates them at H3K27, thereby increasing their 
transcription. Stimulation of macrophages by lipopolysaccharide in-
duces Jumonji domain- containing protein- 3, which then influences 

the polarization of macrophages into either M1 or M2. The polar-
ization of macrophages plays an important role in determining the 
outcome of an inflammatory response.60,61 Porphyromonas gingivalis 
lipopolysaccharide treatment caused a decrease in expression of 
Jumonji domain- containing protein- 3, DNA methyltransferase- 1, 
and DNA methyltransferase- 3b in keratinocytes, but no difference in 
gingival fibroblasts.60 This difference may be a result of the expres-
sion of toll- like receptors on epithelial cells, but not on keratinocytes. 
In the same study, P. gingivalis lipopolysaccharide also triggered the 
toll- like receptor- 2 and toll- like receptor- 4 signaling pathways, in-
ducing nuclear factor kappa B and downregulating Jumonji domain- 
containing protein- 3.60 An analysis of the gene expression of Jumonji 
domain- containing protein- 3, DNA methyltransferase- 1, and DNA 
methyltransferase- 3b in tissue samples showed no differences be-
tween periodontitis patients and healthy controls.60 In a periodon-
titis mouse model, adiponectin, a factor secreted by adipose tissue, 
was found to influence the Jumonji domain- containing protein- 3– 
interferon regulatory factor- 4 signaling pathway, which is needed 
for the polarization of macrophages towards M2; the result was a 
modified inflammatory response, enhanced bone repair via Jumonji 
domain- containing protein- 3, and reduced periodontal bone loss.61

A previous study showed that the immune response to bacte-
ria may be influenced by stressful events in early life.62 As demon-
strated in an experimental periodontitis lipopolysaccharide and 
ligature model in rats, such events increased the susceptibility to 
chronic inflammation later in life. Animals that had been separated 
daily from their mothers as pups eventually had greater alveolar 
bone loss and lower levels of transforming growth factor beta. These 
animals also had a higher expression of glucocorticoid receptor, a 
marker for stress reactivity, in the hippocampus. By contrast, rats 
that had been handled daily or undisturbed as pups had a higher de-
gree of DNA methylation at specific CpG sites in the glucocorticoid 
receptor promoter, resulting in a lower level of glucocorticoid recep-
tor expression.62 These results may shed light on the socioeconomic 
disparities of periodontal disease, as minority and low- income indi-
viduals experience greater social stressors and higher disease rates.2

Taken together, most studies on the influence of epigenetics on 
periodontitis have compared diseased sites with healthy sites. Thus, 
it is not clear if the epigenetic changes are specific to periodontitis or 
if they are features of gingival inflammation more generally. Studies 
evaluating differences between periodontitis and longstanding gin-
givitis lesions are needed.

5  |  EPIGENETIC S AND PERI-  IMPL ANTITIS

To the best of our knowledge, no characterization of the epigenetic 
pattern of the peri- implantitis lesion has yet been made. A previous 
review on epigenetics in implant therapy found only eight articles 
on the role of miRNAs in implant dentistry and no reports on DNA 
methylation or histone modifications in response to implants.63 
Interestingly, it was recently reported that the global DNA methyla-
tion level was higher in gingival tissues than in bone, regardless of 
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whether the bone was from periodontally healthy patients or from 
around failed implants resulting from peri- implantitis.64 The authors 
suggested that these findings could reflect a different epigenetic re-
sponse between various tissues in the same microenvironment.

6  |  EPIGENETIC S AND TITANIUM 
PARTICLES

In contrast to epigenetic influences on peri- implantitis, there has 
been a great focus on titanium particles found in the tissue sur-
rounding implants with peri- implantitis and their influence on the 
disease.65,66 In gingival tissue where P. gingivalis was present, tita-
nium ions from implants were shown to increase the expression of 
C- C motif chemokine ligand 2, an inflammatory cytokine, and to el-
evate the ratio of RANKL to osteoprotegerin.67 In addition, titanium 
ions elevated toll- like receptor- 4 expression, which may increase the 
host response to microorganisms. Titanium concentrations have also 
been associated with global methylation levels independent of peri- 
implantitis, suggesting that titanium particles may affect the level 
of DNA methylation.68 As such, the presence of titanium in tissue 
samples taken near titanium implants, as well as that of titanium ions 
that can form particles, can induce a pro- inflammatory response.69

There are also several studies on the influence of titanium di-
oxide particles on epigenetic mechanisms.30 The most prominent 
connection between titanium and epigenetic modification has been 
the DNA damage pathway. When the double- stranded helix breaks, 
H2A histone family member X is phosphorylated (becoming γH2A 
histone family member X) and is recruited to the damaged site; as 
such, γH2A histone family member X is an early marker for DNA 
damage.70 The efficacy of γH2A histone family member X's response 
to DNA damage is epigenetically controlled by the acetylation of his-
tones other than itself: the acetylation of histone H3 at lysine 56 
enhances the DNA damage response in stem cells.70 As a result, the 
γH2A histone family member X/histone H3 acetylated at lysine 56 
interaction has been proposed as an important factor for the control 
of cells' hypersensitivity to DNA damage repair.

As it relates to peri- implantitis, exposure of cells to titanium di-
oxide particles may directly influence histone acetylation, inhibiting 
the repair of double- stranded breaks. In vitro, a relatively low con-
centration of 10 μg/mL of titanium dioxide induced γH2A histone 
family member X in fibroblasts compared with other compounds, 
like terbium- doped- gadolinium oxide, which required 1000 μg/mL 
to induce γH2A histone family member X, or poly(lactic- co- glycolic 
acid) nanoparticles, which did not induce any DNA damage.71 
Interestingly, nano- sized particles of titanium dioxide induced γH2A 
histone family member X in fibroblasts more efficiently than larger 
ones, and the induction of γH2A histone family member X occurred 
independently of reactive oxygen species produced by inflammatory 
cells.72 Similar to fibroblasts, titanium particles isolated from com-
mercially available dental implants have been shown to induce the 
activation of checkpoint kinase 2 and accumulation of breast cancer 
gene 1 in a culture of oral epithelial cells.73 Following DNA damage, 

the recruitment and accumulation of breast cancer gene 1 to the 
nuclear foci was mediated by the phosphorylation of γH2A histone 
family member X.74– 76 In addition to being cytotoxic to fibroblast and 
oral epithelial cells, low doses of titanium dioxide particles induced 
expression of pro- inflammatory markers.77 Also, stimulating these 
cells with lipopolysaccharide following titanium dioxide stimulation 
enhanced the expression of the inflammatory cytokine tumor necro-
sis factor alpha. In line with this focus, there are numerous studies 
on how surface topography (eg, of implants) impacts the epigene-
tic pattern.30 In any case, a more thorough characterization of the 
epigenetic pattern of the peri- implant lesion in response to titanium 
particles is necessary to make any clinical correlations valid.

7  |  CLINIC AL APPLIC ATION OF 
EPIGENETIC S IN PERIODONTITIS AND 
PERI-  IMPL ANTITIS

7.1  |  Epi- drugs

The fact that epigenetic mechanisms are reversible makes them at-
tractive targets for new treatment models. Many epigenetic mol-
ecules, or epi- drugs, have already been approved by the U.S. Food 
and Drug Administration, like histone deacetylase inhibitors for can-
cer treatment. Histone deacetylase inhibitors are small compounds 
that inhibit the function of histone deacetylases by blocking their 
binding to target sites, thereby increasing histone acetylation and 
enhancing gene transcription.78 Trichostatin A, entinostat sodium 
butyrate, suberoylanilide hydroxamine (or vorinostat), and valproic 
acid are all histone deacetylase inhibitors that are currently in clinical 
studies.24,79,80

Reports on the use of epi- drugs for the treatment of inflamma-
tory diseases have recently emerged. An inhibitory effect of histone 
deacetylase inhibitors on bone destruction and inflammation was re-
ported for rheumatoid arthritis, suggesting a treatment option that 
simultaneously targets both pathways.81 In line with these findings, 
histone deacetylase inhibitors have been reported to decrease bone 
loss, not only for rheumatoid arthritis, but also for periodontitis.82,83 
Trichostatin A, valproic acid, and entinostat have been investigated 
for potential use in regulating bone formation and were suggested as 
suitable agents for both local and systemic treatment of bone loss.79

In a previous study, periodontitis gingival tissue was shown to 
have increased mRNA expression of histone deacetylase- 1, histone 
deacetylase- 5, histone deacetylase- 8, and histone deacetylase- 9; 
of these, the histone deacetylase- 1 protein was found in signifi-
cantly higher quantities in diseased tissue than in healthy tissue.84 
Histone deacetylase- 1 was also found in inflammatory cells, sug-
gesting a role in regulating inflammation.84 Treatment of human 
periodontal ligament cells with trichostatin A decreased expres-
sion of histone deacetylase- 3, increased acetylation of histone H3, 
and induced osteogenic differentiation.85 Treatment of periodontal 
ligament fibroblasts with sodium butyrate induced the expression 
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of osteoblast- related proteins and inhibited the production of pro- 
inflammatory cytokines.80

