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Abstract: Cardiovascular diseases such as ischemic heart diseases or stroke are among the leading
cause of deaths globally, and evidence suggests that these diseases are modulated by a multifactorial
and complex interplay of genetic, environmental, and lifestyle factors. Genetic predisposition and
chronic exposure to modifiable risk factors have been explored to be involved in the pathophysiology
of CVD. Environmental factors contribute to an individual’s propensity to develop major cardiovas-
cular risk factors through epigenetic modifications of DNA and histones via miRNA regulation of
protein translation that are types of epigenetic mechanisms and participate in disease development.
Periodontal disease (PD) is one of the most common oral diseases in humans that is characterized
by low-grade inflammation and has been shown to increase the risk of CVDs. Risk factors involved
in PD and CVD are determined both genetically and behaviorally. Periodontal diseases such as
chronic inflammation promote DNA methylation. Epigenetic modifications involved in the initiation
and progression of atherosclerosis play an essential role in plaque development and vulnerability.
Epigenetics has opened a new world to understand and manage human diseases, including CVDs
and periodontal diseases. Genetic medicine has started a new era of epigenetics to overcome human
diseases with various new methodology. Epigenetic profiling may aid in better diagnosis and stratifi-
cation of patients showing potential predisposed states for disease. A better understanding of the
exact regulatory mechanisms of epigenetic pathways driving inflammation is slowly emerging and
will aid in developing novel tools for the treatment of disease.
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1. Introduction

Cardiovascular diseases (CVD) are considered among the leading causes of deaths
worldwide [1]. Genetic predisposition and chronic exposure to modifiable risk factors have
been explored to be involved in the pathophysiology of CVDs [2,3]. Smoking, hypertension,
alcohol, lack of exercise, insufficient consumption of fruits and vegetables, cholesterol,
obesity, and diabetes are associated with CVDs [4]. The largest proportions of CVDs such
as stroke and MI are attributed to metabolic risk factors with hypertension being the largest;
however, other factors including tobacco, poor diet, low education, abdominal obesity,
diabetes, physical activity, depression, and alcohol consumption each have relatively
modest contributions to CVDs at a global level [5].
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Periodontal disease (PD) among the most common oral diseases is well known to
affect the world population [6] and is characterized by low-grade inflammation of tooth-
supporting tissues [7]. Disease initiation and progression depends on a complex interaction
of bacterial biofilm, pathogenic bacteria, and the host immune system of body [8]. Numer-
ous modifying factors, including lifestyle, environmental factors, and genetics, are involved
in the initiation and progression of this disease [9]. Periodontal disease has deleterious
effects that are not restricted only to the oral cavity but extend beyond to other systems
and oral inflammation that could promote loss of homeostasis at distant sites. [10]. As the
research examining the systemic implications of periodontitis has grown exponentially in
recent years [11], recent experimental studies have strengthened the potential causal link
between periodontitis and its comorbidities by establishing a biologically plausible and
clinically consistent mechanisms where periodontitis could initiate or aggravate a comor-
bid condition [12]. Both PD and CVD with high prevalence worldwide affect the social
well-being of people [13]. Several conditions increase CVD risk, and it is revealed that
CVD is mediated through infection or inflammatory pathway [14,15]. Oral inflammatory
infections serve as metabolic stressors and may exacerbate systemic diseases [16]. Other
studies confirm that periodontitis as an infectious and inflammatory condition increases
risk of CVDs [14,17]. Periodontal disease is associated with local elevation of inflammatory
cytokines (CRP, fibrinogen, haptoglobin, platelet-activating factor, IL-6, and IL-18) [18],
and periodontal inflammatory process is accompanied by large network of cytokines and
chemokines with high expression of proinflammatory cytokines such as interleukin (IL)-1α,
IL-1β, IL-6, IL-12, tumor necrosis factor (TNF)-α, and regulatory cytokines such as IL-4,
IL-1(RA) receptor antagonist, IL-10, and induced protein (IP)-10 [19]. Hypothetically, it is
possible that these mediators from the periodontal lesions “spill over” into the systemic
circulation and may attain concentrations that are sufficient to have their effects on the
organs and tissues located distally from the oral cavity, provided their bioactivity remains
preserved [20]. Eventually, other organs including the liver may be affected by these in-
flammatory mediators, thereby leading to the induction of an acute-phase response, which
could influence more organs in the body including cardiovascular system. Promotion of
cytokine production and upregulation of adhesion molecules result in the initiation and
acceleration of inflammatory changes that ultimately induce atheroma in the endothe-
lium, and this process is localized to the inner layer of arteries and disturb the blood
flow [21]. Additionally, periodontal pathogens cause bacteremia that enter into endothelial
cells, cause dysfunction, and induce a pro-atherogenic response in endothelial cells [22,23].
These deposits in arteries may vary from small to large size, which leads toward ischemia
of the heart and results in thrombosis and infarction of blood vessels [21,24].

