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ABSTRACT

Oral health represents a cornerstone of general well-being, closely linked to nutrition, communication, social
interaction, and overall quality of life. Despite significant advances in preventive dentistry and therapeutic
approaches, oral diseases such as dental caries and periodontal disease remain among the most prevalent chronic
conditions worldwide. Contemporary strategies emphasize prevention, early diagnosis, and minimally invasive
interventions, while also integrating systemic health considerations and patient-centered care. Recent
innovations—including digital technologies, biomaterials, and microbiome-modulating therapies—are reshaping
traditional concepts of oral healthcare delivery. Furthermore, the incorporation of personalized medicine, artificial
intelligence, and regenerative techniques holds promise for transforming clinical practice into a more predictive,
preventive, and precise discipline. This paper provides an updated overview of current trends, highlights the
challenges faced in optimizing oral health, and outlines future directions that may redefine both individual patient
outcomes and population-level strategies.
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1.INTRODUCTION

Oral health is increasingly recognized as an continues to represent a major public health
essential component of general health and concern, being closely related to dietary habits,
overall quality of life. It contributes not only to socioeconomic factors, and inadequate
fundamental biological functions such as preventive care [6].

mastication, speech, and swallowing, but also Recent decades have witnessed a paradigm
to psychosocial well-being and self-esteem shift in oral healthcare, moving from an
[1]. Despite the progress in prevention and exclusively restorative approach to a
therapy, oral diseases remain among the most preventive, patient-centered, and
prevalent non-communicable  conditions interdisciplinary model [7].

worldwide, with dental caries and periodontal This transition has been facilitated by
disease affecting billions of people across advances in  diagnostic  technologies,
different age groups [2,3]. biomaterials, minimally invasive procedures,
Periodontal disease, in particular, is now and a growing understanding of the oral
regarded as a multifactorial inflammatory microbiome [8,9]. At the same time, public
condition initiated by dysbiotic biofilm and health  strategies emphasize education,
modulated by host immune responses, with behavioral interventions, and the reduction of
systemic associations including diabetes, health inequalities to improve population-level
cardiovascular disease, and adverse pregnancy outcomes [10].

outcomes [4,5]. Similarly, dental caries Given the complexity of oral diseases and their
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far-reaching impact, continuous research and
innovation are essential. The integration of
personalized medicine, digital dentistry, and
regenerative  approaches  opens  new
perspectives for optimizing both prevention
and treatment. This paper aims to provide an
overview of contemporary challenges and
innovations in oral health, with particular
focus on their clinical and public health
implications.

2.LITERATURE REVIEW

v Global burden and impact
Oral diseases remain among the most
prevalent non-communicable  conditions

worldwide, affecting people across the course
of life and disproportionately impacting
vulnerable groups [1-3]. Dental caries and
periodontal diseases account for the vast
majority of cases and are leading contributors
to years lived with disability, with edentulism
representing the end stage of cumulative oral
disease burden [4,5]. The distribution is
markedly unequal: prevalence and severity
concentrate in populations with lower income
and education, in rural and underserved areas,
and among older adults and people with
multimorbidity [6,7].

Schematic Overview of the Global Burden and Impact of Oral Diseases

Oral Diseases
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Figure I-overview of oral diseases impact

Beyond clinical signs, the consequences are
substantial for daily functioning and quality of
life. Pain, infection, and tooth loss impair
eating, speaking, sleep, social participation,
and self-esteem, while periodontitis is
associated with systemic conditions such as
diabetes and  cardiovascular  disease,
compounding overall health risks [8-10].

The economic toll is considerable: direct
treatment costs strain households and health
systems, and indirect costs from absenteeism,
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presenteeism, and reduced employability drive
productivity losses at population level [11].
Demographic ageing, urbanization, and
dietary transitions (high free-sugar intake),
together with tobacco use and social
inequities, are expected to sustain or increase
the burden without intensified prevention and
integrated care [12-14].

From a policy perspective, narrowing the oral

health  gap  requires  person-centered
prevention embedded in primary care,
population-level measures (e.g., sugar

reduction and fluoridation where appropriate),
equitable financing and coverage, and data-
driven monitoring to target high-risk groups
[15-17]. Integration with non-communicable
disease programs and attention to social
determinants are essential to reduce avoidable
disability and improve quality of life across
communities [18,19].