Other epi- drugs target the DNA methylation pathway. 
5- aza- 2′- deoxycytidine inhibits DNA methylation and was re-
ported to increase the responsiveness of gingival fibroblasts to 
transforming growth factor beta- 1 and increase DNA methyl-
transferases.86 Gingival epithelial cells exposed to P. gingivalis and 
F. nucleatum showed decreased expression of DNA methyltransfer-
ases and histone deacetylase.37 When the cells were treated with 
5- aza- 2′- deoxycytidine prior to exposure to F. nucleatum, their ex-
pression of human beta- defensin- 2 and chemokine (C- C motif) ligand 
20 was enhanced relative to no treatment; both genes are typically 
upregulated in response to bacteria.37 Treatment with an histone 
deacetylase inhibitor, however, increased the expression of both 
genes, as well as histone acetylation in response to F. nucleatum and 
P. gingivalis. This effect could represent a new tool for improving 
wound healing and periodontal tissue regeneration. Similarly, treat-
ment of human bone marrow stromal cells with either trichostatin 
A or 5- aza- 2′- deoxycytidine induced the cells to differentiate into 
osteogenic and chondrogenic populations, respectively.87 Treatment 
with 5- aza- 2′- deoxycytidine of osteoblasts grown on titanium discs 
of two different surface characteristics decreased DNA methyl-
ation on both surfaces and induced gene expression of alkaline 
phosphatase.88 Decitabine (5- aza- 2′- deoxycytidine) was found 
to reduce bone loss in a mouse periodontitis model by inhibiting 
osteoclastogenesis.89

Another challenge in periodontal tissue regeneration is reduc-
ing inflammation. Histone deacetylase inhibitor 1179.4b was able 
to suppress alveolar bone loss but not gingival inflammation.83 By 
contrast, the bromodomain and extra- terminal motif inhibitor JQ1 
inhibited both the inflammatory response and alveolar bone loss.90 
Bromodomain and extra- terminal motif proteins contain bromo-
domains that sense acetylated histones and can recruit epigenetic 
regulators of gene expression.90 A previous review reported that his-
tone deacetylase inhibitors influence not only osteoclast differentia-
tion, but also maturation and activity.91 Transforming growth factor 
beta- 1 is a key factor in regulating wound healing, an event import-
ant to tissue regeneration (eg, after periodontitis surgery and implant 
placement). Treating oral fibroblasts with 5- aza- 2′- deoxycytidine 
demethylation agent prior to treatment with transforming growth 
factor beta- 1 increased DNA methyltransferase- 1 and DNA meth-
yltransferase- 3b expression, increased the fibroblasts' response to 
transforming growth factor beta- 1, and induced the expression of 
transforming growth factor beta- 1's targets.86

7.2  |  Epigenetics in bone regeneration

An important aspect of treating periodontitis and peri- implant de-
fects is the improvement of bone regeneration. A primary focus in 
this field, therefore, has been improving the osteogenic potential 
of scaffolds and bone- grafting materials.78 Cell- based techniques 
using stem cells and induced pluripotent stem cells have become 

particularly popular in tissue regeneration.92 Stem cell differentia-
tion was extremely sensitive to changes in epigenetic mechanisms.93 
Dental pulp stem cells can differentiate into osteogenic cells, and the 
fact that they are easy to access has made them an alluring source 
for cell therapy. It was recently shown that treating dental pulp stem 
cells with histone deacetylase inhibitors enhanced matrix miner-
alization and the expression of osteogenic differentiation markers, 
such as osteopontin and bone sialoprotein, yet decreased expres-
sion of osteocalcin.94 In addition, histone deacetylase- 1 and histone 
deacetylase inhibitor- 2 were identified as important regulators in 
osteoblast differentiation.94 Targeting epigenetic mechanisms, may, 
therefore, present new models for improving bone and soft tissue 
regeneration.

10- 11 translocation- 2 and the enzyme thymine- DNA glycosy-
lase were able to induce changes in both the 5- methylcytosine and 
5- hydroxymethylcytosine patterns in myeloid stem cells.95 In later 
stages of cell differentiation, 10- 11 translocation- 2 and thymine- 
DNA glycosylase further regulated histone modifications of genes 
and determined if the cells differentiated into macrophages or 
osteoclasts.95 Targeting this signaling pathway may present a 
mechanism for regulating bone resorption by influencing cell dif-
ferentiation towards the macrophage lineage. 10- 11 transloca-
tion- 1 and 10- 11 translocation- 2 also regulated the differentiation 
of mesenchymal stem cells into osteoblasts by demethylating and 
activating Sp7, which encodes an important transcription factor 
for bone formation and osteoblast differentiation.96 Furthermore, 
it was shown that this process also involved altering the histone 
methylation and acetylation patterns of the Sp7 promoter. These 
findings showed that although these different epigenetic mecha-
nisms by themselves can induce changes in gene expression, they 
also interact to regulate gene expression and, hence, cell differen-
tiation and function.

Cells derived from periodontal ligament also have the poten-
tial to differentiate into osteoblasts, and runt- related transcription 
factor- 2 is a key factor in this process.97 Histone deacetylase- 1, 
histone deacetylase- 2, histone deacetylase- 3, histone deacety-
lase- 4, and histone deacetylase- 6 were all shown to be present 
in human periodontal ligament cells.85 Histone deacetylase- 3, 
histone deacetylase- 6, and histone deacetylase- 7 were involved 
in regulating the expression of runt- related transcription fac-
tor- 2, and histone deacetylase inhibitors induced acetylation of 
the runt- related transcription factor- 2 gene, increased its expres-
sion, and, in turn, induced the expression of genes related to os-
teogenesis and bone formation.78 These inhibitors also enhanced 
mineralization, bone regeneration, and osteogenic differenti-
ation of periodontal ligament cells and dental pulp stem cells.78 
Porphyromonas gingivalis lipopolysaccharide induced an increase 
of DNA methyltransferase- 1 and downregulation of runt- related 
transcription factor- 2 expression in human periodontal ligament 
cells, suggesting that the inhibitory effect of lipopolysaccharide 
on osteoblastic differentiation may be a consequence of DNA hy-
pomethylation of runt- related transcription factor- 2.97 Treatment 
of human gingival fibroblasts with a DNA methylation inhibitor 
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induced hypomethylation of runt- related transcription factor- 2 
and alkaline phosphatase, and subsequent treatment of these 
cells with bone morphogenetic protein- 2 induced the expression 
of runt- related transcription factor- 2 and alkaline phosphatase, as 
well as differentiation into osteoblasts.98

Periodontal ligament stem cells extracted from periodonti-
tis patients and healthy subjects were investigated with respect 
to the expression of histone acetyltransferase general control 
non- depressible 5.99 Cells from periodontitis patients showed a 
downregulation of general control non- depressible 5 and a de-
crease in osteogenic differentiation potential compared with cells 
from controls. Knockdown of general control non- depressible 5 
decreased expression of runt- related transcription factor- 2 and 
alkaline phosphatase, while overexpression restored the osteo-
genic potential of the cells.99 Mechanistically, general control non- 
depressible 5 induced acetylation of histone H3 at lysines 9 and 
14 near the Dickkopf- 1 gene (Dickkopf WNT Signaling Pathway 
Inhibitor 1), thereby increasing its expression. Dickkopf- 1 is an in-
hibitor of the Wnt/β- catenin signaling pathway, which is important 
in the regulation of osteogenic differentiation of periodontal liga-
ment stem cells. Interestingly, treatment with aspirin inhibited both 
general control non- depressible 5 expression and inflammation in 
lipopolysaccharide- induced periodontitis rats while upregulating 
Dickkopf- 1 and reducing bone loss.99 Inhibition of histone deacetyl-
ases using trichostatin A enhanced the osteogenic differentiation of 
human periodontal ligament cells. There was not only an upregula-
tion of osteoblast- related genes, but also an increase in alkaline phos-
phatase activity, mineral formation, and runt- related transcription 
factor- 2 production.78,85 Furthermore, when trichostatin A- treated 
human periodontal ligament cells were implanted in a scaffold, bone 
formation was enhanced for up to 8 weeks.78 Trichostatin A has also 
been shown to enhance osteogenic differentiation in mesenchymal 
stem cells and periodontal repair by interfering with the nuclear fac-
tor kappa B- pathway.100

Smoking and diabetes also had epigenetic effects on osseointe-
gration and bone regeneration by targeting DNA methylation in the 
former and histone acetylation in the latter.101,102

7.3  |  Delivery models for epi- drugs and miRNA

Identifying a method for local and sustainable delivery of epi- 
drugs to the site of periodontitis and peri- implantitis is crucial for 
new treatment models. Collagen sponges and macroporous bipha-
sic calcium phosphate scaffolds mixed with histone deacetylase 
inhibitors were found to induce woven bone formation at the in-
terface with the scaffold.103 Two studies on the use of microarc 
oxidation titanium implant surfaces as a delivery model for miR-
NAs have been published.104,105 Wang et al104 fabricated chitosan- 
hyaluronic acid nanoparticles to deliver miRNA- 21 into human 
bone marrow mesenchymal stem cells and, thereby, increased the 
expression of osteogenic genes. Wu et al105 attached miRNA- 29b 
and anti- miRNA- 138 lipoplexes onto a microarc oxidation titanium 
implant and induced osteogenic differentiation in rat bone mar-
row mesenchymal stem cells. These studies suggest a novel tool 
for improving the osseointegration of implants and a method for 
delivering epi- drugs.

