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Abstract

Periodontal disease is an inflammatory reaction of the periodontal tissues to oral pathogens. In 

the present review we discuss the intricate effects of a regulatory network of gene expression 

modulators, microRNAs (miRs), as they affect periodontal morphology, function and gene 

expression during periodontal disease. These miRs are small RNAs involved in RNA silencing and 

post-transcriptional regulation and affect all stages of periodontal disease, from the earliest signs 

of gingivitis to the regulation of periodontal homeostasis and immunity and to the involvement in 

periodontal tissue destruction. MiRs coordinate periodontal disease progression not only directly 

but also through long non-coding RNAs (lncRNAs), which have been demonstrated to act as 

endogenous sponges or decoys that regulate the expression and function of miRs, and which in 

turn suppress the targeting of mRNAs involved in the inflammatory response, cell proliferation, 

migration and differentiation. While the integrity of miR function is essential for periodontal 

health and immunity, miR sequence variations (genetic polymorphisms) contribute toward an 

enhanced risk for periodontal disease progression and severity. Several polymorphisms in miR 

genes have been linked to an increased risk of periodontitis, and among those, miR-146a, 

miR-196, and miR-499 polymorphisms have been identified as risk factors for periodontal disease. 

The role of miRs in periodontal disease progression is not limited to the host tissues but also 

extends to the viruses that reside in periodontal lesions, such as herpesviruses (human herpesvirus, 

HHV). In advanced periodontal lesions, HHV infections result in the release of cytokines 

from periodontal tissues and impair antibacterial immune mechanisms that promote bacterial 

overgrowth. In turn, controlling the exacerbation of periodontal disease by minimizing the effect 

of periodontal HHV in periodontal lesions may provide novel avenues for therapeutic intervention. 

In summary, this review highlights multiple levels of miR-mediated control of periodontal 
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disease progression, (i) through their role in periodontal inflammation and the dysregulation of 

homeostasis, (ii) as a regulatory target of lncRNAs, (iii) by contributing toward periodontal disease 

susceptibility through miR polymorphism, and (iv) as periodontal microflora modulators via viral 

miRs.
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Introduction

Inflammation is a broad term for the body’s immune response against an irritant, a 

stimulant, or a pathogen. While the attack of pathogens on a defenseless organism may have 

serious consequences, the defense itself, inflammation, may also be detrimental to the health 

of an organism, leading to disease, cancer, and death. The periodontal inflammatory process 

is the quintessential example of a prolonged immune response that often lasts for a lifetime 

[1,2], and in which connective tissues, barrier cells, and sophisticated epithelial boundaries 

mount a tenacious Sisyphus-like defense against continuously attacking pathogens from the 

oral cavity. Most often, the balance between attack and defense results in yet another treaty – 

homeostasis – and the remarkable stronghold against oral pathogens stands for another day. 

It may take weeks, months, or years until the prolonged attack of oral pathogens overwhelms 

the finely-knit response of leukocytes and macrophages, and damages the integrity of the 

remaining epithelial/connective tissue barrier, resulting in advanced periodontal disease. 

At that point, chronic inflammatory conditions result in a destruction of the periodontal 

ligament attachment apparatus and a loss of the alveolar apparatus [3].

The occlusal margin of the periodontium is formed by the junctional epithelium, 

a non-keratinized squamous epithelium that connects the sulcus epithelium with the 

underlying connective tissues of the periodontium. This junctional epithelium maintains 

a semipermeable attachment to the tooth surface and provides and initial barrier to the 

pathogens of the oral cavity. However, principal tissues responsible for the attachment of the 

tooth root to the jaw bone are three highly specialized connective tissues, root cementum, 

periodontal ligament, and alveolar bone. Root cementum is a mineralized tissue comprised 

of cellular and acellular cementum that forms a layer covering root dentin and provides 

anchorage for Sharpey’s fibers (Diekwisch 2001). The periodontal ligament contains 

collagen fibers, blood vessels and nerves and is responsible for the fibrous attachment 

between the cementum and the alveolar bone (Reed and Diekwisch 2015). Periodontal 

ligament fibers are anchored within sockets of alveolar bone which are responsible for stable 

attachment of the tooth to the jaw bone (Diekwisch 2016).

Experiments with gnotobiotic rats have established the essential role of bacteria residing 

within the dental plaque and in the peri-dental biofilm on periodontal disease including 

alveolar bone loss (Gibbons et al. 1966, Socransky et al. 1970). These bacteria then cause a 

cascade of tissue reactions summarized as gingivitis, including vasodilatation and new blood 

vessel formation, increased crevicular fluid secretion, as well as leucocyte and lymphocyte 
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migration (Luan et al. 2016). Steps of progressing gingivitis are also characterized as initial, 

early, and established lesion and may remain stable as long as the host tissue maintains a 

successful defense against the attack of pathogens (Luan et al. 2017). Periodontal disease 

progresses toward the advanced periodontal lesion when the periodontal defense breaks 

down as evidenced by bone loss, loss of attachment, and increased pocket depth (Graves et 

al. 2011). This stage is characterized by an exacerbation of the periodontal immune response 

resulting in tissue destruction and loss Ivanyi and Lehner 1970, van Dyke et al. 2020).

The homeostasis between bacterial invasion and inflammatory response and between tissue 

loss and regeneration is regulated by a family of small RNAs, miRs, that not only control the 

physiological function of periodontal tissues in health, but also the pathobiology of invading 

bacteria and viruses and the tissue response to pathogens entering the sulcus from the oral 

cavity. Due to their complexity and nuanced response, the balance between periodontal 

disease and homeostasis is a quintessential example of a finely tuned miR regulatory 

response to external pathogens and the body’s prolonged defense against the microbes 

of the oral cavity [4–6]. MiRs ensure that gingiva and connective tissues orchestrate a 

proportionate immune response to microbial attacks to prevent wide-spread bacteremia 

and sepsis, while they also modulate the escalation of the mucosal immune response to 

counteract rapid tissue destruction and loss of teeth.

In this review we will provide an overview about the miRs in gingival and periodontal 

cells and tissues, about their function in periodontal infection and inflammation, and about 

how miRs collaborate to orchestrate the periodontal immune response: strong enough to 

fend off the viral and bacterial aggressors and gentle enough to avoid an escalation of 

inflammation and loss of tissue. Our review will discuss all aspects of the miR response 

to periodontal pathogens, including the control of oral microbial pathogens that initiate 

and sustain periodontal disease and the genetic and host microenvironmental factors that 

influence the degree of the disease. A summary of the major sites and pathways by which 

miRs affect periodontal immunity and tissue homeostasis during periodontal inflammation 

as well as the effects of miR polymorphism dependent variability and lncRNA sponging are 

presented in Figure 1.

MicroRNA regulation of inflammation in gingival tissues

Anatomically, the gingiva forms a tight circumferential seal around the tooth cervix and 

covers the marginal connective tissues of the maxillary and mandibular alveolar processes. 

Gingival tissue consists of gingival epithelium and gingival connective tissue. Accumulation 

of a microbial biofilm on the tooth surface initiates an immune-inflammatory response in 

the gingival host tissue and results in gingival inflammation. Histopathologic changes in the 

inflamed gingiva include the elongation of rete ridges into the gingival connective tissue, a 

break-down of the collagen fiber network and infiltration with inflammatory and immune 

cells [7,8]. These changes in morphology and inflammatory state are accompanied by 

changes in gene expression related to host-microbial interaction, epithelial defense function, 

host cell chemotaxis, molecular signaling pathways as well as innate and adopted immune 

response after the transition from non-inflamed to inflamed gingiva [8–10].
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MicroRNA regulation of proinflammatory cytokine and chemokine expression in gingival 
tissues

Cytokines and chemokines are the mediators of the host immune response to oral microbial 

infection and thus contribute to the initiation and progression of gingival inflammation 

[11,12]. At the onset of inflammation, cytokines are produced by resident cells including 

epithelial cells and fibroblasts, and by phagocytes such as neutrophils and macrophages. 