Table 1- Global Burden Of Oral Diseases:

Impact Dimensions

Dimension

Key Aspects

Advantages of
Action

Consequences of
Inaction

Clinical Impact

Dental caries,
periodontitis, tooth
loss, infection

Prevention reduces
disability and tooth
loss

Progression to
edentulism, chronic
pain, infections

Quality of Life

Pain, impaired
eating, speaking,
sleep, social
participation, self-
esteem

Improved daily
functioning and
well-being

Reduced quality of
life, stigma, isolation

Economic Burden

High direct costs
(households,
systems) and
indirect costs
(absenteeism,
productivity loss)

Lower healthcare
costs and increased
productivity

Escalating costs, lost
economic potential

Social Inequities

Higher prevalence
in low-income,
rural, elderly,
multimorbid
populations

Reduced disparities,

improved equity

Widening inequities
and vulnerable
groups affected

Systemic Health
Connections

Links with diabetes,
cardiovascular
disease, adverse
pregnancy
outcomes

Better management
of chronic diseases

Higher burden of
NCDs and
complications

Policy & Public
Health Needs

Need for prevention,

integration with
NCD programs,
sugar reduction,
equitable coverage

Sustainable, person-

centered oral health
systems

Persistent gaps in
prevention and
access

v' Etiology and risk determinants

Oral diseases arise from the interplay between
biofilm-mediated microbial dysbiosis and host
susceptibility. In periodontal disease, a
structurally organized biofilm shifts from
eubiosis to dysbiosis, with keystone pathogens
and accessory organisms acting in
polymicrobial synergy to amplify
inflammation and tissue destruction; host
pathways (e.g., neutrophil dysregulation,
complement, cytokine networks) modulate
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severity and progression [20-24,26]. In
contrast, dental caries reflects a diet-driven
ecological imbalance in the plaque biofilm:
frequent exposure to free sugars selects for
acidogenic/aciduric  species, tipping the
demineralization—remineralization balance at
the tooth surface; saliva quantity/quality and
fluoride exposure are critical protective factors
[29-32].

From a behavioral perspective, tobacco
smoking remains one of the strongest
modifiable risks for periodontitis, impairing
vascular and immune responses and worsening
treatment outcomes [27]. Dietary sugars are
the dominant driver for caries across the life
course, with risk increasing as free-sugar
intake rises above 10% of energy and likely
decreasing further below 5% [29,30]. Oral
hygiene and tailored professional care mitigate
both caries and periodontitis by disrupting
biofilm accumulation and maturation [24,31].

v Oral-systemic connections

A growing body of evidence indicates that oral
diseases, particularly periodontitis, extend
beyond oral cavity and contribute to the
pathogenesis and progression of systemic
conditions. The biological mechanisms
underlying these associations include the
dissemination of oral pathogens and their
virulence factors into the bloodstream, leading
to transient Dbacteremia and systemic
inflammation, as well as the spill-over of
locally produced pro-inflammatory mediators
such as TNF-a, IL-1B, and C-reactive protein
[39-41].

Cardiovascular disease

Periodontitis has been consistently associated
with an increased risk of atherosclerotic
cardiovascular disease (ASCVD), including
myocardial infarction and stroke. Proposed
mechanisms involve direct invasion of
vascular tissues by periodontal pathogens
(e.g., Porphyromonas gingivalis DNA found
in atheromatous plaques) and systemic
inflammatory  pathways that accelerate
endothelial dysfunction and atherogenesis
[42-44]. Interventional studies suggest that
periodontal therapy can modestly improve
surrogate markers such as endothelial function
and systemic inflammatory profiles, though
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Systemic and biological determinants include
diabetes (bidirectional links with periodontitis
and impact on glycaemic control),
obesity/adiposity (low-grade systemic
inflammation), and genetic susceptibility (twin
heritability estimates; IL-1 cluster
polymorphisms) [25,28,35,36].
latrogenic/medical factors also contribute
xerostomia (often  polypharmacy-related)
elevates caries risk, while several drugs
(phenytoin, cyclosporine, calcium-channel
blockers) can induce gingival overgrowth and
complicate plaque control [33,34].