7.4  |  Modifying surface structure to improve 
implant– bone interactions

In implant therapy, promoting tissue integration, especially between 
bone and implant, is a primary goal. In this process, early attach-
ment of epithelial cells and fibroblasts is important for making a seal 
around the implant to promote osseointegration and prevent bacte-
ria from colonizing the implant surface.106,107 An important factor in 
the regulation of cell adhesion, migration, proliferation, and differ-
entiation is the surface topography.108,109 Interestingly, cells grown 
on a stiff surface have transcriptionally active chromatin, while cells 
grown on a soft material have transcriptionally inactive chromatin 
(Figure 3).110 Using titanium discs with either smooth or rough sur-
faces, it was shown that surface characteristics influence not only 
DNA damage and the DNA repair pathway, but also epigenetic fac-
tors.29 Total γH2A histone family member X- positive cells on rough 
titanium decreased in proportion over time, while such cells grown 

F I G U R E  3  Surface characteristics and epigenetic patterns. A, Cells grown on a soft material, or low- energy surface, have transcriptionally 
inactive chromatin, while B, Cells grown on a stiff, or high- energy, surface, have transcriptionally active chromatin. C, Contact with titanium 
activates the DNA damage pathway. Figure adapted with permission from Larsson et al.30 HDAC, histone deacetylase; RUNX2, runt- related 
transcription factor- 2; TLR4, toll- like receptor- 4
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on smooth titanium did not. Rough titanium surfaces also induced 
more cytoplasmic staining of DNA methyltransferase- 1 and lower 
histone acetylation than smooth titanium.29 In addition, the meth-
ylation level of the alkaline phosphatase gene was lower in osteo-
blast cells grown on smooth titanium surfaces than in cells grown 
on modified titanium surfaces.88 Interestingly, surface decontamina-
tion using mechanical methods was found to further influence epi-
genetic markers.111

In a previous study, preosteoblastic cells were grown on tita-
nium discs with various surfaces: machined, dual acid- etched, and 
acid- etched nanohydroxyapatite- blasted.112 Nanohydroxyapatite- 
blasted discs had greater cell adhesion, more cell spreading, and 
lower apoptosis, probably attributable to its better absorption of 
protein from serum, an important early factor for cell adaption and 
attachment to the titanium surface. Nanohydroxyapatite also pro-
moted intracellular signaling networks, important for cell– surface 
interactions.112 Changing a titanium surface's nanostructure pro-
moted adipocytes towards osteogenic differentiation,106,113 and al-
tering the surface and the construction of titanium tubes induced 
periodontal regeneration and enhanced periodontal ligament struc-
ture.114,115 Adding a coating of osteoprotegerin also increased early 
osteoblast differentiation and mineralization.109

Many studies have also reported a correlation between changes 
in gene expression and different implant surfaces.63 The recently 
developed zirconia implant surface was shown to induce a different 
level of expression of 10 miRNAs that were involved in the regula-
tion of osteogenic and bone remodeling genes, such as bone mor-
phogenetic proteins.116

Even although research on how surface topography and mate-
rial energy affect the epigenome is still in its infancy, the present 
literature suggests that materials and nanotechnology can promote 
tissue regeneration and cellular functions, like attachment and osse-
ointegration, via epigenetics. This role can be regulated by altering 
the titanium surface itself. These findings illustrate the importance 
of understanding material “structures” as well as cellular functions 
in order to obtain the best outcome for periodontal regeneration.30

8  |  FUTURE CONCEPTS OF EPIGENETIC S 
AND INFL AMMATION

While epi- drugs may be potent against cancer, they have side ef-
fects. For peri- implantitis and bone regeneration, they may be 
avoided by instead using topography and material energy to induce 
changes in the epigenetic pattern of cells in contact with the implant 
or scaffold.

Other methods may achieve the same goals. Recently, dietary 
substances as substitutes for epi- drugs have received interest as 
potential treatment options. Nutritional components are known to 
induce changes in the epigenetic pattern, and the term “epigenetic 
diet,” or “epi- diet,” has been coined.117 So far, they have been studied 
mostly in relation to cancer,118 but the close association of inflam-
mation, cancer, and epigenetics suggests the use for an epi- diet in 

the treatment of inflammatory diseases, too. The idea of diet as an 
epigenetic tool for the prevention of chronic diseases was discussed 
in a recent review.119 Since 2004, the term “immunonutrition” has 
described nutrients shown to influence the immune response to-
wards an anti- inflammatory reaction.120 Epigallocatechin- 3- gallate 
in green tea, polyphenols, and omega- 3- polyunsaturated fatty acids 
in fatty fish were suggested to be anti- inflammatory as well as pre-
ventative of cancer.120 Interestingly, it has been suggested that the 
epigenetic pattern is more susceptible to changes in nutrition during 
times of inflammation and in ways that may be organ-  or tissue- 
specific.121 Recently, it was shown that 10- 11 translocation en-
zymes and the 5- hydroxymethylcytosine pathway were influenced 
by nutritional compounds such as vitamin C, and that microbiome- 
produced metabolites like folate also influenced enzymes regulating 
5- hydroxymethylcytosine.122

Few studies on diet and inflammation are available, but there are 
studies on the effects of dietary compounds on the oral mucosa. 
Vegetarians and omnivores have different DNA methylation patterns 
in cells of the buccal mucosa.123 Curcumin is a compound with anti- 
inflammatory, wound- healing, and anticancerous properties that has 
been linked to both DNA methylation and histone acetylation.124 the 
influence of modified curcumin CMC2.24 was investigated for its ef-
fect on periodontitis. Administration of CMC2.24 decreased inflam-
matory cytokines, matrix metalloproteases, and alveolar bone loss in 
an experimental murine periodontitis model.125 It was proposed as 
an anti- inflammatory treatment model for periodontitis.

9  |  CONCLUSIONS AND FUTURE 
DIREC TIONS

Evidence continues to emerge on the pathogenesis of periodontal 
and peri- implant diseases. While the host responses in both diseases 
share some similarities, their differences reflect the unique make- up 
of the tooth– periodontium and implant– alveolar bone biointerfaces. 
As such, we cannot translate all the protocols of one directly to the 
management of the other. More longitudinal clinical studies that 
monitor the progression of peri- implant diseases are necessary to 
better understand the triggers of the disease, its progression, and 
its epigenetic and other mechanisms. This information could allow 
us to stratify our patients by level of risk and manage them in a more 
personalized fashion based on their disease activity and lifestyles.

R E FE R E N C E S
 1. Hugoson A, Sjödin B, Norderyd O. Trends over 30 years, 

1973– 2003, in the prevalence and severity of peri-
odontal disease. J Clin Periodontol. 2008;35(5):405- 414. 
doi:10.1111/j.1600- 051X.2008.01225.x

 2. Eke PI, Dye BA, Wei L, Thornton- Evans GO, Genco RJ. Prevalence 
of periodontitis in adults in the United States: 2009 and 2010. J 
Dent Res. 2012;91(10):914- 920. doi:10.1177/0022034512457373

 3. Kassebaum NJ, Bernabé E, Dahiya M, Bhandari B, Murray CJL, 
Marcenes W. Global burden of severe periodontitis in 1990- 
2010: A systematic review and meta- regression. J Dent Res. 
2014;93(11):1045- 1053. doi:10.1177/0022034514552491

https://doi.org/10.1111/j.1600-051X.2008.01225.x
https://doi.org/10.1177/0022034512457373
https://doi.org/10.1177/0022034514552491


134  |    LARSSON et AL.