However, when inflammation becomes chronic, cytokines are also secreted by lymphocytes 

[13,14]. Prominent pro-inflammatory cytokines involved in the progression of periodontal 

disease include the Interleukin 1 (IL-1), Interleukin 6 (IL-6) and Tumor Necrosis Factor 

(TNF) families. Increased expression of IL-1, IL-6 and TNF-α results in enhanced 

periodontal disease pathogenesis and an upregulation of the inflammatory reaction [13,15]. 

Significant differences in miR expression profiles between inflamed and non-inflamed 

gingival tissues implicate miRs in the regulation of this cytokine network [16,17].

Individual miRs involved in gingival cytokine regulation include miR-21, miR-144, 

miR-146a, miR-128, miR-200b, miR-203 and let-7a [18–23], which are overexpressed 

as a result of inflammation and miR-205, miR-335, miR-100 and miR-125a [17,24,25], 

which are reduced in inflamed environments. Confirming the relationship between miRs 

and periodontal disease state, it has been demonstrated that down-regulation of miR-205 

and miR-335 was accompanied by upregulation of IL-1, IL-6 and TNF-α expression in 

periodontitis patients and mice with experimental periodontitis [24,25]. MiR-205 targets 

the Interleukin 6 signal transducer (IL-6ST) which in combination with IL-6 activates the 

Janus kinase (JAK). The activation of JAK and its phosphorylation of signal transducers 

and activators of transcription 3 (STAT3) is an important event to trigger JAK/STAT3 

signaling and resulting inflammatory cascades [26]. For example, in gingival epithelial 

cells, inhibition of miR-205 by P. gingivalis upregulates IL-6ST expression, activates JAK/

STAT3 signaling and increases IL-1, IL-6 and TNF-α expression [24]. In contrast to 

miR-205, miR-203 is a miR upregulated in inflamed gingival tissues that functions through 

the suppressor of cytokine signaling (SOCS)/STAT3 pathway. In experimental studies, P. 
gingivalis induced an upregulation of miR-203, which resulted in a direct inhibition of 

SOCS3 and SOCS6 in gingival epithelial cells [23]. SOCS proteins function through the 

inhibition of JAKs and reduction of SOCS expression increases JAK activity on STAT3 

phosphorylation and activation which in turn affects IL-1, IL-6 and TNF-α cytokine 

expression levels.

Several miRs with anti-inflammatory properties, including miR-21, miR-146a and miR-128 

are also upregulated in gingival tissues of periodontitis patients and/or in animals with 

induced periodontal disease [18,19,21,27,28]. The increased expression level of miR-146 

in gingival tissues has been associated with disease severity [27,28]. On a cellular level, 

overexpression of these miRs was reduced while inhibition increased IL-1, IL-6 and/or 

TNF-α expression in gingival fibroblasts and macrophages in response to lipopolysaccharide 

(LPS) challenge, indicating that these proinflammatory cytokines are downstream targets 

of miR-21, miR-146a and miR-128. Furthermore, in vivo administration of miR-146a 

suppressed the inflammatory reaction in periodontal tissues from periodontitis mice [21], 

while knockout of miR-21 exacerbated gingival inflammation and alveolar bone loss in a 
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mouse periodontitis model [18]. Together, these studies underscore the anti-inflammatory 

properties of miR-146a and miR-21 in periodontal disease, a role that might also hold 

therapeutic potential.

MicroRNA regulation of autophagy in gingival tissues

Autophagy is a homeostatic mechanism involved in the degradation of damaged cellular 

organelles, denatured proteins and invaded pathogens in lysosomes [29]. Autophagy 

plays an important role in the pathogenesis of periodontal disease [30] and in the 

induction and suppression of inflammation by interacting with innate immune signaling 

pathways, influencing the survival of inflammatory cells, and regulating the production of 

proinflammatory cytokines [31]. Through a mutual regulatory loop, cytokines also affect 

autophagy activity. Cyclooxygenase 2 (COX2) and IL-17F are autophagy-related cytokines 

in the autophagy process and enhance the autophagy machinery. Confirming a potential 

regulatory function of miR-144 through autophagy on periodontal inflammation, increased 

miR-144 expression has been associated with decreased COX2 and IL-7F expression in the 

gingival tissues from periodontal patients [20]. Both COX-2 and IL-17F are target genes of 

miR-144, explaining the negative correlation between miR-144 and COX2/IL-7F [20,32].

MiRs are also involved in the cellular decision making between cell survival and cell death 

and between apoptosis and necroptosis. One miR at the heart of this decision making 

process is miR-214 [33] as it targets the Activation transcription factor 4 (ATF4), which 

is at the center of controlling life-death decisions [34] as well as the switching between 

apoptosis and necroptosis [35]. This key role of miR-214 in cell death fate decisions was 

elucidated by an elevation of miR-214, receptor-interacting serine-threonine protein (RIP)1, 

RIP3 and phosphor-mixed lineage kinase domain-like (p-MLKL) proteins and a reduction 

in ATF4 expression in gingival tissues of diabetic periodontitis patients associated with 

necroptosis [33]. The RIP1/RIP3/MLKL signaling pathway is required for necroptosis and 

activated to generate the necrosome for the initiation of necroptosis [36,37]. Confirming 

the relationship between miR-214 and ATF4, experimental studies demonstrated that 

inflammatory conditions upregulated miR-214 expression and subsequently downregulated 

ATF4 expression [33].

microRNA regulation of angiogenesis in gingival tissues

Angiogenesis is one of the primary co-factors of chronic inflammation. Chronic 

inflammation is almost always accompanied by angiogenesis, and angiogenesis can facilitate 

inflammation as well [38]. Inflammation-induced aberrant angiogenesis often prolongs or 

intensifies the inflammatory response [39]. During gingival inflammation, angiogenesis is 

initiated by pro-angiogenic growth factors and cytokines including Vascular endothelial 

growth factor (VEGF), IL-1, IL-6 and TNF-α released from gingival resident cells. MiRs 

exert pro-angiogenic or anti-angiogenic functions through regulating the expression of 

these pro-inflammatory and pro-angiogenic cytokines and signaling molecules. One of the 

miRs upregulated in inflamed gingival tissues is miR-200b [22]. MiR-200b regulates a 

set of gene targets and biological pathways associated with angiogenesis such as VEGF 

receptor 2 (VEGFR2, also called KDR), GATA-binding protein 2 (GATA2) and Zinc finger 

E-box-binding homeobox 1 (ZEB1) [22]. Both GATA2 and ZEB1 are transcription factors 
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and control the VEGF/VEGFR signaling axis. GATA2 regulates the expression of VEGF 

receptors [40], while ZEB1 regulates VEGF expression [41]. As a result, miR-200 inhibits 

angiogenesis by inducing endothelial cell apoptosis via ZEB1 inhibition [42] and/or by 

silencing GATA2 and VEGFR2 [43]. We have summarized the changes in the transcription 

of well-known miRs in inflamed gingival tissues in Table 1 and presented original data 

related to miR-100, miR-125a, miR-146a, and miR-155 in inflamed gingival tissues in 

Figure 2.

