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Abstract: Periodontal disease is a chronic inflammatory condition that destroys the tooth-
supporting structures due to the host’s immune response to microbial biofilms. Traditional
periodontal treatments, such as scaling and root planing, pharmacological interventions,
and surgical procedures, have significant limitations, including difficulty accessing deep
periodontal pockets, biofilm recolonization, and the development of antibiotic resistance.
In light of these challenges, natural bioactive compounds derived from plants, herbs, and
other natural sources offer a promising alternative due to their anti-inflammatory, an-
tioxidant, antimicrobial, and tissue-regenerative properties. This review focuses on the
molecular mechanisms through which bioactive compounds, such as curcumin, resveratrol,
epigallocatechin gallate (EGCG), baicalin, carvacrol, berberine, essential oils, and Gum
Arabic, exert therapeutic effects in periodontal disease. Bioactive compounds inhibit critical
inflammatory pathways like NF-«B, JAK/STAT, and MAPK while activating protective
pathways such as Nrf2/ARE, reducing cytokine production and oxidative stress. They also
inhibit the activity of matrix metalloproteinases (MMPs), preventing tissue degradation
and promoting healing. In addition, these compounds have demonstrated the potential
to disrupt bacterial biofilms by interfering with quorum sensing, targeting bacterial cell
membranes, and enhancing antibiotic efficacy.Bioactive compounds also modulate the
immune system by shifting the balance from pro-inflammatory to anti-inflammatory re-
sponses and promoting efferocytosis, which helps resolve inflammation and supports tissue
regeneration. However, despite the promising potential of these compounds, challenges
related to their poor bioavailability, stability in the oral cavity, and the absence of large-scale
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clinical trials need to be addressed. Future strategies should prioritize the development
of advanced delivery systems like nanoparticles and hydrogels to enhance bioavailability
and sustain release, alongside long-term studies to assess the effects of these compounds
in human populations. Furthermore, combining bioactive compounds with traditional
treatments could provide synergistic benefits in managing periodontal disease. This review
aims to explore the therapeutic potential of natural bioactive compounds in managing peri-
odontal disease, emphasizing their molecular mechanisms of action and offering insights
into their integration with conventional therapies for a more comprehensive approach to
periodontal health.

Keywords: periodontal disease; bioactive compounds; curcumin; resveratrol; EGCG
(epigallocatechin gallate); baicalin; antimicrobial peptides; quorum sensing; immune
modulation; efferocytosis; matrix metalloproteinases (MMPs)

1. Background

Periodontal disease (PD) encompasses a range of inflammatory conditions that affect
the supporting structures of the teeth, including the gingiva, periodontal ligament, cemen-
tum, and alveolar bone. PD is primarily driven by a dysbiotic microbial community within
the subgingival biofilm [1]. While more than 500 bacterial species can be found in the oral
cavity, a select group of pathogens known as the “red complex”, including Porphyromonas
gingivalis, Tannerella forsythia, and Treponema denticola, are strongly associated with the initia-
tion and progression of periodontitis [2]. These pathogens possess various virulence factors
that contribute to their pathogenicity in periodontal disease [3]. Lipopolysaccharides (LPS)
are key molecules that trigger strong inflammatory responses in the host, leading to tissue
destruction [4]. Gingipains, which are proteolytic enzymes produced by P. gingivalis, play
a crucial role in degrading host tissues and evading immune responses [5] (Figure 1).
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Figure 1. Illustrates the pathophysiological cycle of periodontitis, beginning with dysbiosis, where
microbial imbalance initiates disease progression. The formation of biofilm and colonization by
red-complex bacteria exacerbate inflammation through the release of lipopolysaccharides (LPS). This
stimulates pro-inflammatory cytokines such as IL-1f3, IL-6, and TNF-«, leading to gingival pain
and progressive alveolar bone destruction. The inflammatory response further sustains dysbiosis,
creating a vicious cycle that perpetuates tissue degradation and disease advancement. Created
with BioRender.com.
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Additionally, fimbriae and adhesins facilitate the adhesion of these pathogens to host
cells and other bacteria, promoting biofilm formation and enhancing their persistence
within the periodontal environment [3]. Together, these factors contribute significantly to
the progression of periodontal disease. The pathogenesis of periodontal disease (PD) is
not solely due to bacterial infection but is predominantly influenced by the host’s immune-
inflammatory response to these pathogens [2]. Periodontal disease begins with microbial
colonization on the tooth surface, forming biofilms that mature and invade subgingi-
val spaces [6]. This results in accumulating bacterial products, toxins, and metabolic
byproducts, activating the host immune system [7]. Initially, gingivitis develops which
is characterized by redness, swelling, and bleeding of the gingiva. If left untreated, this
progresses to periodontitis, where chronic inflammation leads to irreversible destruction
of the periodontal ligament and alveolar bone [8]. The pathophysiology of periodontal
disease (PD) is driven by an overactive immune response to pathogenic bacteria, leading to
the destruction of the tooth-supporting structures [2] (Figure 2).
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Figure 2. [llustration of bacterial dysbiosis leading to periodontal inflammation. Pathogenic bacteria
invade via fimbriae-mediated adhesion, colonizing periodontal tissues and disrupting barrier func-
tion. This triggers an immune response, leading to the release of pro-inflammatory cytokines (IL-13,
IL-6, IL-1&, TNF-«) and ROS by pro-inflammatory cells, which include macrophages, neutrophils,
and activated fibroblasts. Created with BioRender.com.