Oral and systemic disease connections have been a constant issue of discussion in sci-
entific literature as “infections in the mouth can cause damage elsewhere in the body”, and
two hundred possible associations between oral and systemic conditions are reported [25].
The relationship between poor oral health mainly due to periodontal disease and tooth loss
and increased risk of CVDs, pulmonary diseases, diabetes, and pregnancy outcomes has
been explained in the literature. [26] These chronic systemic conditions and oral diseases
share many common risk factors of heredity, age, gender, education, sedentary lifestyle,
smoking, diet, and obesity [27].

Additional research is warranted to better understand the relationship of PD and CVD
to find out whether oral health assessment and management of PD could improve oral and
general health and quality of life and be of relevance in the management of patients with
CVD. This review aims to explore the current research to appreciate the plausible biological
mechanism that links periodontitis with CVD, especially focusing on the emerging field of
epigenetics. In this review, we have explored different frontiers in epigenetics and observe
its implications in PD and CVD associations.
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2. Epigenetics

Epigenetics is the study of mitotically and meiotically heritable changes in gene expres-
sion that are not dependent on DNA sequence, and the epigenome is the overall epigenetic
state of an organism [28,29]. Epigenetics is on a continual rise for explaining the particular
workings through which certain environmental factors were acting intermediately, having
an effect on the gene expression without any alterations on the underlying genetic se-
quences [30]. Epigenetics, a term contrived by Conrad H. Waddington in 1942, was meant
to bridge the gaps between genetics, growth, and differentiation, encompassing the “causal
mechanisms” through which genes resulted in many and differing phenotypes [20–32].
Epigenetic mechanisms and modifications, defined as apparent DNA alterations that are
heritable, entail environmental factors’ effect on modifying the gene expression without
any change on the underlying DNA sequence [33]. In consequence, the changes are not
encoded in the DNA molecules, but through subsequent chemical alterations, epigenetics
leads to thorough remodeling of chromatin resulting in activation or suppression of gene
expression [31]. Even though a considerable amount of literature is present underlining
the consequences of environmental effect on the gene, little is known about the occur-
rence of an epigenetic eventuality concerning inflammatory pathways and gene expression
phenotypes. As nature has it, all the cells present within the body mainly have the same
genotype. Still, phenotypic expressions are different within these cells, which to some ex-
tents are the product of variations present in the epigenome, mainly due to environmental
influences [30].

The environmental determinants, known and theorized, responsible for driving the
epigenetic mechanisms forward include but are not limited to external factors such as
life style, exposure to heavy metals such as mercury, radiations such as ultraviolet (UV),
smoking, and infectious agents such as Helicobacter pylori [33–35]. These modifications
may lead to single nucleotide polymorphism, which is incredibly responsive to changes in
external environmental stimuli, thus orienting the expression of genes along with it [33].

A number of epigenetic processes have been identified in the literature and dis-
cussed in the below headings specifically periodontal diseases and cardiovascular diseases.
Some of the essential mechanisms include DNA methylation, post-transcriptional his-
tone modifications, including methylation, acetylation, ubiquitylation, sumoylation, and
phosphorylation, which also affect the structure of chromatin and RNA-associated gene
silencing (micro-RNA; miRNA) [34,36]. Regarding this, Benakenakare et al. [32], in their
review, outlined the three major pathways through which epigenetic mechanisms work; the
initial pathway is through the effect the external environmental factors have on the human
body cells, which can result in alterations at the DNA level, known as the Epigenator.
Following this are the non-coding RNAs known as the Epigenetic Initiator and Epigenetic
Maintainer, which are responsible for sustaining these changes through generations by
way of inheritance.