MicroRNA regulation of periodontal cell functions and osteogenic 

differentiation under inflammatory conditions

The periodontal ligament (PDL) is a unique connective tissue at the interface between 

the tooth root cementum and the alveolar bone. In addition to its primary function as a 

mediator of masticatory force transmission, the PDL plays important roles in periodontal 

homeostasis and regeneration. Histologically, the PDL consists of various cell types 

including fibroblasts, cementoblasts and osteoblasts, and hosts periodontal ligament stem 

cells (PDLSCs) [44]. Cell lineage tracing experiments in rodents have revealed that PDLSCs 

differentiate into cementoblasts, osteoblasts and periodontal ligament fibroblasts during cell 

turn-over as well as following injury [45–48]. Within the periodontium, PDLSCs respond 

to surrounding microenvironmental stimuli, such as inflammation, mechanical force, and 

chemical challenges, which influence their cell fate decisions and affect periodontal 

homeostasis and regeneration. Numerous studies have established the essential role of miRs 

in regulating PDLSC function in vivo and in vitro.

PDLSC culture systems are commonly employed to study the mechanisms by which miRs 

regulate PDLSC function under inflammatory conditions. In these in vitro environments, 

total heat-inactivated or sonicated bacteria, bacterial virulent factor LPS, inflammatory 

cytokines or chemicals are often used to mimic the in vivo microenvironment resulting from 

bacterial infection or chronic inflammation. These in vitro systems have been successfully 

applied to study the involvement of miRs in the cellular inflammatory response as it 

relates to PDLSC proliferation/apoptosis and osteogenic differentiation. Several studies 

have implicated miR-132, miR-143 and miR-302b in the inhibition of proliferation and the 

promotion of apoptosis through the ATK signaling pathway [49–51]. LPS challenge has 

resulted in an upregulation of all three miRs, miR-132, miR-143 and miR-302b in PDLSCs. 

MiR-132 and miR-143 have been demonstrated to interact with the long noncoding RNAs 

taurine-upregulated gene 1 (TUG1) and maternally expressed gene 3 (MEG3) respectively, 

two regulators of the ATK signaling pathway [52]. Other studies have revealed that TUG1/

miR-132 and MEG3/miR-143 interactions suppress AKT signaling and contribute to LPS-

induced proliferation and apoptosis of PDLSCs [49,50]. In contrast, miR-302b has been 

shown to directly target insulin-like growth factor type 1 receptor (IGF-1R). Explaining 

the effect of miR-302b, overexpression of miR-302b and silencing of IGF-1R decreases 

Protein kinase B (PKB, also known as AKT) phosphorylation, which then modulates AKT 

related cell cycle regulators (cyclin A2, cyclin D1, Cyclin dependent kinase 2 and 6) and 

apoptotic proteins B-cell lymphoma 2 (BCL2)/Bcl-2 Associated X-protein (BAX) resulting 

in apoptosis [51,53].
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Microenvironmental changes in chemical or physical conditions may also affect PDLSC 

cell fate. For example, hydrogen peroxide (H2O2), a wide-used dental clinical chemical for 

tooth bleaching, induces severe PDLC apoptosis via miR-24 upregulation. In experimental 

studies, H2O2 treatment has been demonstrated to significantly increase miR-24 expression 

[54]. In these studies, bioinformatics analysis and dual luciferase reporter gene assay 

revealed that miR-24 interacted with X chromosome-linked inhibitor of apoptosis (XIAP) 

and inhibited XIAP gene expression [54]. As a result, the gene silencing of XIAP reduced 

AKT activity, suggesting that the miR-24/XIAP/AKT pathway is involved in H2O2-induced 

cell apoptosis [54]. Hyperglycemic conditions as they occur in diabetic patients are another 

microenvironmental challenge for PDLC survival that profoundly affect periodontal health. 

Explaining the miR contributions to PDLC cell fate in diabetic patients, high glucose 

(30mM) conditions in PDLC culture medium have been demonstrated to increase apoptosis 

and caspase-3 expression while decreasing miR-222 and miR-223 expression. Caspase-3 

is an established target for miR-222 and miR-223 and facilitates apoptosis [55]. A third 

microenvironmental condition destined to affect periodontal cell fate is hypoxia, which 

is also associated with apoptosis. It has been demonstrated that low O2 concentrations 

downregulate miR-646 in vitro while they upregulate IGF-1 expression in PDLSCs. The 

hypoxia mediated regulation of PDLSC apoptosis occurs through the miR-646/IGF-1 

signaling pathway [56].

Inflammatory conditions that occur during periodontal disease not only impair cell 

proliferation but also suppress cell differentiation. When cultured PDLSCs were exposed 

to the proinflammatory cytokine Tumor necrosis factor α (TNF-α), Sprouty 1 (Spry1) 

gene expression was upregulated and miR-21 expression was downregulated. Spry1 is 

a miR-21 target gene, and increasing Spry1 gene expression inhibits the osteogenic 

differentiation of PDLSCs [57], explaining the detrimental effect of inflammatory conditions 

on periodontal homeostasis [4,6]. Recently, our group reported that miR-138 functions as 

an inflammatory miR and a potential regulator of periodontal stem cells as they affect 

periodontal homeostasis under inflammatory conditions [58]. Treatment with inflammatory 

modulators LPS and IL-6 resulted in a significant increase in miR-138 expression, 

while Osteocalcin (OCN) and Runt-related transcription factor 2 (Runx2) expression was 

significantly decreased. Our studies demonstrated via a dual luciferase reporter gene assay 

that miR-138 directly targets the OCN gene. Application of a miR-138 inhibitor or of OCN 

protein in PDLSC culture partially rescued inflammatory modulator-induced suppression 

of PDLSC differentiation, establishing miR-138 as a key miR modulator of periodontal 

homeostasis under inflammatory conditions [58]. Another miR, miR-148, might also act as 

a modulator of periodontal mineralization under inflammatory conditions, as it has been 

demonstrated that LPS exposure inhibited the mineralization capability, reduced Neuropilin 

1 (NRP1) expression and increased the expression of miR-148 in PDLSCs. In this study, the 

expression level of miR-148 in PDLSCs was negatively correlated with the expression of 

NRP1 and the osteogenic ability of PDLSCs [59].

Next to PDLSCs and alveolar bone progenitors, cementoblasts are the third progenitor cell 

population subtype in the periodontal ligament. Cementoblasts participate in cementum 

homeostasis and regeneration. Recent studies have implicated several miRs in the 

regulation of cementoblast function under inflammatory conditions, resulting in changes 
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in cementoblast viability and differentiation through targeting downstream genes. As 

an example, miR-181b promoted cementoblast apoptosis under inflammatory conditions 

through the miR-181b/IL-6/ Nuclear factor kappa B (NF-κB) signaling pathway [60]; 

miR-325 inhibited cementoblast differentiation by targeting the RunX2 gene [61]; and 

miR-155 suppressed cementoblast differentiation and mineralization through the miR-155/

KCTD1/Wnt pathway [62]. KCTD1 (potassium channel tetramerization domain containing 

1) is a negative regulator of the canonical Wnt signaling pathway [63], explaining the 

effect of inflammation-induced miR-155 on periodontal mineralized tissue homeostasis. A 

summary of changes in key miR changes upon introduction of inflammatory or osteogenic 

conditions is presented in Table 2. Corresponding original data related to miR-100, 

miR-125a, miR-146a, and miR-155 under inflammatory conditions are displayed in Figure 

2.