Finally, social and commercial determinants—
socioeconomic status, education,
access/coverage, and the availability and
marketing of sugar-rich products—shape
exposure and vulnerability, helping explain
the unequal distribution of disease and the
need for wupstream policies alongside
individualized clinical prevention [31,37,38].
evidence for hard outcomes remains under
investigation [45].

Diabetes mellitus

The relationship between diabetes and
periodontitis is  bidirectional:  diabetes
increases susceptibility and severity of

periodontal disease through hyperglycemia-
induced immune dysregulation, while
periodontitis exacerbates glycemic control via
chronic systemic inflammation [46—47]. Meta-
analyses indicate that periodontal therapy can
improve HbAlc levels by ~0.3-0.4%, an
effect comparable to adding a second-line
antidiabetic medication [48].

Adverse pregnancy outcomes

Maternal periodontitis has been linked to
preterm birth, low birth weight, and
preeclampsia. Mechanisms proposed include
systemic dissemination of pathogens and
inflammatory mediators that affect the
placenta and fetal environment [49]. While
observational evidence is strong, randomized
controlled trials testing periodontal treatment
during pregnancy have produced mixed
results, highlighting the need for stratified and
early interventions [50].

Respiratory diseases

Aspiration of pathogenic oral bacteria
contributes to the pathogenesis of hospital-
acquired pneumonia, especially in elderly or
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ventilated patients [51]. Maintaining good oral
hygiene and periodontal health is associated
with a reduced risk of respiratory infections in
vulnerable populations [52].

Other associations

Emerging evidence connects oral infections
with rheumatoid arthritis, chronic kidney

disease, certain cancers, and
neurodegenerative  conditions  such as
Alzheimer’s disease [53-55]. Although

causality is not fully established, common
pathways involving systemic inflammation,
oxidative stress, and microbial translocation
support biologically plausible links.
Collectively, these findings underscore the
role of oral health as an integral component of
systemic health. Incorporating oral care into
broader non-communicable disease (NCD)
prevention strategies could therefore yield
substantial public health benefits [56].

v Effective prevention and
management of oral diseases
Requires a  comprehensive, integrated

approach that combines population-based
strategies with individualized patient care.
Since oral conditions such as dental caries,
periodontal disease, and oral mucosal
infections are multifactorial, their control
relies on mechanical plaque control,
pharmacological interventions, behavioral
change, and emerging adjunctive therapies.
Primary prevention and health promotion
The cornerstone of oral health prevention
remains effective daily hygiene and routine
professional ~care. Toothbrushing  with
fluoridated toothpaste, interdental cleaning,
and the use of fluoride varnishes or sealants
have proven efficacy in reducing caries and
gingival inflammation [57,58]. At the
population level, school-based interventions,
sugar reduction policies, and community
fluoridation programs have been associated
with measurable improvements in oral health
outcomes [59].

Professional mechanical therapy

Regular professional dental cleaning, scaling,
and preventive check-ups are essential to

maintain oral health, prevent caries
progression, and  control  periodontal
inflammation. These procedures reduce
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biofilm, calculus, and pathogenic bacterial
load, thereby contributing to long-term
stability of teeth and supporting structures
[60,61].

Adjunctive antimicrobial strategies
Adjunctive antimicrobial agents can enhance
outcomes in selected situations:

v' Local delivery systems (e.g.,

chlorhexidine chips, fluoride gels,
silver diamine fluoride) provide
targeted action at the site of disease
with minimal systemic exposure [62].
Systemic  antibiotics may  be
considered in severe odontogenic
infections, though concerns about
antimicrobial resistance limit their
routine use [63].
Antiseptic rinses (e.g., chlorhexidine,
essential oils, cetylpyridinium
chloride) remain widely prescribed in
short-term protocols, especially in
patients with limited oral hygiene
ability [64].

Adjunctive physical therapies

Emerging modalities such as antimicrobial
photodynamic therapy (aPDT) and low-level
laser therapy (LLLT) have demonstrated
promise in reducing microbial load,
modulating host response, and supporting
wound healing across various oral conditions
including periodontitis, peri-implantitis, and
mucosal lesions [65,66].