The process of DNA methylation and histone modification has been deemed the
most common of the epigenetic processes in the medical literature taking place in human
cells [36,37]. DNA methylation started with the help of DNA methyltransferases [33] and
involves a covalent transfer of a methyl group (CH3) at the cytosine residues present within
the cytosine–phosphate–guanine (CpG) dinucleotides found at the promoter region of the
specific gene [32,38]. It is also the most scrutinized epigenetic mechanism in the literature in
relation to cancer development and progress. DNA methylation, which occurs at CpG-rich
islands in the DNA molecule comprises approximately 50% of the human genetic code.
Additionally, the CpG-rich islands of the DNA are ordinarily unmethylated in normal
human body tissues [32]. As a result, the consequent hypomethylation or hypermethylation
of the promoter regions of associated genes leads to transcriptional activation or silencing,
concluding with gene expression or loss of expression, respectively [37,38].

Histone modifications include the process of acetylation or deacetylation through
enzymatic action, which results in chromatin remodeling that then influences gene expres-
sion [34,39]. The genetic material within humans is structured as a DNA helix packed up
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in the cell nucleus in the form of chromatin [31]. The chromatin’s basic unit comprises a
nucleosome that is essentially DNA packaged around two copies each of H2A, H2B, H3,
and H4, also known as the histone complex. These histones, in turn, have the ability to
undergo post-translational histone modifications at their unstructured N-terminal tails
through enzymatic actions of histone acetyltransferases (HATs) or histone deacetylases
(HDACs) [36,40].

Epigenetics has, as a matter of fact, been used to explain the inexplainable genetic
conundrums occurring in the fields of medicine and, more recently, dentistry as well.
For example, some diseases to have suspected potential epigenetic mechanisms in their
pathogenesis include cancer, depression, asthma, chronic obstructive pulmonary disease
(COPD), and major psychosis, among others [30]. Even in the dental field, literature has
shown the role of epigenetics and the potential gene therapy has in the case of oral cancers,
infectious diseases, and autoimmune disorders [41,42].

3. Epigenetics and Periodontal Disease

Periodontal disease entails a pathological process that involves the whole of the
tooth-supporting structures of the tooth, known as the periodontium; the gingiva, alveolar
bone, cementum, and periodontal ligament (PDL) [43]. Periodontal disease, a significant
global public health problem, ranges in a global disease burden from 20% to 70% [35,43].
Periodontitis has a multifactorial etiology including malocclusion, poor dental hygiene
and excessive plaque and calculus formation, bruxism, poor tooth fillings, and ill-fitting
prosthetics [31,35,37].

As is apparent in the literature, the effect of genetics and its impact of periodonti-
tis pathogenesis has been a source of concern and research [44]. DNA methylation and
histone modifications at the level of genetics and epigenetics have been studied, with
particular attention to inflammation-related genes and associated immune system reactions
through cytokines and chemokines [32,37]. It has also been postulated that the corre-
sponding cytokines can also influence accompanying epigenetic changes within cells, thus
modifying gene expression. The presence of chronic inflammation, such as in chronic
periodontitis, coupled with the constant presence of Gram-negative bacteria due to poor
oral hygiene, can in fact promote DNA methylation [37]. In Figure 1, representation of
periodontal epigenome, how it responds to microbial infection, environmental stimuli, and
inflammation is illustrated.