Inflammatory cells form the first line of defense, initially involving neutrophils, fol-
lowed by the recruitment of macrophages and lymphocytes. However, chronic exposure
to bacterial antigens results in persistent activation of these immune cells, leading to
the release of pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-«),
interleukin-1f (IL-1p), and IL-6 [9]. These cytokines not only sustain the inflammatory
process but also activate osteoclasts through the receptor activator of the nuclear factor-
kappa B ligand (RANKL) pathway, ultimately driving bone resorption [10,11]. In addition,
matrix metalloproteinases (MMPs), including MMP-1, MMP-8, and MMP-9, are produced
by neutrophils and fibroblasts in response to pro-inflammatory signals, degrading the extra-
cellular matrix and contributing to tissue breakdown [12]. The inflammatory response also
generates reactive oxygen species (ROS), which exacerbate tissue damage by promoting
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lipid peroxidation, DNA damage, and apoptosis in host cells. These combined processes
lead to the progressive destruction of periodontal tissues [13].

Current treatments for periodontal disease primarily focus on reducing microbial
load and controlling inflammation to halt tissue destruction. These therapies include
mechanical debridement, pharmacological interventions, and surgical procedures, each
with specific limitations [14].

Scaling and Root Planing (SRP), a non-surgical mechanical debridement, aims to
remove plaque and calculus from the tooth surface [15]. While effective in reducing bacterial
load and improving clinical parameters such as probing depth and clinical attachment
levels, SRP has several challenges. Deep periodontal pockets and furcation areas can be
difficult to access, leading to incomplete biofilm removal [16]. Furthermore, SRP alone
cannot fully eliminate bacterial pathogens, resulting in biofilm recolonization over time.
The success of SRP also heavily depends on the clinician’s skill, which can lead to variability
in outcomes [17].