 4. Kornman KS. Mapping the pathogenesis of periodontitis: A 
new look. J Periodontol. 2008;79(8S):1560- 1568. doi:10.1902/
jop.2008.080213

 5. Carcuac O, Berglundh T. Composition of human peri- implantitis 
and periodontitis lesions. J Dent Res. 2014;93(11):1083- 1088. 
doi:10.1177/0022034514551754

 6. Salvi GE, Cosgarea R, Sculean A. Prevalence and mecha-
nisms of peri- implant diseases. J Dent Res. 2017;96(1):31- 37. 
doi:10.1177/0022034516667484

 7. Robitaille N, Reed DN, Walters JD, Kumar PS. Periodontal and 
peri- implant diseases: identical or fraternal infections? Mol Oral 
Microbiol. 2016;31(4):285- 301. doi:10.1111/omi.12124

 8. Offenbacher S, Barros SP, Beck JD. Rethinking periodontal in-
flammation. J Periodontol. 2008;79(8S):1577- 1584. doi:10.1902/
jop.2008.080220

 9. Larsson L, Castilho RM, Giannobile WV. Epigenetics and its role 
in periodontal diseases: A state- of- the- art review. J Periodontol. 
2015;86(4):556- 568. doi:10.1902/jop.2014.140559

 10. Giannobile WV. Commentary: treatment of periodontitis: destroyed 
periodontal tissues can be regenerated under certain conditions. J 
Periodontol. 2014;85(9):1151- 1154. doi:10.1902/jop.2014.140254

 11. Berglundh T, Zitzmann NU, Donati M. Are peri- implantitis lesions 
different from periodontitis lesions? J Clin Periodontol. 2011;38(s1
1):188- 202. doi:10.1111/j.1600- 051X.2010.01672.x

 12. Carcuac O, Abrahamsson I, Albouy JP, Linder E, Larsson L, 
Berglundh T. Experimental periodontitis and peri- implantitis in 
dogs. Clin Oral Implants Res. 2013;24(4):363- 371. doi:10.1111/
clr.12067

 13. Takamori Y, Atsuta I, Nakamura H, Sawase T, Koyano K, Hara Y. 
Histopathological comparison of the onset of peri- implantitis and 
periodontitis in rats. Clin Oral Implants Res. 2017;28(2):163- 170. 
doi:10.1111/clr.12777

 14. Gürlek Ö, Gümüş P, Nile CJ, Lappin DF, Buduneli N. Biomarkers and 
bacteria around implants and natural teeth in the same individuals. 
J Periodontol. 2017;88(8):752- 761. doi:10.1902/jop.2017.160751

 15. Tzach- Nahman R, Mizraji G, Shapira L, Nussbaum G, Wilensky 
A. Oral infection with Porphyromonas gingivalis induces peri- 
implantitis in a murine model: evaluation of bone loss and the local 
inflammatory response. J Clin Periodontol. 2017;44(7):739- 748. 
doi:10.1111/jcpe.12735

 16. Zhang Y, Li Y, Yang Y, et al. Periodontal and peri- implant microbiome 
dysbiosis is associated with alterations in the microbial commu-
nity structure and local stability. Front Microbiol. 2022;12:785191. 
doi:10.3389/fmicb.2021.785191

 17. Asa'ad F, Garaicoa- Pazmiño C, Dahlin C, Larsson L. Expression 
of MicroRNAs in periodontal and peri- implant diseases: A sys-
tematic review and meta- analysis. Int J Mol Sci. 2020;21(11):4147. 
doi:10.3390/ijms21114147

 18. Asa'ad F, Monje A, Larsson L. Role of epigenetics in alveolar 
bone resorption and regeneration around periodontal and peri- 
implant tissues. Eur J Oral Sci. 2019;127(6):477- 493. doi:10.1111/
eos.12657

 19. Jenuwein T, Allis CD. Translating the histone code. Science. 
2001;293(5532):1074- 1080. doi:10.1126/science.1063127

 20. Bird A. DNA methylation patterns and epigenetic memory. Genes 
Dev. 2002;16(1):6- 21. doi:10.1101/gad.947102

 21. Roth SY, Denu JM, Allis CD. Histone acetyltransferases. 
Annu Rev Biochem. 2001;70(1):81- 120. doi:10.1146/annurev.
biochem.70.1.81

 22. Thiagalingam S, Cheng KH, Lee HJ, Mineva N, Thiagalingam A, 
Ponte JF. Histone deacetylases: unique players in shaping the 
epigenetic histone code. Ann N Y Acad Sci. 2003;983(1):84- 100. 
doi:10.1111/j.1749- 6632.2003.tb05964.x

 23. Diomede F, Thangavelu SR, Merciaro I, et al. Porphyromonas gingi-
valis lipopolysaccharide stimulation in human periodontal ligament 

stem cells: role of epigenetic modifications to the inflammation. 
Eur J Histochem. 2017;61(3):2826. doi:10.4081/ejh.2017.2826

 24. Martins MD, Castilho RM. Histones: controlling tumor sig-
naling circuitry. J Carcinog Mutagen. 2013;1(Suppl 5):1- 12. 
doi:10.4172/2157- 2518.S5- 001

 25. Brownell JE, Allis CD. Special HATs for special occasions: link-
ing histone acetylation to chromatin assembly and gene acti-
vation. Curr Opin Genet Dev. 1996;6(2):176- 184. doi:10.1016/
S0959- 437X(96)80048- 7

 26. Robertson KD, Wolffe AP. DNA methylation in health and disease. 
Nat Rev Genet. 2000;1(1):11- 19. doi:10.1038/35049533

 27. Tahiliani M, Koh KP, Shen Y, et al. Conversion of 5- Methylcytosine 
to 5- Hydroxymethylcytosine in mammalian DNA by MLL part-
ner TET1. Science. 2009;324(5929):930- 935. doi:10.1126/
science.1170116

 28. Kraus TFJ, Globisch D, Wagner M, et al. Low values of 
5- hydroxymethylcytosine (5hmC), the “sixth base,” are as-
sociated with anaplasia in human brain tumors. Int J Cancer. 
2012;131(7):1577- 1590. doi:10.1002/ijc.27429

 29. Ichioka Y, Asa'ad F, Malekzadeh BÖ, Westerlund A, Larsson L. 
Epigenetic changes of osteoblasts in response to titanium sur-
face characteristics. J Biomed Mater Res A. 2021;109(2):170- 180. 
doi:10.1002/jbm.a.37014

 30. Larsson L, Pilipchuk SP, Giannobile WV, Castilho RM. When epi-
genetics meets bioengineering— A material characteristics and sur-
face topography perspective. J Biomed Mater Res B Appl Biomater. 
2018;106(5):2065- 2071. doi:10.1002/jbm.b.33953

 31. Barros SP, Offenbacher S. Modifiable risk factors in periodontal 
disease. Periodontol. 2014;64(1):95- 110. doi:10.1111/prd.12000

 32. Khouly I, Braun RS, Ordway M, et al. The role of DNA methyla-
tion and histone modification in periodontal disease: A system-
atic review. Int J Mol Sci. 2020;21(17):6217. doi:10.3390/ijms21 
176217

 33. Lod S, Johansson T, Abrahamsson K, Larsson L. The influence of 
epigenetics in relation to oral health. Int J Dent Hyg. 2014;12(1):48- 
54. doi:10.1111/idh.12030

 34. Luo Y, Peng X, Duan D, Liu C, Xu X, Zhou X. Epigenetic regula-
tions in the pathogenesis of periodontitis. Curr Stem Cell Res Ther. 
2018;13(2):144- 150. doi:10.2174/1574888X12666170718161740

 35. Seo JY, Park YJ, Yi YA, et al. Epigenetics: general characteristics 
and implications for oral health. Restor Dent Endod. 2014;40(1):14- 
22. doi:10.5395/rde.2015.40.1.14

 36. Martins MD, Jiao Y, Larsson L, et al. Epigenetic modifications of 
histones in periodontal disease. J Dent Res. 2016;95(2):215- 222. 
doi:10.1177/0022034515611876

 37. Yin L, Chung WO. Epigenetic regulation of human β- defensin 2 
and CC chemokine ligand 20 expression in gingival epithelial cells 
in response to oral bacteria. Mucosal Immunol. 2011;4(4):409- 419. 
doi:10.1038/mi.2010.83

 38. Benakanakere M, Abdolhosseini M, Hosur K, Finoti LS, 
Kinane DF. TLR2 promoter hypermethylation creates in-
nate immune dysbiosis. J Dent Res. 2015;94(1):183- 191. 
doi:10.1177/0022034514557545

 39. Bordagaray MJ, Fernández A, Astorga J, et al. CpG single- site 
methylation regulates TLR2 expression in proinflammatory 
PBMCs from apical periodontitis individuals. Front Immunol. 
2022;13:861665. doi:10.3389/fimmu.2022.861665