Periodontitis and periodontal disease construe significant destruction of the tooth-
supporting structures and loss of bone with eventual loss of teeth themselves. Epigenetic
mechanisms in turn regulate the effect of cytokines, such as interleukin-1 (IL-1) and IL-6,
which are responsible for the progression of periodontitis [39]. In their study, Oliveira
et al. [45] reported significant methylation patterns of the IL-8 gene promoter region
in smokers with chronic periodontitis compared with healthy non-smoker counterparts.
Smoking has also been deemed a significant environmental risk factor in the development
and progress of periodontitis, causing persistent and everlasting hypermethylation and
hypomethylation changes in the DNA. Alteration of the promoter region of the protein-
coding gene prostaglandin-endoperoxide synthase 2 (PTGS2) has also been shown in
the event of chronic periodontitis [46]. The PTGS2 gene is the encoding gene for the
COX-2 enzyme responsible for producing prostaglandins, which cause inflammation and
associated pain in the area. Understandably, the inhibition of the said COX-2 enzyme by
administering COX-2 inhibitors reduced the symptoms found in periodontitis patients.
However, expression of COX-2 enzymes in the inflamed periodontal tissues in chronic
periodontitis patients was technically lower, and the gene promoter was found to be
hypermethylated [32]. Moreover, certain lipopolysaccharides (LPS) associated with the
periodontal pathogens can cause epigenetic mitigations, which are commonly found in
periodontitis and periodontal disease [33].
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Figure 1. Periodontal epigenome in response to microbial infection, environmental stimuli, and
inflammation. The periodontal inflammatory response has both protective and destructive elements
that pathogens may alter. The innate inflammatory response relies on the recognition of microbial
pathogens and is mediated by neutrophils, tissue macrophages, subepithelial dendritic cells, nat-
ural killer cells, and monocytes. The activated immune cells produce and release reactive oxygen
species (ROS) and reactive nitrogen species (RNS) in response to infection. This acute inflammatory
response turns to a chronic stage when the antigen-presenting cells become involved and present the
antigens/microorganisms to immunocompetent cells expanding the antibody-secreting plasma cell
population. (Adapted with permission from Wiley Publisher).

Of the many signs and symptoms related to periodontal disease, one of extreme signif-
icance includes alveolar bone loss leading to the subsequent loss of teeth. Cantley et al. [47]
in their experimental study on mice induced periodontitis by inoculating Porphyromonas
gingivalis into their oral cavities. A novel histone deacetylase inhibitor (HDACi), 1179.4b,
was then administered to the one of the experimental groups of mice, which showed a
significant reduction in bone loss indicating that suppressing the associated epigenetic
mechanism is responsible for osteoclast-mediated bone loss. Similarly, Treponema den-
ticola also acts through various epigenetic mechanisms leading to a consequent loss of
tooth-supporting alveolar bone frequently seen in periodontal disease [31,48].

As the first line of defense in the oral cavity is the oral epithelial cells against foreign
bodies including bacterial/viral pathogens, specific epigenetic changes can be induced
by the pathogens resulting in histone acetylation and demethylation. Furthermore, the
activation of toll-like receptors (TLRs) and pathogen-recognition receptors (PRRs) can
substantially stimulate modifications of histones in the epithelial cells of the oral cavity [31].
Loss of periodontal ligament attachment is also seen in periodontal disease, which is
affected by dysregulated cytokine immune response that has been tampered with through
epigenetic pathways [31]. Changes in the methylation patterns of CCL25 and IL17C, which
are the cytokines responsive to bacterial invasion, and the increased gene expression of
the TH17 T helper cell leads to the loss of periodontal attachment frequently observed in
periodontitis [49,50].

4. Epigenetics and Cardiovascular Diseases (CVD)

Epigenetics have opened a new world to understand and manage human diseases,
including CVDs [51]. Genetic and environmental factors may lead to changes in several
pathways that ultimately activate the development of a disease [52]. Cardiovascular
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diseases contribute from a multifactorial and complex interplay of genetic, environmental,
and lifestyle factors [53]. Epigenetic changes can modify gene transcription by altering the
accessibility of gene transcription machinery, and these changes are predisposed by factors
of nutrition, inflammation, sex, age, and lifestyle changes [54]. Chronic exposure to novel
lifestyle factors coinciding with disease mechanisms involving chronic low-grade systemic
inflammation affects vascular health [2]. Epigenetic modifications and miRNA may play
a crucial role in the development of pathological conditions such as CVDs. Mechanisms
underlying the complex pathophysiology that leads to CVDs are of great interest but still
far from clear [51]. Epigenetics involves changes in gene expression due to chromatin
adjustments that change the accessibility of DNA without changing its sequence, leading
to silencing or downregulation/upregulation of gene expression [55].