Pharmacological interventions, such as systemic or locally delivered antibiotics
(e.g., metronidazole or tetracyclines), are often used as adjuncts to mechanical therapy [18].
However, their use is limited by the development of antibiotic resistance, which occurs
when antibiotics are overused or inappropriately prescribed, reducing their long-term
effectiveness [19]. Additionally, antibiotics can disrupt the natural oral microbiome, lead-
ing to dysbiosis or the overgrowth of opportunistic pathogens. The effects of antibiotics
are typically short-lived, as biofilms are resilient and can recolonize post-treatment [20].
For advanced periodontitis, surgical interventions, such as periodontal flap surgery, are
employed to access and clean deep periodontal pockets and, in some cases, regenerate lost
bone and tissue [21]. However, surgical procedures are invasive and often associated with
postoperative discomfort and extended healing times, deterring patients from opting for
them. Moreover, outcomes from surgery can vary, with bone or tissue regeneration being
incomplete, particularly in cases with severe damage [22]. Surgical treatments also come
with a high financial burden, making them inaccessible to some patients [23]. Despite these
limitations, ongoing advancements in periodontal therapy aim to address these challenges
by improving treatment precision, minimizing invasiveness, and enhancing long-term
outcomes [24]. Most conventional therapies target the symptoms of PD (i.e., bacterial
biofilms and inflammation) rather than addressing the underlying molecular mechanisms
driving the disease. They do not fully restore immune homeostasis or resolve chronic
inflammation, leaving patients susceptible to recurrent disease [25]. Furthermore, current
treatments do not prevent the systemic effects of periodontal disease, such as its association
with cardiovascular disease, diabetes, and adverse pregnancy outcomes, which suggests
the need for therapeutic strategies with broader biological impacts [26,27]. These challenges
necessitate the exploration of innovative therapeutic avenues that target the underlying
molecular mechanisms of periodontal disease. Natural bioactive compounds derived
from plants, herbs, and other natural sources offer a compelling alternative, demonstrat-
ing anti-inflammatory, antioxidant, antimicrobial, and tissue-regenerative properties. By
modulating key signaling pathways such as NF-«B and Nrf2/ARE, bioactive compounds
provide a holistic approach to managing periodontal inflammation and promoting tissue
repair [28]. This review discusses the therapeutic potential of natural bioactive compounds,
highlighting their molecular mechanisms of action and proposing their integration with
traditional periodontal therapies for enhanced clinical outcomes.

2. Natural Bioactive Compounds as Emerging Alternatives

Bioactive compounds derived from plants, herbs, and other natural sources display
a variety of beneficial biological activities, including anti-inflammatory, antioxidant, an-
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timicrobial, and tissue-regenerative properties [29]. These compounds—such as curcumin,
resveratrol, quercetin, catechins, baicalin, carvacrol, 3-caryophyllene, berberine, essential
oils, antimicrobial peptides (AMPs), and Gum Arabic—offer significant advantages over
conventional treatments [30,31]. Targeting microbial pathogens and modulating the host
immune response effectively intervene in key signaling pathways, enzymes, and cellular
processes associated with periodontal disease progression, making them promising agents
in enhancing periodontal health [32].

The therapeutic properties of bioactive compounds in managing periodontal disease
stem from a wide range of natural sources, with each source contributing uniquely to their
beneficial effects [28]. These diverse origins allow the compounds to offer specific and
targeted actions in periodontal therapy [28]. Curcumin is derived from the turmeric plant
(Curcuma longa), while resveratrol is found in grapes, berries, and red wine [33]. Quercetin,
a potent flavonoid, is widely present in fruits and vegetables like apples, onions, and citrus
fruits [34]. Catechins, particularly EGCG, are primarily sourced from green tea (Camellia
sinensis) [35]. Baicalin is extracted from the roots of Scutellaria baicalensis (Chinese skullcap),
and carvacrol, a monoterpenoid phenol, is found in oregano (Origanum vulgare) and thyme
(Thymus vulgaris) [36,37]. p-Caryophyllene is a sesquiterpene derived from essential oils
of black pepper (Piper nigrum) and clove (Syzygium aromaticum), while berberine, a potent
alkaloid, is sourced from plants such as barberry (Berberis vulgaris) and goldthread (Coptis
chinensis) [38]. Thymol and eucalyptol, commonly found in essential oils, are extracted
from thyme and eucalyptus (Eucalyptus globulus), respectively [39]. Antimicrobial peptides
(AMPs) occur naturally in the human body or are synthesized in laboratories, and Gum
Arabic, a natural gum, is derived from the sap of the Acacia tree (Acacia senegal or Acacia
seyal) [31,40]. These natural compounds provide a wide array of therapeutic benefits for
the treatment and management of periodontal disease [28,31] (Table 1).

Table 1. Summarizes the key actions, used forms, expected side effects, and specific molecular targets
of various bioactive compounds that can be applied as adjuncts in the treatment of periodontal
disease. Each compound offers unique benefits in modulating inflammation, controlling microbial
activity, and promoting tissue regeneration.