MicroRNA regulation of the immune inflammatory response in periodontal 

diseases.

The inflammatory response that occurs during the response of the periodontal apparatus 

to pathogens is an essential function of the immune system. This inflammatory response 

involves both innate and acquired immunity, and includes all major immune effector cells 

such as neutrophils, macrophages, T lymphocytes and B lymphocytes [13]. Tissue-specific 

types of immune cells during the progression of periodontal inflammation correspond to the 

severity of inflammation [64–67]. Recent studies have identified the infiltrating immune cell 

subtypes from healthy controls and periodontitis derived tissues from the GENE Expression 

Omnibus (GEO) database using CIBERSORT gene signature files [68,69]. Based on these 

studies, resting dendritic cells, M1 and M2 macrophages, T cells and B cells were mainly 

present in healthy periodontal tissues, whereas neutrophils increased in gingival tissues 

in response to the level of inflammation, and plasma and naïve B cells were elevated in 

diseased tissues from periodontitis patients [68,69]. This unique signature of immune cell 

distribution in periodontal tissues indicates that distinct immune cells play discrete roles in 

periodontal inflammation and disease. The regulation of the immune inflammatory response 

by miRs is executed through integrated miR-mRNA regulatory networks in innate and 

acquired immune cells.

MicroRNA regulation of innate immunity

The initial period of defense against oral bacteria is called the innate immune response 

as it contributes and functionalizes cells such as neutrophils, macrophages, and dendritic 

cells in the primary host response against infection. Among these three cell types, 

neutrophils are the most important phagocytic cells and the primary effectors of the host 

defense against acute bacterial infection. The miRs active in periodontal neutrophils fine-

tune gene expression within individual gene networks and buffer transcriptional variation 

[70]. Functionally relevant neutrophil miRs include miR-155, and miR-223, which are 

upregulated in periodontal disease, and miR-17 and miR-31, which are downregulated in 

periodontal disease [5].
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In addition to neutrophils, macrophages constitute a second layer of the innate immune 

response against bacteria as they digest and present antigens to other immune cells and 

facilitate interactions with the adaptive immune system [71]. In inflamed periodontal tissues, 

macrophages respond to LPS and activate multiple host defense functions through the 

production of inflammatory mediators [5]. The regulation of macrophage differentiation 

and activation and their response to LPS is finely regulated by miR networks [72,73] 

and consists of individual miRs such as miR-24, miR-30b and miR-142-3p which have 

antagonistic effects against periodontal inflammation and inflammation-related tissue 

destruction [5]. Other periodontal miRs involved in the macrophage response include 

miR-29b and let-7f and the inflammatory miRs miR-146a and miR-155 involved in the 

macrophage activation in inflamed gingival tissues [74–78]. The expression of these miRs 

is NF-κB dependent. MiR-146 is considered a “fine-tune” negative feedback regulator in 

innate immunity, while miR-155 affects both macrophage activation and function. Moreover, 

miR-155 as well as two other miRs, miR-125b and miR-21 affect M1/M2 macrophage ratios 

and macrophage polarization [79].

Dendritic cells are professional antigen-presenting cells involved in the presentation of 

antigens. They also contribute to the activation of T cells, killer T cells, and B cells 

in periodontal and other tissues, and comprise the third major cell type involved in 

the periodontal innate immune response. During the progression of periodontal disease, 

dendritic cells serve as a link between innate and adaptive immunity [80,81]. In dendritic 

cells, miRs affect primary and secondary immune responses by regulating the gene 

expression of transcription factor networks [5]. Earlier studies reported a number of 

dendritic cell-related miRs including miR-24, miR-30, miR-126, miR-142, miR-146, 

miR-155, and let-7i that were upregulated in a mouse periodontitis model, and the role 

of these miRs in periodontal disease was confirmed in published human studies [5].

MiR regulation of adaptive immunity

Adaptive immunity is an acquired immune response to invading pathogens. Adaptive 

immunity begins with an initial trigger event that leads to an immunological recognition 

of a pathogen which is then followed by an enhanced immunological response upon repeat 

encounters with the same pathogen [5]. In general, the adaptive immune system is based 

on the ability of lymphocytes to eliminate pathogens or interfere with their growth. There 

are two types of adaptive immunity, antibody-mediated immune responses against freely 

circulating pathogens facilitated by B cells and cell-mediated immune responses against 

intracellular pathogens that are carried out by T cells [5].

T cells are core member cells of the cellular (macrophage/lymphocyte) immune response 

and are essential for both specific antibody production and polyclonal B-cell activation. 

T-cells carry T-cell receptors on their cell surface. MiRs also affect T cell function both 

directly and indirectly as it has been demonstrated that upregulation of the miR-214 and 

miR-17-92 cluster promotes T cell activation and proliferation while miR-146 functions as 

a feedback regulator of NF-κB signaling and modulates the productive immune response, 

division and growth of T cells [82]. So far, three miRs, miR-155, let-7 family members and 
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miR-126 have been shown to affect Th2 differentiation by regulating cytokine production 

[83].

The functional antagonism between regulatory T cells (Treg cells) and the IL-17 producing 

T helper 17 cells (Th17) has been proposed to be a major factor in the pathogenesis of 

periodontitis [84]. Th17 cells secrete IL-17 and recruit neutrophils and macrophages to 

participate in and amplify the inflammatory reaction during periodontal disease [85–87]. 

Treg cells are characterized by high levels of miR-155 and miR-146 and reduced levels 

of miR-24, miR-31 and miR-125 expression [88,89]. In contrast, Th17 cell differentiation 

is promoted by the miR-17-92 cluster member miR-19b [90], as well as miR-301 and 

miR-155. Supportive of a participatory role of miRs in the Treg/Th17 functional antagonism 

during periodontal disease progression, previous studies have identified an upregulation of 

miR-17, miR-19, miR-155 and miR-301 in the gingival tissues of periodontitis patients and 

animals when compared to healthy controls [74,75,91].

In addition to T cells, B cells are the second major cellular component of the adaptive 

immune system. B cells contribute to humoral immunity by secreting antibodies. They also 

contribute a substantial proportion of the inflammatory infiltrate in diseased periodontal 

tissues. [92,93]. Remarkably, the expression of the five periodontal inflammation-related 

miRs associated with periodontal disease, miR-125, miR-148, miR-155, miR-181 and 

miR-217 [74,75,91] are elevated in advanced periodontal lesions. These five miRs regulate 

the progression of B cell terminal differentiation by targeting a coordinated network of 

transcription factors, suggestive of a correlation between periodontal disease progression and 

B cell differentiation, [5].

Together, these studies highlight some of the miRs involved in the innate and adaptive 

immune response against periodontal pathogens and the initial periodontal disease 

progression as it involves neutrophils, macrophages, and dendritic cells as well as T and 

B lymphocytes.

LncRNA-miR interactions in the periodontal inflammatory response

Long non-coding RNAs (lncRNAs) are transcribed RNA molecules with a length of more 

than 200 nucleotides. LncRNAs mediate their functions through interactions with proteins, 

RNA, DNA, or a combination of these [94]. LncRNAs can bind to complementary RNA and 

affect RNA processing, turnover or localization. During the interaction between a lncRNA 

and a miR molecule, the lncRNA functions as a miR sponge which indirectly de-represses 

the expression of a mRNA targeted by the miR [94]. Numerous studies have identified 

lncRNAs acting as endogenous sponges or decoys that regulate the expression and function 

of miRs in periodontal cells and tissues, which in turn suppress the targeting of mRNAs and 

affect diverse cellular processes such as inflammatory response, cell proliferation, migration 

and differentiation [49,50,95–100].