 40. De Oliveira NFP, Andia DC, Planello AC, et al. TLR2 and 
TLR4 gene promoter methylation status during chronic 
periodontitis. J Clin Periodontol. 2011;38(11):975- 983. 
doi:10.1111/j.1600- 051X.2011.01765.x

 41. de Faria Amormino SA, Arão TC, Saraiva AM, et al. 
Hypermethylation and low transcription of TLR2 gene in chronic 
periodontitis. Hum Immunol. 2013;74(9):1231- 1236. doi:10.1016/j.
humimm.2013.04.037

https://doi.org/10.1902/jop.2008.080213
https://doi.org/10.1902/jop.2008.080213
https://doi.org/10.1177/0022034514551754
https://doi.org/10.1177/0022034516667484
https://doi.org/10.1111/omi.12124
https://doi.org/10.1902/jop.2008.080220
https://doi.org/10.1902/jop.2008.080220
https://doi.org/10.1902/jop.2014.140559
https://doi.org/10.1902/jop.2014.140254
https://doi.org/10.1111/j.1600-051X.2010.01672.x
https://doi.org/10.1111/clr.12067
https://doi.org/10.1111/clr.12067
https://doi.org/10.1111/clr.12777
https://doi.org/10.1902/jop.2017.160751
https://doi.org/10.1111/jcpe.12735
https://doi.org/10.3389/fmicb.2021.785191
https://doi.org/10.3390/ijms21114147
https://doi.org/10.1111/eos.12657
https://doi.org/10.1111/eos.12657
https://doi.org/10.1126/science.1063127
https://doi.org/10.1101/gad.947102
https://doi.org/10.1146/annurev.biochem.70.1.81
https://doi.org/10.1146/annurev.biochem.70.1.81
https://doi.org/10.1111/j.1749-6632.2003.tb05964.x
https://doi.org/10.4081/ejh.2017.2826
https://doi.org/10.4172/2157-2518.S5-001
https://doi.org/10.1016/S0959-437X(96)80048-7
https://doi.org/10.1016/S0959-437X(96)80048-7
https://doi.org/10.1038/35049533
https://doi.org/10.1126/science.1170116
https://doi.org/10.1126/science.1170116
https://doi.org/10.1002/ijc.27429
https://doi.org/10.1002/jbm.a.37014
https://doi.org/10.1002/jbm.b.33953
https://doi.org/10.1111/prd.12000
https://doi.org/10.3390/ijms21176217
https://doi.org/10.3390/ijms21176217
https://doi.org/10.1111/idh.12030
https://doi.org/10.2174/1574888X12666170718161740
https://doi.org/10.5395/rde.2015.40.1.14
https://doi.org/10.1177/0022034515611876
https://doi.org/10.1038/mi.2010.83
https://doi.org/10.1177/0022034514557545
https://doi.org/10.3389/fimmu.2022.861665
https://doi.org/10.1111/j.1600-051X.2011.01765.x
https://doi.org/10.1016/j.humimm.2013.04.037
https://doi.org/10.1016/j.humimm.2013.04.037


    |  135LARSSON et AL.

 42. Shaddox LM, Mullersman AF, Huang H, Wallet SM, Langaee T, 
Aukhil I. Epigenetic regulation of inflammation in localized ag-
gressive periodontitis. Clin Epigenetics. 2017;9(1):94. doi:10.1186/
s13148- 017- 0385- 8

 43. Miao D, Godovikova V, Qian X, Seshadrinathan S, Kapila YL, 
Fenno JC. Treponema denticola upregulates MMP- 2 activation 
in periodontal ligament cells: interplay between epigenetics and 
periodontal infection. Arch Oral Biol. 2014;59(10):1056- 1064. 
doi:10.1016/j.archoralbio.2014.06.003

 44. Franco C, Patricia HR, Timo S, Claudia B, Marcela H. Matrix metal-
loproteinases as regulators of periodontal inflammation. Int J Mol 
Sci. 2017;18(2):440. doi:10.3390/ijms18020440

 45. De Souza AP, Planello AC, Marques MR, De Carvalho DD, Line 
SRP. High- throughput DNA analysis shows the importance of 
methylation in the control of immune inflammatory gene tran-
scription in chronic periodontitis. Clin Epigenetics. 2014;6(1):15. 
doi:10.1186/1868- 7083- 6- 15

 46. Schulz S, Immel UD, Just L, Schaller HG, Gläser C, Reichert S. 
Epigenetic characteristics in inflammatory candidate genes 
in aggressive periodontitis. Hum Immunol. 2016;77(1):71- 75. 
doi:10.1016/j.humimm.2015.10.007

 47. Kobayashi T, Ishida K, Yoshie H. Increased expression of in-
terleukin- 6 (IL- 6) gene transcript in relation to IL- 6 promoter 
hypomethylation in gingival tissue from patients with chronic 
periodontitis. Arch Oral Biol. 2016;69:89- 94. doi:10.1016/j.
archoralbio.2016.05.018

 48. Stefani FA, Viana MB, Dupim AC, et al. Expression, polymor-
phism and methylation pattern of interleukin- 6 in periodontal 
tissues. Immunobiology. 2013;218(7):1012- 1017. doi:10.1016/j.
imbio.2012.12.001

 49. Ishida K, Kobayashi T, Ito S, et al. Interleukin- 6 gene promoter 
methylation in rheumatoid arthritis and chronic periodontitis. J 
Periodontol. 2012;83(7):917- 925. doi:10.1902/jop.2011.110356

 50. Kojima A, Kobayashi T, Ito S, Murasawa A, Nakazono K, Yoshie 
H. Tumor necrosis factor- alpha gene promoter methylation 
in Japanese adults with chronic periodontitis and rheumatoid 
arthritis. J Periodontal Res. 2016;51(3):350- 358. doi:10.1111/
jre.12314

 51. Zhang S, Barros SP, Moretti AJ, et al. Epigenetic regulation of TNFA 
expression in periodontal disease. J Periodontol. 2013;84(11):1606- 
1616. doi:10.1902/jop.2013.120294

 52. Baptista NB, Portinho D, Casarin RCV, et al. DNA methylation 
levels of SOCS1 and LINE- 1 in oral epithelial cells from aggres-
sive periodontitis patients. Arch Oral Biol. 2014;59(7):670- 678. 
doi:10.1016/j.archoralbio.2014.03.015

 53. Planello AC, Singhania R, Kron KJ, et al. Pre- neoplastic epigen-
etic disruption of transcriptional enhancers in chronic inflam-
mation. Oncotarget. 2016;7(13):15772- 15786. doi:10.18632/
oncotarget.7513

 54. Andia DC, Planello AC, Portinho D, et al. DNA methylation anal-
ysis of SOCS1, SOCS3, and LINE- 1 in microdissected gingival 
tissue. Clin Oral Investig. 2015;19(9):2337- 2344. doi:10.1007/
s00784- 015- 1460- 1

 55. Asa'ad F, Bollati V, Pagni G, et al. Evaluation of DNA methylation of 
inflammatory genes following treatment of chronic periodontitis: 
A pilot case– control study. J Clin Periodontol. 2017;44(9):905- 914. 
doi:10.1111/jcpe.12783

 56. Cho YD, Kim PJ, Kim HG, et al. Transcriptomics and methylom-
ics in chronic periodontitis with tobacco use: a pilot study. Clin 
Epigenetics. 2017;9(1):81. doi:10.1186/s13148- 017- 0381- z

 57. Larsson L, Thorbert- Mros S, Lopez- Lago A, Kalm J, Shikhan A, 
Berglundh T. Expression of TET2 enzyme indicates enhanced 
epigenetic modification of cells in periodontitis. Eur J Oral Sci. 
2016;124(4):329- 333. doi:10.1111/eos.12281

 58. Huang Y, Tian C, Li Q, Xu Q. TET1 knockdown inhibits 
Porphyromonas gingivalis LPS/IFN- γ- induced M1 macrophage 

polarization through the NF- κB pathway in THP- 1 cells. Int J Mol 
Sci. 2019;20(8):2023. doi:10.3390/ijms20082023

 59. Jiang Y, Fu J, Du J, et al. DNA methylation alterations and their 
potential influence on macrophage in periodontitis. Oral Dis. 
2022;28(2):249- 263. doi:10.1111/odi.13654

 60. de Camargo PG, Guimarães GN, Planello AC, et al. Porphyromonas 
gingivalis LPS stimulation downregulates DNMT1, DNMT3a, 
and JMJD3 gene expression levels in human HaCaT keratino-
cytes. Clin Oral Investig. 2013;17(4):1279- 1285. doi:10.1007/
s00784- 012- 0816- z