. Expected . g
Compound Action Used Form Side Effects Specific Target
Curcumin Ant;i%giﬁ;ﬁtor}’/ Topical gel Mild irritation or NF-«B,
S . pical s allergic reactions COX-2, MMP-9
antimicrobial
Anti-inflammator Rare
Resveratrol . Y Mouthwash or gel ~ gastrointestinal upset, NF-kB, Nrf2
antioxidant . .
allergic reaction
Anti-inflammatory, - .
. .. Mouthwash or Minimal, possible MAPK,
Quercetin antioxidant, MMP topical eel llerei i NF-kB. MMP
inhibition opical ge allergic reactions , S
. A'n'tlrmcroblal, Mouthwash or Possible MMI.JS’ NF-«B,
Catechins (EGCG) anti-inflammatory, ) e e periodontal
o chewing gum mild irritation
antioxidant pathogens
Baicalin Anti-inflammatory, Mouth rinse or Rare MAPK,
antimicrobial topical gel allergic reactions periodontal pathogens
Antimicrobial, Mouthwash or Oral irritation, Bacterial cell
Carvacrol membranes,

biofilm disruption

essential oil gel

burning sensation

quorum sensing




Molecules 2025, 30, 807 6 of 35
Table 1. Cont.
Compound Action Used Form Expected Specific Target
Side Effects
B-Caryophyllene An;;i?mﬂﬁcirgf;f) R4 Topical gel Minimal, potential CB2 receptor,
yophy . ! or mouthwash oral irritation microbial cell walls
antioxidant
. Antimicrobial, Gastrointestinal TNI.:_O" IL-6,
Berberine . Gel or toothpaste . periodontal
anti-inflammatory upset in high doses
pathogens
Bacterial cell
Essential Oils Antimicrobial, Oral irritation, membranes,
. Mouthwash . .
(Thymol, Eucalyptol)  anti-inflammatory taste alteration pro-inflammatory
cytokines
Antimicrobial Antimicrobial, Topical gel Minimal, rare Bacterial membranes,
Peptides (AMPs) immune modulation or mouthwash allergic reactions immune cells

3. Molecular Mechanisms of Action of Natural Bioactive Compounds
3.1. Modulation of Inflammatory Pathways

Inhibition of NF-«B signaling: Many bioactive compounds suppress NF-«B, a critical
transcription factor that regulates pro-inflammatory cytokines like TNF-«, IL-6, and IL-1.
Inhibition of the NF-kB (Nuclear factor kappa-light-chain-enhancer of activated B cells)
signaling pathway is a crucial mechanism through which many bioactive compounds exert
their anti-inflammatory effects [41]. NF-«B is a transcription factor that plays a central
role in regulating the immune response to infection and inflammation. Under normal
conditions, NF-«B is sequestered in the cytoplasm by its inhibitor, IkB (Inhibitor of kB),
which prevents its translocation to the nucleus [42]. However, in response to various
stimuli, such as bacterial antigens, cytokines, oxidative stress, and inflammatory mediators,
IkB is phosphorylated and subsequently degraded by the proteasome, allowing NF-«B
to enter the nucleus and activate the transcription of pro-inflammatory genes [41]. Once
inside the nucleus, NF-kB binds to specific DNA sequences in the promoter regions of
genes that encode for pro-inflammatory cytokines, including tumor necrosis factor-alpha
(TNF-«), interleukin-6 (IL-6), and interleukin-13 (IL-183) [43]. These cytokines are major
contributors to the inflammatory response, leading to the recruitment of immune cells,
increased production of ROS, and activation of additional pro-inflammatory pathways,
which collectively result in tissue destruction in conditions such as periodontal disease [44].
NF-«B also regulates the expression of enzymes such as cyclooxygenase-2 (COX-2) and in-
ducible nitric oxide synthase (iNOS), both of which exacerbate inflammation by promoting
the production of inflammatory mediators like prostaglandins and nitric oxide [45].