Lnc RNA expression is often significantly altered in response to periodontal inflammation. 

For example, the expression of lncRNA 01126 (LINC01126) and metastasis-associated 

lung adenocarcinoma transcript 1 (MALAT1) was highly increased in inflamed gingival 
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tissues or in human PDLSCs subjected to inflammatory conditions. In vitro experiments 

have demonstrated that LINC01126 inhibits proliferation and promotes apoptosis and 

inflammatory pathways of PDLSCs via sponging of miR-518a, which directly targets 

Hypoxia-Inducible Factor (HIF)-1a [95]. Similarly, MALAT1 acts as a sponge for 

miR-20a. In turn, miR-20a inhibits TLR4 via binding to the TLR4 3’-UTR in an RNA-

Protein complex together with Ago2 in a cell-type specific manner [96], establishing 

the MALAT1 lncRNA/miR-20a axis as a regulatory mechanism for periodontal innate 

immunity. Together, these studies indicate that lncRNAs promote periodontitis pathogenesis 

through LINC01126/miR-518a/HIF-1a and MALAT1/miR-20a/TLR4 pathways. In contrast, 

other lncRNAs such as maternally-expressed gene 3 (MEG3), taurine-upregulated gene 

1 (TUG1) and FYVE, RhoGEF and PH domain containing 5 antisense RNA 1 (FGD5-

AS1) were downregulated in gingival tissues of periodontitis patients and in LPS-treated 

human PDLSCs. Further studies have confirmed the sponging effects of lncRNAs on miRs, 

resulting in a downregulation of miR-143 through the lncRNA MEG3, a downregulation 

of miR-132 through TUG1 and a reduction in miR-142 via FGD5-AS1 [49,50,97]. 

Downregulation of MEG3, TUG1 and FGD5-AS1 through their downstream miRs leads to 

an activation of AKT/IKK and NF-kB pathways, which then contribute to the pathogenesis 

of periodontitis [49,50,97].

lncRNAs also participate in the regulation of PDLSC proliferation and differentiation. A 

number of studies have elucidated the effects of lncRNA-miR interactions on PDLSC 

differentiation using PDLSCs cultured under osteogenic induction conditions. Osteogenic 

differentiation conditions resulted in an increase in the expression of lncRNAs Fer-1-like 

family member 4 (FER1L4), prostate cancer-associated ncRNA transcript-1 (lncPCAT1), 

antisense to the cerebellar degeneration-protein 1 transcript (CDR1as), TUG1, X-inactive 

specific transcript (XIST), human periodontal ligament stem cell (hPDLSC) osteogenesis 

impairment-related lncRNA (lncRNA-POIR) in cultured PDLSCs [98–103] and a decrease 

in Antidifferentiation noncoding RNA (ANCR) expression [104]. In these studies, 

changes in lncRNA expression resulted in the changes of their miR sponging activities, 

resulting in altered expression of downstream miR-targeted osteogenic growth factors, 

transcription factors, and signaling molecules. For example, in one study overexpression 

of FER1L4 promoted osteogenic differentiation of PDLSCs. FER1L4 has been shown to 

directly interact with miR-874 targeting VEGF, a crucial gene for angiogenesis-mediated 

osteogenesis [98]. By targeting another osteogenic growth factor BMP2, PCAT1 sponges 

miR-106a and regulates the miR-106a-target gene BMP2, resulting in changes in the 

expression of the major bone growth factor BMP2 and directly impacting osteogenesis. 

Furthermore, miR-106a regulates the expression of E2F5, which binds to the promoter of 

the lncRNA PCAT1 and forms a feed-forward regulatory network targeting BMP2 [99]. 

Thus, multiple lncRNA pathways involving miR-106a or miR-874 affect upregulation of 

osteogenesis, either through VEGF or through BMP2.

Similar to BMPs, GDF5 is another member of the TGF-β growth factor superfamily. 

Osteogenic differentiation of PDLSCs is associated with an upregulation of CDR1as and 

GDF5 lncRNAs expression and a downregulation of miR-7 expression [100]. Mechanistic 

studies have revealed that CDR1as is an upstream sponge whereas GDF5 is a downstream 

target of miR-7. These studies have demonstrated that the CDR1as/miR-7/GDF5 pathway 

Luan et al. Page 11

Semin Cell Dev Biol. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



regulates the phosphorylation of Smad 1/5/8, the major signaling molecules of the TFG-β 
pathway involved in osteogenesis [100]. LncRNA-miR interactions not only regulate Smad 

1/5/8, but also the activity of Smad 2/7. This includes the TUG1/miR-222 and Smad 2/7 

pathways as they enhance the expression of RunX2, ALP and OCN, and facilitate osteogenic 

differentiation of PDLSCs [101]. These studies have demonstrated that lncRNAs positively 

regulate osteogenesis through lncRNA-miR interactions that affect Smad signaling and 

target osteogenic downstream gene expression.

Interestingly, a novel lncRNA named periodontal ligament stem cell osteogenesis 

impairment-related lncRNA (lncRNA-POIR) was downregulated in PDLSCs from 

periodontitis patients while upregulated upon osteogenic induction. LncRNA-POIR acted 

as a competing endogenous RNA for miR-182 and led to derepression of the miR-182 

target gene FoxO1. FoxO1 promotes PDLSC osteogenic differentiation by competing with 

Transcription factor 4 (TCF-4) for β-Catenin and inhibiting the canonical Wnt pathway 

[103]. In contrast to these osteogenesis-enhancing lncRNAs, lncRNA-ANCR suppressed 

osteogenic differentiation of PDLSCs. LncRNA-ANCR targeted miR-758 while miR-758 

regulated Notch2 expression by targeting Notch2 3’-UTR, resulting in a reduced expression 

of ALP, RunX2 and Osterix (Osx) [104]. These studies demonstrate that lncRNA affect 

osteogenic differentiation by regulating miR targets related to osteogenesis. Some of the 

known interactions between miRs and lncRNAs in gingival and periodontal cells and tissues 

are summarized in Table 3.

MiR gene polymorphism associated with chronic inflammatory 

periodontitis susceptibility

The host inflammatory response plays a significant role in the progression of periodontal 

disease. The intensity, tissue-specific pathogenesis, and the duration of the host response are 

determined by the innate and acquired immunity of the host and affected by genetic factors. 

As a complex disease, periodontitis is associated with genetic variations in multiple genes, 

each of which has a defined role and a relative risk during disease progression [105,106]. 

The outcome of periodontal chronic inflammation is also affected by the interactions among 

genetic, behavioral and environmental factors [107]. To identify the genetic risk factors 

involved in periodontitis, several techniques have been used including linkage analysis, 

haplotype analysis, candidate gene association studies and genome-wide association studies. 

Candidate gene association studies are frequently used to identify genes that may present 

specific risk factors for periodontitis [105]. There are three types of candidate genes: 

functional candidate genes, positional candidate genes and expressional candidate genes 

[106,108]. Genetic research in periodontitis has mostly focused on functional candidate 

genes and their polymorphisms related to the immune system, tissue destruction process and 

metabolic mechanisms [105]. In addition to genetic factors, geographical and ethnic factors 

also play a significant role as contributing factors toward periodontal disease susceptibility, 

as the prevalence of specific polymorphisms varies greatly depending on the population 

studied [109]. Racial differences in genes encoding IL-1, IL-6, TNF-a, Vitamin D receptor 

(VDR), CD14, Fcγ receptors Fcγ RIIa, FcγRIIIa, FcγRIIIb, and matrix metalloproteinase-1 

(MMP-1) have been discovered and the single nucleotide polymorphisms (SNPs) of these 
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genes have been associated with periodontitis in African-American, Caucasian and Asian 

populations [106].