 61. Xuan D, Han Q, Tu Q, et al. Epigenetic modulation in periodon-
titis: interaction of adiponectin and JMJD3- IRF4 Axis in mac-
rophages. J Cell Physiol. 2016;231(5):1090- 1096. doi:10.1002/
jcp.25201

 62. Breivik T, Gundersen Y, Murison R, et al. Maternal depri-
vation of Lewis rat pups increases the severity of Experi- 
mental periodontitis in adulthood. Open Dent J. 2015;9:65- 78. 
doi:10.2174/1874210601509010065

 63. Di Gianfilippo R, Di Gianfilippo C, Prato GPP. The role of epi-
genetics on dental implant therapy: A systematic review. 
Epigenomes. 2017;1(2):12. doi:10.3390/epigenomes1020012

 64. Khouly I, Pardiñas López S, Díaz Prado SM, et al. Global DNA 
methylation in dental implant failure due to peri- Implantitis: an 
exploratory clinical pilot study. Int J Environ Res Public Health. 
2022;19(2):1020. doi:10.3390/ijerph19021020

 65. Fretwurst T, Buzanich G, Nahles S, Woelber JP, Riesemeier H, 
Nelson K. Metal elements in tissue with dental peri- implantitis: 
a pilot study. Clin Oral Implants Res. 2016;27(9):1178- 1186. 
doi:10.1111/clr.12718

 66. Noronha Oliveira M, Schunemann WVH, Mathew MT, et al. Can 
degradation products released from dental implants affect peri- 
implant tissues? J Periodontal Res. 2018;53(1):1- 11. doi:10.1111/
jre.12479

 67. Wachi T, Shuto T, Shinohara Y, Matono Y, Makihira S. Release of 
titanium ions from an implant surface and their effect on cyto-
kine production related to alveolar bone resorption. Toxicology. 
2015;327:1- 9. doi:10.1016/j.tox.2014.10.016

 68. Daubert DM, Pozhitkov AE, Safioti LM, Kotsakis GA. Association 
of Global DNA methylation to titanium and peri- Implantitis: 
A case- control study. JDR Clin Transl Res. 2019;4(3):284- 291. 
doi:10.1177/2380084418822831

 69. Pettersson M, Kelk P, Belibasakis GN, Bylund D, Molin Thorén 
M, Johansson A. Titanium ions form particles that activate and 
execute interleukin- 1β release from lipopolysaccharide- primed 
macrophages. J Periodontal Res. 2017;52(1):21- 32. doi:10.1111/
jre.12364

 70. Jacobs KM, Misri S, Meyer B, et al. Unique epigenetic influence 
of H2AX phosphorylation and H3K56 acetylation on normal stem 
cell radioresponses. MBoC. 2016;27(8):1332- 1345. doi:10.1091/
mbc.E16- 01- 0017

 71. Setyawati MI, Khoo PKS, Eng BH, et al. Cytotoxic and geno-
toxic characterization of titanium dioxide, gadolinium oxide, and 
poly(lactic- co- glycolic acid) nanoparticles in human fibroblasts. 
J Biomed Mater Res A. 2013;101A(3):633- 640. doi:10.1002/
jbm.a.34363

 72. Toyooka T, Amano T, Ibuki Y. Titanium dioxide particles phosphor-
ylate histone H2AX independent of ROS production. Mutat Res 
Genet Toxicol Environ Mutagen. 2012;742(1):84- 91. doi:10.1016/j.
mrgentox.2011.12.015

 73. Suárez- López del Amo F, Rudek I, Wagner VP, et al. Titanium acti-
vates the DNA damage response pathway in Oral epithelial cells: 
A pilot study. Int J Oral Maxillofac Implants. 2017;32(6):1413- 1420. 
doi:10.11607/jomi.6077

 74. Deng CX, Wang RH. Roles of BRCA1 in DNA damage repair: a link 
between development and cancer. Hum Mol Genet. 2003;12(sup-
pl_1):R113- R123. doi:10.1093/hmg/ddg082

https://doi.org/10.1186/s13148-017-0385-8
https://doi.org/10.1186/s13148-017-0385-8
https://doi.org/10.1016/j.archoralbio.2014.06.003
https://doi.org/10.3390/ijms18020440
https://doi.org/10.1186/1868-7083-6-15
https://doi.org/10.1016/j.humimm.2015.10.007
https://doi.org/10.1016/j.archoralbio.2016.05.018
https://doi.org/10.1016/j.archoralbio.2016.05.018
https://doi.org/10.1016/j.imbio.2012.12.001
https://doi.org/10.1016/j.imbio.2012.12.001
https://doi.org/10.1902/jop.2011.110356
https://doi.org/10.1111/jre.12314
https://doi.org/10.1111/jre.12314
https://doi.org/10.1902/jop.2013.120294
https://doi.org/10.1016/j.archoralbio.2014.03.015
https://doi.org/10.18632/oncotarget.7513
https://doi.org/10.18632/oncotarget.7513
https://doi.org/10.1007/s00784-015-1460-1
https://doi.org/10.1007/s00784-015-1460-1
https://doi.org/10.1111/jcpe.12783
https://doi.org/10.1186/s13148-017-0381-z
https://doi.org/10.1111/eos.12281
https://doi.org/10.3390/ijms20082023
https://doi.org/10.1111/odi.13654
https://doi.org/10.1007/s00784-012-0816-z
https://doi.org/10.1007/s00784-012-0816-z
https://doi.org/10.1002/jcp.25201
https://doi.org/10.1002/jcp.25201
https://doi.org/10.2174/1874210601509010065
https://doi.org/10.3390/epigenomes1020012
https://doi.org/10.3390/ijerph19021020
https://doi.org/10.1111/clr.12718
https://doi.org/10.1111/jre.12479
https://doi.org/10.1111/jre.12479
https://doi.org/10.1016/j.tox.2014.10.016
https://doi.org/10.1177/2380084418822831
https://doi.org/10.1111/jre.12364
https://doi.org/10.1111/jre.12364
https://doi.org/10.1091/mbc.E16-01-0017
https://doi.org/10.1091/mbc.E16-01-0017
https://doi.org/10.1002/jbm.a.34363
https://doi.org/10.1002/jbm.a.34363
https://doi.org/10.1016/j.mrgentox.2011.12.015
https://doi.org/10.1016/j.mrgentox.2011.12.015
https://doi.org/10.11607/jomi.6077
https://doi.org/10.1093/hmg


136  |    LARSSON et AL.

 75. Krum SA, Dalugdugan ER, Miranda- Carboni GA, Lane TF. 
BRCA1 forms a functional complex with - H2AX as a late re-
sponse to genotoxic stress. J Nucleic Acids. 2010;2010:e801594. 
doi:10.4061/2010/801594

 76. Paull TT, Rogakou EP, Yamazaki V, Kirchgessner CU, Gellert M, 
Bonner WM. A critical role for histone H2AX in recruitment 
of repair factors to nuclear foci after DNA damage. Curr Biol. 
2000;10(15):886- 895. doi:10.1016/S0960- 9822(00)00610- 2

 77. Irshad M, Scheres N, Crielaard W, Loos BG, Wismeijer D, Laine 
ML. Influence of titanium on in vitro fibroblast– Porphyromonas 
gingivalis interaction in peri- implantitis. J Clin Periodontol. 
2013;40(9):841- 849. doi:10.1111/jcpe.12136

 78. Huynh NCN, Everts V, Nifuji A, Pavasant P, Ampornaramveth 
RS. Histone deacetylase inhibition enhances in- vivo bone re-
generation induced by human periodontal ligament cells. Bone. 
2017;95:76- 84. doi:10.1016/j.bone.2016.11.017

 79. Kim HN, Lee JH, Bae SC, et al. Histone deacetylase inhibitor 
MS- 275 stimulates bone formation in part by enhancing Dhx36- 
mediated TNAP transcription. J Bone Miner Res. 2011;26(9):2161- 
2173. doi:10.1002/jbmr.426

 80. Kim TI, Han JE, Jung HM, Oh JH, Woo KM. Analysis of histone 
deacetylase inhibitor- induced responses in human periodon-
tal ligament fibroblasts. Biotechnol Lett. 2013;35(1):129- 133. 
doi:10.1007/s10529- 012- 0992- 6

 81. Cantley MD, Bartold PM, Fairlie DP, Rainsford KD, Haynes DR. 
Histone deacetylase inhibitors as suppressors of bone destruction 
in inflammatory diseases. J Pharm Pharmacol. 2012;64(6):763- 774. 
doi:10.1111/j.2042- 7158.2011.01421.x