Bioactive compounds, including curcumin, resveratrol, quercetin, and EGCG, have
been shown to suppress NF-«B activity through various mechanisms [46-49]. For instance,
curcumin inhibits the phosphorylation and degradation of IkB, thereby preventing NF-
kB from translocating to the nucleus. This effectively blocks the transcription of pro-
inflammatory cytokines and reduces the inflammatory response [50]. Resveratrol similarly
inhibits IkB kinase (IKK), which is responsible for the phosphorylation of IkB, thereby
maintaining NF-«B in its inactive cytoplasmic form. Additionally, these compounds can
inhibit upstream signaling molecules such as TNF receptor-associated factor (TRAF) and
mitogen-activated protein kinases (MAPKSs), which are involved in the activation of NF-
kB in response to external stimuli [43]. By inhibiting NF-«B signaling, these bioactive
compounds help to reduce the expression of pro-inflammatory cytokines, decrease immune
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cell recruitment, and limit the production of ROS and other inflammatory mediators [51,52].
The ability of these compounds to modulate NF-«kB signaling makes them promising
therapeutic agents for controlling chronic inflammation and preventing the progression of
inflammatory diseases (Figure 3).
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Figure 3. Illustrates the NF-«B signaling pathway, highlighting the role of pro-inflammatory stimuli
such as LPS, IL-1, IL-36, TNF-«, and PAMPs, which activate receptors (TLR4, IL-1R, TNFR) to initiate
intracellular signaling cascades. Activation of adaptor proteins (MyD88, TRAF6, IRAK1/2) leads
to phosphorylation and degradation of I«kB, freeing the NF-kB complex (p50/p65) to translocate

into the nucleus and activate immune response genes. Curcumin acts as an inhibitor at multiple
points, preventing IkB degradation and blocking NF-«B nuclear translocation, thereby reducing
inflammation and modulating immune responses. Created with BioRender.com.

Activation of Nrf2/ARE pathways: The Nrf2 (Nuclear factor erythroid 2-related
factor 2) pathway is a pivotal component of the body’s antioxidant defense system, acting
as a transcription factor that regulates the expression of numerous genes responsible for
protecting cells from oxidative stress [53]. Upon activation, Nrf2 enhances the production
of antioxidant enzymes, detoxification proteins, and other cytoprotective molecules that col-
lectively neutralize reactive oxygen species (ROS) and maintain cellular redox balance [53].
Among the key antioxidant enzymes regulated by Nrf2 are superoxide dismutase (SOD),
which converts superoxide anions into less reactive hydrogen peroxide; catalase, which
breaks down hydrogen peroxide into water, oxygen, and glutathione peroxidase (GPx),
which neutralizes hydrogen peroxide and lipid peroxides, preventing oxidative damage to
cellular components such as lipids, proteins, and DNA [54,55]. Additionally, Nrf2 plays a
crucial role in detoxifying reactive molecules by regulating phase II detoxifying enzymes,
such as glutathione S-transferase (GST), which conjugates glutathione to reactive interme-
diates, and NAD(P)H: quinone oxidoreductase 1 (NQO1), which reduces quinones to less
reactive hydroquinones [55]. Nrf2 also helps maintain cellular redox balance by promoting
the synthesis of glutathione (GSH), a key antioxidant molecule, through the upregula-
tion of enzymes like glutamate-cysteine ligase (GCL), which is essential for glutathione
production [55]. Furthermore, Nrf2 protects cells against inflammation and apoptosis by
activating antioxidant and detoxification pathways, thereby reducing oxidative stress that
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can lead to chronic inflammation. This is particularly relevant in the context of chronic
diseases such as cardiovascular disease, neurodegenerative disorders, and inflammatory
conditions like periodontal disease [56]. Under normal conditions, Nrf2 is sequestered in
the cytoplasm by its inhibitor, Keap1 (Kelch-like ECH-associated protein 1), which pro-
motes Nrf2’s ubiquitination and degradation. However, in response to oxidative stress
or exposure to electrophilic compounds, the Keap1-Nrf2 complex is disrupted, allowing
Nrf2 to translocate to the nucleus [57]. Once in the nucleus, Nrf2 binds to the Antioxidant
Response Element (ARE) in the promoter regions of target genes, initiating the transcription
of genes involved in antioxidant defense and cytoprotection [55]. In periodontal disease,
oxidative stress plays a significant role in tissue destruction and disease progression [58].
Nrf2 activation can mitigate these effects by boosting the expression of antioxidant enzymes,
thereby reducing the harmful impacts of ROS in periodontal tissues [59].