Genetic susceptibility affects periodontal pathogenesis not only due to genetic variations 

among extracellular matrix genes or genes of the immune system but also affects regulatory 

genes such as miRs. MiRs regulate gene expression through post-transcriptional modulation 

and play multiple roles in all aspects of periodontal homeostasis and are involved in 

periodontal inflammation and disease [6,105,110]. Genetic variants in miR genes affect 

many aspects of miR biology, including transcription and maturation, binding affinity, the 

specificity of target gene interactions and the degree of disease risk [111–114]. Over the 

recent decade, several studies have confirmed and defined the contribution of individual 

miRs toward the initiation and progression of periodontal disease [111,112,115].

MiR-125 and the risk of periodontitis

The human miR-125 family consists of three homologs, hsa-miR-125a, hsa-miR-125b-1 and 

hsa-miR-125b-2. The miR-125a gene is located on chromosome 19q13, hsa-miR-125b-1 

on chromosomes 11q23 and hsa-miR-125b-2 on chromosome 21q21 [116]. All three 

homologs share the same seed sequence. The miR-125 family contributes to inflammation 

and both miR-125a and miR-125b constitutively activate NF-kB signaling [117], which is 

consistent with the finding that miR-125a expression is upregulated in the gingival tissues of 

periodontitis patients [6,17].

In an effort to elucidate the role of miR-125 polymorphism in periodontitis, five 

miR-125a SMPs, rs12976445 (T>C), rs41275794, rs10404453, rs12975333, rs78758318, 

were genotyped by direct dye-terminator sequencing in a sample population from South 

India [112]. These polymorphisms are located about 200 bp upstream and downstream of the 

pri-miR-125a sequence, suggesting that they may affect the maturation of the pre-miR-125 

sequence [112,118]. The recessive model for miR-125a polymorphism rs12976445 was 

found to be statistically significant in periodontitis subjects when compared to healthy 

control individuals. Haplotype analysis revealed that the haplotype “GCGGCA” was higher 

in the periodontitis group than control group. In addition, pairwise linkage disequilibrium 

analysis demonstrated that the polymorphisms rs41275794 and rs12976445 in miR-125a 

were in a strong linkage equilibrium. However, statistical evaluation did not reveal a 

significant difference between clinical parameters and the genotypes of the miR-125a 

polymorphisms [112]. Together, these data indicate that even though several SNPs were 

detected in the miR-125a gene, their effect on periodontal disease parameters remains to be 

established.

MiR-146a and the risk of periodontitis

The human miR-146 family is composed of two homologs, miR-146a and miR-146b. 

The miR-146a gene is located on chromosome 5 while the miR-146b gene is located on 

chromosome 10. Even though the mature sequences of these two miRs only differ by two 

nucleotides at the 3’ end, their biological functions do not seem to be redundant [119]. 

MiR-146a is primarily involved in the regulation of inflammation and functions in the 

innate immune system [120]. The expression of miR-146a is upregulated in periodontitis 
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and the level of miR-146a expression is positively correlated with the severity of periodontal 

diseases [6,28,121].

The association between miR-146a polymorphism and periodontitis has been studied using 

polymorphism evaluation, haplotype and linkage analyses as well as logistic regression 

analysis in an Iranian population and an Indian population [111,115]. The miR-146a 

polymorphisms are located at the 60th nucleotide position in the seed region of pre-

miR-146a with a genotype C>G (rs2910146, C>G), the −386 nucleotide position in the 

promoter region (rs57095323, A>G), and the −690 nucleotide position in the promoter 

region (rs73318382, A>C) [122]. Polymorphism studies comparing healthy, periodontitis 

and peri-implantitis patients from Iran revealed a significant association between miR-146a 

(rs2910146) and susceptibility to periodontitis and peri-implantitis [115]. However, no 

statistically significant association between miR-146a and periodontitis susceptibility was 

detected in a similar comparison in an Indian population, likely due to environmental factors 

and lifestyle [111]. However, haplotype analysis of the three SNPs in the miR-146a gene 

revealed that specific haplotypes were detected at significantly higher levels in control 

groups compared to periodontitis groups, exhibiting an inverse association with periodontitis 

[111].

miR-196 and the risk of periodontitis

MiR-196 family has three members, miR-196a-1, miR-196a-2 and miR-196b, and their 

genes are located on chromosome 17, chromosome 12, and chromosome 7, respectively. The 

genes encoding miR-196a-1 and miR-196a-2 share the same functional mature sequence, 

while there was only a single nucleotide difference between miR196a and miR-196b. 

MiR-196a-2 contains two types of mature miRs, miR-196a2-5p and miR-196a2-3p, 

processed from the same stem loop. Functional studies demonstrated that miRs from the 

miR-196 family play important roles in development and immunity by targeting specific 

genes rather than affecting a broad spectrum of genes [111,123]. Supportive of its role in 

periodontal disease, miR-196a expression was downregulated in periodontitis patients with 

obesity [22].

Association analysis of miR-196a2 variants with the risk of periodontitis was carried 

out in the same Indian population that was subjected to miR-146 polymorphism studies 

as mentioned above [111]. The miR-196a2 polymorphisms were located in the mature 

sequence of miR-196a2-3p (passenger strand, rs11614913, C>T). The variant genotype 

(TT) in the miR-196a2 polymorphism (rs11614913) was statistically higher in controls 

compared to periodontitis patients, suggesting a significant inverse association with chronic 

periodontal disease. Haplotype analysis revealed 13 different combinations, five of which 

demonstrated an inverse association with periodontitis [111].

miR-499 and the risk of periodontitis

In general, miR-499 acts as an inflammation suppressor as it ameliorates inflammatory 

damage by targeting inflammatory cytokines [124]. Possible targets of miR-499 include 

IL-17Rβ, IL-23α, IL-2R, IL-6, IL-2, and IL-18R implicating the miR-499 gene family 

in inflammation-related signaling pathways. In support of an immunomodulatory role of 
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miR-499 in periodontal disease, miR-499a expression was downregulated in gingival tissues 

of periodontitis patients [6,91].

Human miR-499 rs3746444 (T > C) polymorphism is located in the seed region of 

the mature miR-499 sequence. This T > C polymorphism-resulted mismatch may affect 

target mRNA expression [125] and has been associated with asthma susceptibility and 

airway inflammation [126]. Studies on the association of miR-499 variants in an Indian 

and an Iranian population [115] demonstrated a significant association of the miR-499a 

polymorphism (rs3746444) variant allele with periodontitis. These results suggest that 

miR-499 rs3746444 contributes to the risk of periodontitis.

miR-17 and the risk of persistent apical periodontitis

MiR-17 is a member of the miR-17-92 cluster, which is composed of miR-17, miR-18a, 

miR-10a, miR-19b, miR-20a and miR-92-1. The miR-17-92 host gene was originally 

identified as chromosome 13 open reading frame 25 (C13orf25) [127,128]. Recent studies 

have identified miR-17 as an important player in the development and homeostasis of 

the immune system. MiR-17 regulates T cell activation by targeting Ikaros, Phosphatase 

and tensin homolog (PTEN) as well as Forkhead box protein P3 (FOXP3) co-regulators 

[90,129]. In addition, miR-17 also participates in macrophage activation by targeting signal-

regulatory protein a (SIRPa) [130]. Underscoring the role of miR-17 as a regulator of 

immunity, miR-17 expression was increased in patients with chronic periodontal disease 

[131]. However, a clinical association between miR-17 gene polymorphism and periapical 

lesions has not yet been established. A recent Brazilian study trying to link miR-17 

rs4284505 allelic and genotypic polymorphism with persistent apical periodontitis models 

based on salivary samples failed to detect a statistically significant association in a relatively 

small patient cohort [132].