 82. Cantley MD, Fairlie DP, Bartold PM, et al. Inhibitors of histone 
deacetylases in class I and class II suppress human osteoclasts 
in vitro. J Cell Physiol. 2011;226(12):3233- 3241. doi:10.1002/
jcp.22684

 83. Cantley MD, Bartold PM, Marino V, et al. Histone deacety-
lase inhibitors and periodontal bone loss. J Periodontal Res. 
2011;46(6):697- 703. doi:10.1111/j.1600- 0765.2011.01392.x

 84. Cantley MD, Dharmapatni AA, Algate K, Crotti TN, Bartold PM, 
Haynes DR. Class I and II histone deacetylase expression in 
human chronic periodontitis gingival tissue. J Periodontal Res. 
2016;51(2):143- 151. doi:10.1111/jre.12290

 85. Huynh NCN, Everts V, Pavasant P, Ampornaramveth RS. 
Inhibition of histone deacetylases enhances the osteogenic dif-
ferentiation of human periodontal ligament cells. J Cell Biochem. 
2016;117(6):1384- 1395. doi:10.1002/jcb.25429

 86. Sufaru IG, Beikircher G, Weinhaeusel A, Gruber R. Inhibitors of 
DNA methylation support TGF- β1- induced IL11 expression in 
gingival fibroblasts. J Periodontal Implant Sci. 2017;47(2):66- 76. 
doi:10.5051/jpis.2017.47.2.66

 87. El- Serafi AT, Oreffo ROC, Roach HI. Epigenetic modifiers influ-
ence lineage commitment of human bone marrow stromal cells: 
differential effects of 5- aza- deoxycytidine and trichostatin A. 
Differentiation. 2011;81(1):35- 41. doi:10.1016/j.diff.2010.09.183

 88. Cho YD, Kim WJ, Kim S, Ku Y, Ryoo HM. Surface topography of 
titanium affects their osteogenic potential through DNA methyla-
tion. Int J Mol Sci. 2021;22(5):2406. doi:10.3390/ijms22052406

 89. Tanaka U, Kajioka S, Finoti LS, Palioto DB, Kinane DF, Benakanakere 
MR. Decitabine inhibits bone resorption in periodontitis by 
upregulating anti- inflammatory cytokines and suppressing 
Osteoclastogenesis. Biomedicine. 2021;9(2):199. doi:10.3390/
biomedicines9020199

 90. Meng S, Zhang L, Tang Y, et al. BET inhibitor JQ1 blocks inflam-
mation and bone destruction. J Dent Res. 2014;93(7):657- 662. 
doi:10.1177/0022034514534261

 91. Cantley MD, Zannettino ACW, Bartold PM, Fairlie DP, Haynes 
DR. Histone deacetylases (HDAC) in physiological and patho-
logical bone remodelling. Bone. 2017;95:162- 174. doi:10.1016/j.
bone.2016.11.028

 92. Larsson L, Decker AM, Nibali L, Pilipchuk SP, Berglundh T, 
Giannobile WV. Regenerative medicine for periodontal and peri- 
implant diseases. J Dent Res. 2016;95(3):255- 266. doi:10.1177/00 
22034515618887

 93. Shafa M, Krawetz R, Rancourt DE. Returning to the stem state: 
epigenetics of recapitulating pre- differentiation chromatin struc-
ture. BioEssays. 2010;32(9):791- 799. doi:10.1002/bies.201000033

 94. Paino F, Noce M, Tirino V, et al. Histone deacetylase inhibition 
with valproic acid downregulates osteocalcin gene expression 
in human dental pulp stem cells and osteoblasts: evidence for 
HDAC2 involvement. Stem Cells. 2014;32(1):279- 289. doi:10.1002/
stem.1544

 95. Garcia- Gomez A, Li T, Kerick M, et al. TET2-  and TDG- mediated 
changes are required for the acquisition of distinct histone mod-
ifications in divergent terminal differentiation of myeloid cells. 
Nucleic Acids Res. 2017;45(17):10002- 10017. doi:10.1093/nar/
gkx666

 96. Sepulveda H, Villagra A, Montecino M. Tet- mediated DNA de-
methylation is required for SWI/SNF- dependent chromatin 
remodeling and histone- modifying activities that trigger expres-
sion of the Sp7 osteoblast master gene during mesenchymal lin-
eage commitment. Mol Cell Biol. 37(20):e00177- 17. doi:10.1128/
MCB.00177- 17

 97. Uehara O, Abiko Y, Saitoh M, Miyakawa H, Nakazawa F. 
Lipopolysaccharide extracted from Porphyromonas gingivalis in-
duces DNA hypermethylation of runt- related transcription factor 
2 in human periodontal fibroblasts. J Microbiol Immunol Infect. 
2014;47(3):176- 181. doi:10.1016/j.jmii.2012.08.005

 98. Cho Y, Kim B, Bae H, et al. Direct gingival fibroblast/osteoblast 
Transdifferentiation via epigenetics. J Dent Res. 2017;96(5):555- 
561. doi:10.1177/0022034516686745

 99. Li B, Sun J, Dong Z, et al. GCN5 modulates osteogenic differen-
tiation of periodontal ligament stem cells through DKK1 acetyla-
tion in inflammatory microenvironment. Sci Rep. 2016;6(1):26542. 
doi:10.1038/srep26542

 100. Li Q, Liu F, Dang R, et al. Epigenetic modifier trichostatin A en-
hanced osteogenic differentiation of mesenchymal stem cells by 
inhibiting NF- κB (p65) DNA binding and promoted periodontal re-
pair in rats. J Cell Physiol. 2020;235(12):9691- 9701. doi:10.1002/
jcp.29780

 101. Hillemacher T, Frieling H, Moskau S, et al. Global DNA methylation 
is influenced by smoking behaviour. Eur Neuropsychopharmacol. 
2008;18(4):295- 298. doi:10.1016/j.euroneuro.2007.12.005

 102. Miao F, Gonzalo IG, Lanting L, Natarajan R. In vivo chromatin re-
modeling events leading to inflammatory gene transcription under 
diabetic conditions *. J Biol Chem. 2004;279(17):18091- 18097. 
doi:10.1074/jbc.M311786200

 103. Lee SU, Kwak HB, Pi SH, et al. In vitro and in vivo osteogenic 
activity of Largazole. ACS Med Chem Lett. 2011;2(3):248- 251. 
doi:10.1021/ml1002794

 104. Wang Z, Wu G, Feng Z, et al. Microarc- oxidized titanium surfaces 
functionalized with microRNA- 21- loaded chitosan/hyaluronic 
acid nanoparticles promote the osteogenic differentiation of 
human bone marrow mesenchymal stem cells. Int J Nanomedicine. 
2015;10:6675- 6687. doi:10.2147/IJN.S94689

 105. Wu K, Song W, Zhao L, et al. MicroRNA functionalized micropo-
rous titanium oxide surface by lyophilization with enhanced os-
teogenic activity. ACS Appl Mater Interfaces. 2013;5(7):2733- 2744. 
doi:10.1021/am400374c

 106. Miao X, Wang D, Xu L, et al. The response of human osteo-
blasts, epithelial cells, fibroblasts, macrophages and oral bacte-
ria to nanostructured titanium surfaces: a systematic study. Int J 
Nanomedicine. 2017;12:1415- 1430. doi:10.2147/IJN.S126760

 107. Sculean A, Gruber R, Bosshardt DD. Soft tissue wound healing 
around teeth and dental implants. J Clin Periodontol. 2014;41(Suppl 
15):S6- S22. doi:10.1111/jcpe.12206

https://doi.org/10.4061/2010
https://doi.org/10.1016/S0960-9822(00)00610-2
https://doi.org/10.1111/jcpe.12136
https://doi.org/10.1016/j.bone.2016.11.017
https://doi.org/10.1002/jbmr.426
https://doi.org/10.1007/s10529-012-0992-6
https://doi.org/10.1111/j.2042-7158.2011.01421.x
https://doi.org/10.1002/jcp.22684
https://doi.org/10.1002/jcp.22684
https://doi.org/10.1111/j.1600-0765.2011.01392.x
https://doi.org/10.1111/jre.12290
https://doi.org/10.1002/jcb.25429
https://doi.org/10.5051/jpis.2017.47.2.66
https://doi.org/10.1016/j.diff.2010.09.183
https://doi.org/10.3390/ijms22052406
https://doi.org/10.3390/biomedicines9020199
https://doi.org/10.3390/biomedicines9020199
https://doi.org/10.1177/0022034514534261
https://doi.org/10.1016/j.bone.2016.11.028
https://doi.org/10.1016/j.bone.2016.11.028
https://doi.org/10.1177/0022034515618887
https://doi.org/10.1177/0022034515618887
https://doi.org/10.1002/bies.201000033
https://doi.org/10.1002/stem.1544
https://doi.org/10.1002/stem.1544
https://doi.org/10.1093/nar
https://doi.org/10.1093/nar
https://doi.org/10.1128/MCB.00177-17
https://doi.org/10.1128/MCB.00177-17
https://doi.org/10.1016/j.jmii.2012.08.005
https://doi.org/10.1177/0022034516686745
https://doi.org/10.1038/srep26542
https://doi.org/10.1002/jcp.29780
https://doi.org/10.1002/jcp.29780
https://doi.org/10.1016/j.euroneuro.2007.12.005
https://doi.org/10.1074/jbc.M311786200
https://doi.org/10.1021/ml1002794
https://doi.org/10.2147/IJN.S94689
https://doi.org/10.1021/am400374c
https://doi.org/10.2147/IJN.S126760
https://doi.org/10.1111/jcpe.12206


    |  137LARSSON et AL.