Host modulation therapies

Because oral disease progression often
involves host inflammatory responses,
pharmacological host modulation has been
investigated. Sub-antimicrobial dose
doxycycline (SDD), nonsteroidal anti-
inflammatory drugs (NSAIDs), and biologics
targeting cytokines (e.g., TNF-a, IL-1p) have
shown potential to reduce tissue destruction
and improve healing [67,68].

Lifestyle and risk factor management

Oral health is closely linked to modifiable risk
factors. Smoking cessation, reduction of free-
sugar intake, optimal glycemic control in
diabetic patients, and promotion of healthy
dietary patterns (e.g., rich in omega-3 fatty
acids and antioxidants) significantly improve
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oral health outcomes and reduce disease
recurrence [69-71].

Regenerative and surgical approaches

In advanced disease cases, regenerative and
surgical approaches are required. Guided
tissue regeneration (GTR), enamel matrix
derivatives (EMD), bone grafting, and
atraumatic restorative techniques (ART)
contribute to the reconstruction of lost tissues
and preservation of function [72,73].
Integration into systemic health care

Given the well-established bidirectional links
between oral and systemic health, oral disease
prevention and treatment should be
incorporated into broader non-communicable
disease (NCD) programs. Interdisciplinary
collaboration is key for holistic patient care,
where dentists, physicians, and allied health
professionals address common risk factors
jointly [74].

Emerging therapies and innovations in oral
health

While conventional therapies rooted in
mechanical cleaning, fluoride application, and
antimicrobial use remain the cornerstone of
care, new technologies and approaches are
reshaping the future of oral health care. These
innovations aim not only to control infection
but also to restore microbial balance, enhance
host immunity, and promote tissue
regeneration.

Nanotechnology-based delivery systems
Nanoparticles are being developed for targeted
release of antimicrobials, fluorides, and
remineralizing  agents. Their enhanced
penetration and sustained release improve
efficacy in managing both caries and
periodontal infections, while reducing
systemic side effects [75,76].

Probiotics and microbiome modulation
Probiotics  (e.g., Lactobacillus reuteri,
Bifidobacterium animalis) and postbiotics are
being investigated for their role in rebalancing
the oral microbiome, reducing cariogenic and
periodontopathogenic bacteria, and
modulating  host  immunity [77,78].
Personalized microbiome-based therapies are
expected to become a key part of precision
dentistry.
Photodynamic
therapies

and  photobiomodulation
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Advanced  antimicrobial ~ photodynamic
therapy (aPDT) and photobiomodulation
(PBM) are increasingly applied to caries
prevention, periodontal healing, peri-implant
disease, and mucosal lesions. These light-
based therapies support regeneration, reduce
inflammation, and improve patient comfort
[79,80].

Host modulation and biologics

Targeted therapies using biologics (e.g.,
monoclonal  antibodies  against  pro-
inflammatory cytokines) are under exploration
for severe oral inflammatory conditions.
Enzyme inhibitors and novel host-modulating

drugs may complement conventional
treatments [81].

Regenerative  and  tissue  engineering
approaches

Stem-cell based therapies, biomimetic

scaffolds, and bioactive growth factors hold
promise in regenerating not only periodontal
tissues but also dental pulp and alveolar bone.
Three-dimensional bioprinting is emerging as
a frontier for patient-specific restorative and
reconstructive dentistry [82,83].

Artificial intelligence and digital health
Al-driven diagnostics, risk prediction, and
treatment planning are transforming dentistry.
Machine learning applied to radiographs and
microbiological data allows earlier detection
and improved precision in care delivery.
Mobile health apps and tele-dentistry
platforms support patient adherence, remote
monitoring, and population-level interventions
[84,85].

Vaccines and immunotherapies

Experimental vaccines targeting cariogenic
and periodontopathogenic bacteria (e.g.,
Streptococcus mutans, Porphyromonas
gingivalis) could shift the paradigm of oral
disease prevention, reducing the reliance on
mechanical and chemical interventions [86].
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Figure 2-Management of oral health

v Public health and equity

Periodontal disease is not only a clinical
condition but also a major public health
challenge, with profound implications for
equity and social justice. Its high prevalence
worldwide, combined with substantial
variations in access to oral healthcare,
underscores the need for population-level
strategies to address disparities in prevention,
treatment, and long-term disease control [87].
Socioeconomic and cultural disparities
Epidemiological studies consistently show
that lower socioeconomic status (SES) is
strongly associated with higher prevalence and
severity of periodontitis [88]. Contributing
factors include limited access to preventive
care, financial barriers, lower health literacy,
and higher exposure to behavioral risk factors
such as smoking and poor diet [89]. Cultural
perceptions of oral health and healthcare-
seeking behavior also play an important role,
particularly in underserved communities.
Access to care and workforce distribution