Epigenetic modifications involved in the initiation and progression of atherosclerosis
play an essential role in plaque development and vulnerability [56]. Accumulation of
cholesterol in the walls of large- and medium-sized arteries, the accumulation of extracel-
lular matrix and lipids, and smooth muscle cell proliferation leads to the infiltration of
immune cells (mostly macrophages) and endothelial dysfunction, forming a plaque and,
eventually, developing into acute cardiovascular events, such as MI, peripheral vascular
disease, aneurysms, and stroke [57]. Inflammatory pathways are set as a target to improve
treatment of patients, and the emergence of epigenetic modifiers as anti-inflammatory
agents in many chronic inflammatory disorders such as CVD may benefit from the evalua-
tion of such compounds [58,59].

Methylation is also suggested as an indicator of MI [60]. Abundant research has
focused on miRNAs as novel biomarkers for MI. MiR-1 levels have been analyzed in
plasma from patients with AMI and found to be significantly elevated, but decreased to
normal levels with medication [61]. DNA methylation is associated with gene silencing,
while histone modifications can either result in gene activation or silencing. In addition
to DNA methylation, different histone modifications set the histone code and regulate
the interaction and function of transcriptions factors. As such, a large number of histone-
modifying enzymes regulate myeloid cell differentiation, macrophage polarization, and the
ensuing macrophage phenotype [59]. The combination of both acetylation and methylation
modifications of histone tails determine the histone code of enhancers and promoters and
thereby control gene transcription or repression [62].

5. Conclusions

Oral inflammatory diseases have been shown to contribute to disease states and
inflammatory pathology at sites distant from the oral cavity. Studies highlight how the
inflammatory status of the oral cavity can have a profound impact on systemic health.
Periodontitis, an inflammatory disease of the oral mucosa, is epidemiologically associated
with other chronic inflammation-driven disorders, including cardio-metabolic, neurode-
generative, and autoimmune diseases and cancer.

The potential causal link between periodontitis and its comorbidities is further strength-
ened by recent experimental animal studies establishing biologically plausible and clinically
consistent mechanisms whereby periodontitis could initiate or aggravate a comorbid condi-
tion. This multi-faceted “mechanistic causality” aspect of the link between periodontitis and
comorbidities is the focus of this review. The understanding how certain extra-oral patholo-
gies are affected by disseminated periodontal pathogens and periodontitis-associated
systemic inflammation, including adaptation of bone marrow hematopoietic progenitors,
may provide new therapeutic options to reduce the risk of periodontitis-associated comor-
bidities.

Emerging evidence from interventional studies indicates that local treatment of peri-
odontitis ameliorates surrogate markers of comorbid conditions. In recent years, genetic
medicine has started a new era of epigenetics to overcome human diseases with various
new methodology [63]. The current century has recognized the role of DNA in biology
and medicine and viewed DNA as the “book of life”. Phenotypes depend on specific
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combinations of genome composition, epigenetic components, and environmental inputs.
This has allowed the biomedical community to test the relevance of epigenetic features in
specific disease functions and use them as prognostic and diagnostic markers [16,23,64,65].

A most recent prospective study conducted over 13 years has demonstrated that severe
periodontitis is associated with an increased incidence of CHD independent of established
risk factors [66]. Risk factors for PD and CVD are determined both genetically and behav-
iorally. Environmental factors are important in determining an individual’s predisposition
to develop major cardiovascular risk factors through epigenetic modifications and the
identification of the epigenetic mechanisms that participate in disease development [62]. A
better understanding of the exact regulatory mechanisms of epigenetic pathways driving
the inflammation is slowly emerging and will aid in developing novel tools for treatment
of disease. It may possibly also aid in better diagnosis and stratification of patients based
on their epigenetic profile, showing potential predisposed states for disease. Macrophages,
key cells in inflammation advancement or resolution, play an important role in hemostatic
process, and epigenetic mechanisms modulate signals during macrophage polarization.
Activated macrophages polarize towards various functional phenotypes [67]. Future tar-
geting of specific epigenetic pathways in cardiovascular disease may, thus, offer exciting
novel approaches for the treatment of disease [54].
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