 108. Feller L, Jadwat Y, Khammissa RAG, Meyerov R, Schechter I, 
Lemmer J. Cellular responses evoked by different surface char-
acteristics of intraosseous titanium implants. Biomed Res Int. 
2015;2015:e171945. doi:10.1155/2015/171945

 109. Lai M, Jin Z, Su Z. Surface modification of TiO2 nanotubes 
with osteogenic growth peptide to enhance osteoblast dif-
ferentiation. Mater Sci Eng C. 2017;73:490- 497. doi:10.1016/j.
msec.2016.12.083

 110. Rabineau M, Flick F, Mathieu E, et al. Cell guidance into quiescent 
state through chromatin remodeling induced by elastic modu-
lus of substrate. Biomaterials. 2015;37:144- 155. doi:10.1016/j.
biomaterials.2014.10.023

 111. Ichioka Y, Derks J, Dahlén G, Berglundh T, Larsson L. Mechanical 
removal of biofilm on titanium discs: an in vitro study. J Biomed 
Mater Res B Appl Biomater. 2022;110(5):1044- 1055. doi:10.1002/
jbm.b.34978

 112. Bezerra F, Ferreira MR, Fontes GN, et al. Nano hydroxyapatite- 
blasted titanium surface affects pre- osteoblast morphology by 
modulating critical intracellular pathways. Biotechnol Bioeng. 
2017;114(8):1888- 1898. doi:10.1002/bit.26310

 113. Lv L, Liu Y, Zhang P, et al. The nanoscale geometry of TiO2 nano-
tubes influences the osteogenic differentiation of human adipose- 
derived stem cells by modulating H3K4 trimethylation. Biomaterials. 
2015;39:193- 205. doi:10.1016/j.biomaterials.2014.11.002

 114. Kulkarni M, Flašker A, Lokar M, et al. Binding of plasma proteins 
to titanium dioxide nanotubes with different diameters. Int J 
Nanomedicine. 2015;10:1359- 1373. doi:10.2147/IJN.S77492

 115. Kulkarni M, Junkar I, Humpolíček P, et al. Interaction of nano-
structured TiO2 biointerfaces with stem cells and biofilm- forming 
bacteria. Mater Sci Eng C. 2017;77:500- 507. doi:10.1016/j.
msec.2017.03.174

 116. Palmieri A, Pezzetti F, Brunelli G, et al. Short- period effects of zirco-
nia and titanium on osteoblast MicroRNAs. Clin Implant Dent Relat 
Res. 2008;10(3):200- 205. doi:10.1111/j.1708- 8208.2007.00078.x

 117. Hardy TM, Tollefsbol TO. Epigenetic diet: impact on the epig-
enome and cancer. Epigenomics. 2011;3(4):503- 518. doi:10.2217/
epi.11.71

 118. Bishop KS, Ferguson LR. The interaction between epigenetics, 
nutrition and the development of cancer. Nutrients. 2015;7(2):922- 
947. doi:10.3390/nu7020922

 119. Franzago M, Santurbano D, Vitacolonna E, Stuppia L. Genes and 
diet in the prevention of chronic diseases in future generations. Int 
J Mol Sci. 2020;21(7):2633. doi:10.3390/ijms21072633

 120. Philpott M, Ferguson LR. Immunonutrition and cancer. Mutat Res 
Genet Toxicol Environ Mutagen. 2004;551(1):29- 42. doi:10.1016/j.
mrfmmm.2004.03.005

 121. Joseph PV, Abey SK, Henderson WA. Emerging role of Nutri- 
epigenetics in inflammation and cancer. Oncol Nurs Forum. 
2016;43(6):784- 788. doi:10.1188/16.ONF.784- 788

 122. Lewis KA, Tollefsbol TO. The influence of an epigenetics diet 
on the cancer epigenome. Epigenomics. 2017;9(9):1153- 1155. 
doi:10.2217/epi- 2017- 0077

 123. Thaler R, Karlic H, Rust P, Haslberger AG. Epigenetic regulation of 
human buccal mucosa mitochondrial superoxide dismutase gene 
expression by diet. Br J Nutr. 2008;101(5):743- 749. doi:10.1017/
S0007114508047685

 124. Meeran SM, Ahmed A, Tollefsbol TO. Epigenetic targets of bioac-
tive dietary components for cancer prevention and therapy. Clin 
Epigenetics. 2010;1(3):101- 116. doi:10.1007/s13148- 010- 0011- 5

 125. Elburki MS, Rossa C, Guimarães- Stabili MR, et al. A chemically 
modified curcumin (CMC 2.24) inhibits nuclear factor κB activa-
tion and inflammatory bone loss in murine models of LPS- induced 
experimental periodontitis and diabetes- associated natural peri-
odontitis. Inflammation. 2017;40(4):1436- 1449. doi:10.1007/
s10753- 017- 0587- 4

 126. Fujii Y, Wakamori M, Umehara T, Yokoyama S. Crystal structure 
of human nucleosome core particle containing enzymatically in-
troduced CpG methylation. FEBS Open Bio. 2016;6(6):498- 514. 
doi:10 .1002/2211- 5463.12064

How to cite this article: Larsson L, Kavanagh NM, Nguyen 
TVN, Castilho RM, Berglundh T, Giannobile WV. Influence 
of epigenetics on periodontitis and peri- implantitis 
pathogenesis. Periodontol 2000. 2022;90:125- 137. doi: 
10.1111/prd.12453

https://doi.org/10.1155/2015
https://doi.org/10.1016/j.msec.2016.12.083
https://doi.org/10.1016/j.msec.2016.12.083
https://doi.org/10.1016/j.biomaterials.2014.10.023
https://doi.org/10.1016/j.biomaterials.2014.10.023
https://doi.org/10.1002/jbm.b.34978
https://doi.org/10.1002/jbm.b.34978
https://doi.org/10.1002/bit.26310
https://doi.org/10.1016/j.biomaterials.2014.11.002
https://doi.org/10.2147/IJN.S77492
https://doi.org/10.1016/j.msec.2017.03.174
https://doi.org/10.1016/j.msec.2017.03.174
https://doi.org/10.1111/j.1708-8208.2007.00078.x
https://doi.org/10.2217/epi.11.71
https://doi.org/10.2217/epi.11.71
https://doi.org/10.3390/nu7020922
https://doi.org/10.3390/ijms21072633
https://doi.org/10.1016/j.mrfmmm.2004.03.005
https://doi.org/10.1016/j.mrfmmm.2004.03.005
https://doi.org/10.1188/16.ONF.784-788
https://doi.org/10.2217/epi-2017-0077
https://doi.org/10.1017/S0007114508047685
https://doi.org/10.1017/S0007114508047685
https://doi.org/10.1007/s13148-010-0011-5
https://doi.org/10.1007/s10753-017-0587-4
https://doi.org/10.1007/s10753-017-0587-4
https://doi.org/10.1002/2211-5463.12064
https://doi.org/10.1111/prd.12453

	Influence of epigenetics on periodontitis and peri-implantitis pathogenesis
	1|INTRODUCTION
	2|INFLAMMATORY LESIONS OF PERIODONTITIS AND PERI-IMPLANTITIS
	3|EPIGENETICS: GENERAL PRINCIPLES
	4|EPIGENETICS AND PERIODONTITIS
	5|EPIGENETICS AND PERI-IMPLANTITIS
	6|EPIGENETICS AND TITANIUM PARTICLES
	7|CLINICAL APPLICATION OF EPIGENETICS IN PERIODONTITIS AND PERI-IMPLANTITIS
	7.1|Epi-drugs
	7.2|Epigenetics in bone regeneration
	7.3|Delivery models for epi-drugs and miRNA
	7.4|Modifying surface structure to improve implant–bone interactions

	8|FUTURE CONCEPTS OF EPIGENETICS AND INFLAMMATION
	9|CONCLUSIONS AND FUTURE DIRECTIONS
	REFERENCES