In many regions, particularly in low- and
middle-income countries (LMICs),
periodontal care is limited by the shortage of
trained professionals, lack of insurance
coverage, and unequal distribution of dental
services [90]. Even within high-income
countries, geographic disparities exist, with
rural and marginalized populations having
significantly reduced access to preventive and
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therapeutic  services [91].  Integrating
periodontal care into primary healthcare
systems and expanding community-based
interventions could improve equity in access.
Health literacy and patient empowerment
Improving oral health literacy is critical for
reducing disparities. Patients with limited
knowledge of periodontal disease often
present at later stages of disease progression,
requiring more complex and costly
interventions [92]. Public health campaigns,
school-based programs, and digital health
platforms can help improve awareness,
encourage preventive behaviors, and empower
individuals to adopt healthier lifestyles.
Policy and systemic approaches

Effective public health strategies must go
beyond individual-level interventions to
address structural determinants of health,
including poverty, education, and access to
healthcare [93]. Policies promoting sugar
taxation, smoking cessation programs, and
universal health coverage (UHC) that includes
oral care are essential to reducing the burden
of periodontal disease [94]. Additionally,
integration of oral health into national
noncommunicable disease (NCD) agendas
ensures that periodontitis is recognized not
only as a dental problem but also as a systemic
health issue.

Equity in innovation and technology

While emerging therapies such as
nanotechnology, biologics, and digital health
solutions hold promise, there is a risk that
these advances may widen existing inequities
if they remain accessible only to high-resource
settings [95]. Ensuring equitable
dissemination of innovations, affordability,
and adaptation to local contexts is crucial to
prevent a digital and technological divide in
oral healthcare.

Global strategies

The World Health Organization (WHO) has
emphasized the importance of a life-course
approach and integration of oral health within
universal health coverage frameworks [96].
Community-based programs that train mid-
level providers, leverage tele-dentistry, and
promote  task-shifting  strategies  are
increasingly recognized as viable solutions to
improve global oral health equity.
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v Evidence gaps and research needs
Despite  significant  progress in  the
understanding and management of periodontal
infections, several critical evidence gaps
remain, limiting the development of
universally effective and equitable strategies.
Addressing these gaps is essential for
advancing clinical practice, public health
policies, and translational research.
Heterogeneity of clinical trials
Most randomized controlled trials (RCTs) on
periodontal therapies suffer from small sample
sizes, short follow-up periods, and
methodological inconsistencies.Standardized
outcome measures and consensus-based
reporting frameworks are urgently needed to
allow  meaningful meta-analyses and
international comparisons.
Long-term  effectiveness  of
therapies
Although adjunctive approaches such as
antimicrobial photodynamic therapy, laser
applications, and local drug delivery systems
have shown short-term benefits, robust data on
their long-term clinical outcomes and cost-
effectiveness are lacking [97]. Additionally,
questions remain regarding optimal treatment
protocols, dosage regimens, and frequency of
application.

Microbiome and host response modulation
There is growing recognition that periodontal
health depends on a delicate host-microbiome
balance, yet much remains unknown about the
dynamics of dysbiosis and immune regulation.
Evidence supporting the clinical utility of
probiotics, prebiotics, and postbiotics in
periodontal therapy is still limited, with
inconsistent findings across trials. Further
high-quality studies are needed to clarify their
role in adjunctive treatment and maintenance.
Oral—systemic links

3. FUTURE PERSPECTIVES

adjunctive

While numerous studies demonstrate
associations between periodontitis and
systemic  diseases such as diabetes,

cardiovascular disease, and adverse pregnancy
outcomes, causality remains insufficiently
established. More prospective cohort studies
and mechanistic trials are necessary to
disentangle confounding factors and evaluate
whether periodontal therapy can improve
systemic health outcomes in a clinically
meaningful way.