MiRs at the microorganism/host interface and cross-species gene 

regulation in periodontal inflammation and disease

Periodontal inflammation and periodontal disease are the consequences of an invasion of 

periodontopathic microorganisms into the periodontal region and the reaction of periodontal 

tissues against this invasive threat [8,133,134]. At the onset of periodontal disease, bacterial 

plaque or microbial biofilm accumulate at and below the gingival margin and cause a limited 

and inflammatory infiltrate as a physiological immune surveillance [135]. As the microbial 

biofilms persist, the inflammatory reaction expands continuously and affects surrounding 

gingival and periodontal tissues. The effect of continuous inflammation on the integrity of 

the tooth root support tissues results in the formation of a clinically detectable periodontal 

lesion. In addition to periodontal bacteria, periodontal lesions contain multiple viruses 

(primarily herpesvirus, HHV), which have been associated with the risk of periodontal 

disease [136,137]. It has been proposed that periodontal HHV infections result in the release 

of pro-inflammatory cytokines and subsequently impair antibacterial immune mechanisms, 

causing an overgrowth of periodontopathic bacteria [133,138]. Viral miRs from periodontal 

lesions may not be restricted to the HHV host but may also be transmitted from one species 

to another, opening the door to a novel route-of-entry for viral miRs into periodontal tissues 
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[139,140]. In turn, controlling the exacerbation of periodontal disease by minimizing the 

effect of periodontal HHV in periodontal lesions may provide novel avenues for therapeutic 

intervention.

MiRs play crucial roles in the interplay between pathogens and host as part of the host 

defense against invading pathogens as well as microorganism-derived modulators interfering 

with host cell function during pathogenesis [141]. Based on this relationship, miRs from 

both pathogens and host may function through four different mechanisms: (i) pathogen-

based miRs regulate pathogen gene expression; (ii) pathogen-based miRs regulate host gene 

expression, (iii) host miRs regulate pathogen gene expression and (iv) pathogen infection 

alters host miR and mRNA expression profiles [141]. Several studies have unveiled that 

regulatory sRNA are transferred to host cells via extracellular vesicles (EVs), including 

sRNAs from gram-positive and gram-negative bacteria [142], viral miRs [143,144], sRNAs 

from parasites [145,146], and plant- and food-derived RNAs [147–149]. These bacterial, 

viral, parasitic and plant-derived RNAs have been identified in the human circulatory 

system, often encapsulated in EVs [150].

Bacterial small RNAs (sRNAs) with miR characteristics from periodontopathic bacteria 

have not been reported. However, secretable small RNAs released via outer membrane 

vesicles have been detected in periodontal pathogens [151]. Similar to their cells of origin, 

P. gingivalis vesicles containing RNAs and DNAs are able to invade oral epithelial cells 

and gingival fibroblasts to promote aggregation of specific oral bacteria and to induce 

host immune responses [152], representing a novel gene transfer mechanism between 

P. gingivalis strains and periodontal tissues. In addition, secreted extracellular RNAs 

(exRNAs) encapsulated in outer membrane vesicles (OMVs) from Aggregatibacter actino-
mycetemcomitants (Aa) were infected into cytoplasm of human macrophage-like cells 

(U937) and regulate hostTNF-α gene expression via the TLR-8 and NF-kB signaling 

pathways [142].

Herpesviruses have been associated with severe types of periodontal disease including 

aggressive periodontitis, periodontitis and periodontal abscess [133,138,153–155]. 

Herpesvirus infections upregulate IL-1β and TNF-α gene expression in monocytes and 

macrophages and impair the host antibacterial immune response [156]. Herpesviridae 

comprise a family of enveloped double-stranded DNA viruses, among them three subgroups 

infectious to humans, including α-herpesviruses encompassing herpes simplex virus (HSV) 

type 1 and 2, β-herpesviruses including cytomegalovirus (CMV) and human herpesviruses 

6 and 7, as well as γ-herpesviruses such as the Epstein-Barr virus and human herpesvirus 

8 [157–159]. HSV, CMV and Epstein-Barr virus are the most commonly studied viruses 

infecting periodontal tissues [153,154,160,161]. It has been demonstrated that herpesviruses 

encode miRs, and the miRs of α-, β-, and γ-herpesviruses are implicated in targeting host 

cellular genes and regulating the transition from latent to lytic gene expression throughout 

the herpesvirus life cycle [159,162].

HSV-1 and HSV-2 encode 18 precursor miRs which ultimately produce 27 and 24 mature 

miRs, respectively [162]. These viral miRs regulate the life cycle of the virus itself, 

including the replication, latency and reactivation, and host immune responses [163,164]. 
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HSV-1 miR-H1 is abundantly expressed during lytic infection, while miR-H2, -H3, and 

-H4 are most predominantly expressed during latency [163,165–167]. MiR-H2 is completely 

complementary to the infected cell polypeptide 0 (ICP0) mRNA, and miR-H3 and -H4 

target ICP 34.5, the proteins that promote viral replication and reactivation [168–170]. In 

contrast, miR-H1 does not affect viral replication [163] but targets ubiquitin protein ligase 

E3 component n-recognin 1 (Ubr1), a RING-type E3 ubiquitin ligase of the Arg/N-end rule 

pathway, which causes the degradation of proteins bearing destabilizing N-terminal residues 

[171]. Additionally, miR-H28 induces Interferon-γ expression to limit the viral spread to 

uninfected neighboring cells [164].

Recent data have demonstrated that Cytomegalovirus encodes 26 mature miRs originating 

from 15 precursor transcripts [162]. These miRs function during immune system evasion, 

cell cycle regulation and vascular transport [172]. An in vitro study has demonstrated 

that HCMV miR-US4 regulates Glutaminyl-tRNA Synthetase (QARS), which modulates 

signal transduction pathways for cellular apoptosis [173]. Furthermore, miR-UL70-3p 

and UL148D directly target the proapoptotic genes Modulator of Apoptosis 1 (MOAP1), 

PHA granule-associated protein PHAP, and Endoplasmic Reticulum To Nucleus Signaling 

1 (ERN1), respectively [174]. In regulating host innate immune response, miR-UL112 

decreases the natural killer (NK) cells recognizing virus infected cells by targeting the 

major histocompatibility complex class-I related chain B (MICB) [174,175]. MiR-UL112 

also reduces NF-кB signaling during late infection by targeting IkB kinase (IKK) complex 

members IKKa and IKKb [176]. These studies indicate that HCMV employs its miR 

repertoire to counter cellular apoptosis and autophagy, and to benefit the discharge of 

infectious virus particles [173,177].

The Epstein-Barr virus encodes more than 40 mature miRs originating from 25 precursor 

miRs [178], including BamHI A rightward transcripts (BARTs) and Bam HI fragment 

H rightward open reading frame 1 (BHRF1) regions that encode clusters of EBV miRs 

[179,180]. These viral miRs regulate genes involved in cell apoptosis, antigen presentation 

and recognition, as well as B cell transformation. The majority of these miRs have been 

studied in the context of EBV associated cancers. However, recent studies have correlated 

Epstein–Barr virus (EBV) in periodontal lesions with periodontitis and identified EBV as a 

promising pathogenic candidate for periodontal disease, suggesting that EBV antivirals may 

be necessary for the successful treatment of periodontal disease [181].