Health equity and implementation research
Research into addressing social determinants
of periodontal disease is still underdeveloped.
Implementation of science approaches are
required to evaluate how innovations—such as
nanotechnology-based drug delivery, Al-
driven diagnostics, or regenerative therapies—
can be adapted for low-resource settings [98].
Without such evidence, there is a risk of
widening global health inequities.
Personalized and precision approaches

The application of genomic, proteomic, and
metabolomic biomarkers in periodontal care is
still in its infancy [99]. Research is needed to
identify reliable biomarkers that can stratify
patients by risk, predict treatment response,
and guide personalized interventions.
Similarly, Al-driven risk prediction models
require external validation across diverse
populations before integration into routine
practice.

Regenerative medicine and translational gaps
Stem cell therapies and biomaterial scaffolds
show promise in periodontal tissue
regeneration, but most evidence derives from
preclinical or early-phase studies.
Translational research is needed to evaluate
long-term safety, functional integration, and
patient-centered outcomes before these
approaches can be considered standard of care.

The future of periodontal infection management is expected to move increasingly toward
personalized, minimally invasive, and biologically oriented strategies. Nanotechnology-based drug
delivery systems are being developed to provide controlled and sustained release of antimicrobial
and host-modulating agents directly at periodontal sites, improving bioavailability while reducing

systemic side effects.

At the same time, therapeutic approaches are gradually shifting from simple elimination of
pathogens to ecological modulation of the oral microbiome. Probiotics, prebiotics, and novel
microbiome editing tools, including CRISPR-Cas—based antimicrobials, are likely to play a key
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role in selectively suppressing keystone pathogens while maintaining or restoring a balanced
microbial community.

In parallel, artificial intelligence and digital health technologies are expected to transform
diagnostics, risk stratification, and treatment planning. Predictive models based on microbial,
genetic, and immunological profiles could enable truly individualized treatment pathways, while
digital platforms may enhance patient monitoring and adherence to supportive care.

Another promising area is regenerative medicine, with tissue engineering, stem cell-based
therapies, and bioactive scaffolds aiming not only to halt periodontal disease progression but also
to achieve predictable regeneration of lost structures such as alveolar bone, periodontal ligament,
and cementum.

Looking ahead, periodontal therapy will also need to be increasingly integrated into systemic
disease prevention programs. Considering the established associations with conditions such as
diabetes, cardiovascular disease, and adverse pregnancy outcomes, closer collaboration between
dental and medical professionals will be essential.

Finally, public health innovation will be critical in ensuring that technological advances benefit
populations globally. Low-cost, scalable approaches, such as LED-based photodynamic devices
and Al-driven mobile health applications, could reduce inequities and expand access to periodontal
care in underserved regions.

4.CONCLUSIONS

v’ Periodontal disease remains one of the most prevalent chronic conditions worldwide, exerting
a profound impact not only on oral health but also on systemic well-being and quality of life.
Advances in our understanding of its microbial ecology, host response, and the complex
interplay with systemic diseases have shifted the therapeutic paradigm from conventional
mechanical and pharmacological approaches toward more innovative, personalized, and
minimally invasive solutions. Novel interventions such as photodynamic therapy, laser
applications, nanotechnology-based drug delivery, and microbiome modulation represent
promising adjuncts that complement the cornerstone of periodontal care—scaling and root
planing.

v’ At the same time, digital health innovations and artificial intelligence hold the potential to
transform risk assessment, diagnosis, and long-term patient monitoring, while regenerative
strategies may ultimately enable predictable reconstruction of lost periodontal structures rather
than mere disease control. Importantly, these scientific and technological advances must be
integrated with preventive strategies, equitable access to care, and interprofessional
collaboration, ensuring that patients benefit not only from effective treatment but also from
sustained oral health within the broader framework of general health promotion.

v' The ongoing evolution of periodontal infection management illustrates the dynamic
convergence of microbiology, immunology, bioengineering, and digital technologies. As the
field continues to advance, the challenge will be to translate emerging evidence into clinical
practice while maintaining accessibility, safety, and long-term effectiveness. In this way,
periodontal therapy can evolve from a disease-centered model toward a patient-centered and
health-oriented paradigm, capable of addressing both local and systemic implications of
periodontal disease.
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