Other studies related to the role of herpesvirus miRs in periodontal disease have focused 

on the expression and function of herpesvirus miRs by comparing healthy human subjects 

and periodontal patients as well as using oral and periodontal cell lines [136,137,140]. 

These studies demonstrated that three viral miRs from the human herpesvirus family, HSV 

miR-H1, HCMA miR-US4 and Kaposi Sarcoma-Associated Virus (KSHV) miR-K12-3 

were increased in diseased periodontal tissues when compared with healthy tissues [140]. 

Overexpression of miR-H1 and miR-K12-3 in human oral keratinocytes (HOK), a common 

target of various HHV, altered the expression of more than 1300 genes. Bioinformatic 

analysis revealed hundreds of potential v-miR binding sites on genes downregulated 

by miR-H1 and miR-K12-3. Three of the novel target sites involved in endocytic and 

intracellular trafficking pathways have been validated [137,140]. Moreover, high levels of 
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human cytomegalic virus (HCMV) miR-H1, miR-K12-3 and miR-UL70 were detected in 

exosomes from v-miR-transfected HOK and KSHV-infected cell lines. These studies have 

demonstrated that the HOK-derived exosomes release their contents into macrophages and 

change the expression of endogenous miRs [137,140]. Illustrating the effects of trans-species 

viral transfer, phagocytic uptake of labeled bacteria revealed significant attenuation of 

bacterial phagocytosis in miR-H1 and miR-K12-3 transfected primary human macrophages. 

Phagocytic uptake of viral miRs in this study also caused a remarkable reduction in cytokine 

secretion from bacterial-challenged macrophages [137,140]. These data confirm that v-miRs 

play a significant role in the immune subversion that contributes to the pathogenesis of 

inflammatory periodontal diseases.
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Figure 1. MicroRNAs shape all aspects of periodontal inflammation.
This sketch illustrates the multiple sites of action and diverse functions of miRs in 

the regulation of periodontal inflammation, some of which are reviewed in this article, 

including (i) miRs involved in the gingival response against pathogens, (ii) miRs involved 

in periodontal homeostasis, (iii) viral miRs. In turn miR function is altered by sponge-

like long non-coding RNAs or through miR polymorphism. As part of the inflammatory 

response, miRs control the expression of sets of related genes and have an enormous 

impact on the periodontal host response against periodontal pathogens and even affect gene 

expression within some of the pathogens, such as herpesvirus populations residing within 

the periodontal lesion.
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Figure 2. Inflammation-related microRNA expression in healthy and diseased gingiva and 
periodontal ligament, human gingival fibroblasts and PDL fibroblasts, human monocytes, and 
mouse RAW cells.
There was a significant upregulation or downregulation of select miRs (miR-100, miR-125a, 

miR-146a, and miR-155) in response to inflammatory conditions. * p <0.05, ** p < 0.01, 

*** p < 0.001. HG = healthy gingiva, DG = diseased gingiva, G-Con = human gingival 

fibroblast control, G-LPS = LPS treated gingival fibroblasts, HP = healthy periodontal 

ligament, DP = diseased periodontal ligament, P-Con = human PDL cells, P-LPS = LPS 

treated PDL cells, M-Con = human monocyte control, M-LPS = LPS treated human 

monocytes, R-Con = RAW264.7 murine monocyte/macrophage like cells, R-LPS = LPS 

treated RAW264.7 cells.
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Table 1.

miRNA regulation of Inflammation in gingival tissues

miRNAs Expression Targets Function References

miR-205 Downregulated IL-6st Increase IL-1, IL-6 and TNF-a expression, 
Activate JAK/STAT3 signaling

Li et al. 2020

miR-335 Downregulated TPX2 Increase IL-1, IL-6 and TNF-a expression, 
Activate JAK/STAT3 signaling

Lian et al. 2019
Gu et al. 2020

miR-21 Upregulated PDCD4 Increase IL-1, IL-6 and TNF-a expression Zhou et al. 2018

miR-144 Upregulated COX2, IL-7F Inhibit autophagy Li et al. 2019, Yao et al. 2018

miR-146a Upregulated IRAK1 Increase IL-1, IL-6 and TNF-a expression
Sanada et al. 2020
Jiang et al. 2018

miR-214 Upregulated ATF-4 Cell life-death decision, and apoptosis-
necroptosis switch

Ou et al. 2019

miR-200b Upregulated VEGF, EZB1, 
GATA2

Inhibit angiogenesis Magental et al. 2011, Chan et al. 2012

miR-203 Upregulated SOCS3/6 Increase IL-1, IL-6 and TNF-a expression, 
Activate SOCS/STAT3 signaling

Moffatt and Lamont, 2011
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Table 2

miRNA regulation of PDL cell function

miRNAs Treatments Targets Functions References

miR-132 LPS AKT AKT signaling
PDL Proliferation/apoptosis Han et al. 2019

Dong et al. 2020

miR-143 LPS AKT AKT signaling
PDL Proliferation/apoptosis

Duan et al. 2020

miR-302b LPS AKT AKT signaling
PDL Proliferation/apoptosis Duan et al. 2020

Guo et al. 2017

miR-24 H2O2 XIAP AKT signaling
PDL apoptosis

Liu et al. 2016

miR-222 High glucose Caspase 3 PDL apoptosis Monteiro et al. 2020

miR-223 High glucose Caspase 3 PDL apoptosis Monteiro et al. 2020

miR-646 Low O2 IGF-1 PDL apoptosis Yang et al. 2018

miR-21 TNF-a SPRY-1 PDL differentiation Yang et al. 2017

miR-138 LPS, IL-6 OCN PDL differentiation Zhou et al. 2016

miR-148 LPS NRP1 PDL differentiation Bao et al. 2019

miR-181b TNF-a IL-6 Cementoblast apoptosis Wang et al. 2019

miR-155 TNF-a KCTD1 Cementoblast differentiation Wang et al. 2017

miR-325 Osteogenic induction RUNX2 Cementoblast differentiation Wang et al. 2020
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Table 3.

miRNA-lncRNA interaction

miRNAs Tissues/Cells Sponges Targets Functions References

miR-20a Gingival MALAT1 TLR4 Innate immunity Li et al. 2019

miR-132 Gingival TUG1 PTEN FOXO3a AKT/IKK and NF-kB pathway
Han et al. 2019
Wong et al. 2013

miR-142 Gingival FGD5as COX2 MLE-12 AKT/IKK and NF-kB pathway
Chen et al. 2019
Guo et al. 2017

miR-143 Gingival MEG3 ITGA6 MSI2 AKT/IKK and NF-kB pathway
Dong et al. 2020
Jin et al. 2018
Wang et al. 2019

miR-518a Gingival LINC01126 HIF-1a PDL Proliferation/apoptosis Zhou et al. 2020

miR-7 PDL cells CDR1as GDF5 PDL Differentiation Li et al. 2018

miR-106a PDL cells PCAT1 BMP2 PDL Differentiation Jia et al. 2019

miR-182 PDL cells POIR FOXO1 PDL Differentiation Wang et al. 2016

miR-222 PDL cells TUG1 Smad2/7 PDL Differentiation Wu et al. 2020

miR-758 PDL cells ANCR Notch2 PDL Differentiation Peng et al. 2018

miR-874 PDL cells FERIL4 VEGF PDL Differentiation Huang et al. 2020
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