Bioactive compounds like curcumin, resveratrol, and EGCG have been shown to
activate the Nrf2 pathway, enhancing antioxidant defenses and protecting periodontal cells
from ROS-induced damage [60]. Curcumin induces electrophilic stress that disrupts the
Keap1-Nrf2 complex by oxidizing cysteine residues on Keap1, allowing Nrf2 to translocate
into the nucleus and promote the expression of antioxidant enzymes like superoxide dismu-
tase (SOD) and catalase [60]. Similarly, resveratrol also disrupts the Keap1-Nrf2 interaction
but additionally activates the AMPK pathway, which enhances Nrf2 phosphorylation,
further promoting its nuclear translocation and the expression of enzymes like glutathione-
S-transferase (GST) and heme oxygenase-1 (HO-1) [61]. EGCG, the main catechin in green
tea, shares this mechanism of Keap1 disruption but also activates protein kinase pathways,
such as ERK and PI3K/Akt, which further stabilize Nrf2 and enhance its retention in the
nucleus, promoting the production of antioxidant enzymes [62]. While they all share the
goal of activating Nrf2 and boosting antioxidant defenses, the pathways they influence
highlight subtle differences in their mechanisms (Figure 4).

In addition to curcumin, resveratrol, and EGCG, quercetin has also been shown
to activate the Nrf2 pathway, contributing to its antioxidant and cytoprotective effects.
Quercetin disrupts the Keap1-Nrf2 complex, leading to the nuclear translocation of Nrf2 and
the subsequent upregulation of antioxidant enzymes such as superoxide dismutase (SOD),
catalase, glutathione-S-transferase (GST), and heme oxygenase-1 (HO-1) [63]. Furthermore,
quercetin has been found to modulate additional pathways such as PI3K/Akt and MAPK,
which further stabilize Nrf2 and enhance its transcriptional activity. By reducing oxidative
stress and inflammation, quercetin plays a crucial role in protecting osteoblasts from
oxidative damage, inhibiting osteoclastogenesis, and maintaining bone homeostasis. Given
its antioxidant potential, quercetin may serve as a valuable adjunct in the management
of periodontitis by mitigating oxidative stress-induced alveolar bone loss and promoting
periodontal tissue regeneration [64,65].

Modulation of JAK/STAT and MAPK pathways: Key signaling cascades involved in
inflammation and immune responses are targeted by bioactive compounds, leading to re-
duced tissue destruction. The JAK/STAT pathway is activated in response to cytokines and
growth factors that bind to their respective receptors on the cell surface [66]. Upon cytokine
binding, receptor-associated JAK proteins are activated through phosphorylation, which
in turn phosphorylates STAT proteins [66]. Phosphorylated STAT proteins dimerize and
translocate to the nucleus, where they bind to DNA and initiate the transcription of target
genes involved in inflammation, immune regulation, and cellular growth [67]. Bioactive
compounds have been shown to inhibit the JAK/STAT pathway by interfering with various
components of this signaling cascade [68]. Curcumin exerts its anti-inflammatory effects by
inhibiting the JAK/STAT (Janus kinase/signal transducer and activator of transcription)
signaling pathway, which is essential in mediating immune responses and the production
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of pro-inflammatory cytokines. Specifically, curcumin blocks the phosphorylation of JAKs
(Janus kinases) and STAT3 (signal transducer and activator of transcription 3) [69]. This in-
hibition prevents the phosphorylation and dimerization of STAT3, which is necessary for its
translocation to the nucleus, where it activates the transcription of pro-inflammatory genes.
As a result, the production of pro-inflammatory cytokines like interleukin-6 (IL-6) and
interferon-y (IFN-y) is significantly reduced [69]. These cytokines are key players in promot-
ing inflammation and recruiting immune cells to inflamed tissues, so curcumin’s inhibition
of this pathway effectively suppresses the immune response and reduces inflammation.
Additionally, by inhibiting the JAK/STAT pathway, curcumin modulates other downstream
inflammatory mediators, contributing to its broad-spectrum anti-inflammatory action [69].

| Oxidative stress
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Figure 4. Illustrates the Nrf2 (nuclear factor erythroid 2-related factor 2) signaling pathway in
response to oxidative stress. Under normal conditions, Nrf2 is bound to Keap1 in the cytoplasm,
leading to its degradation. Upon oxidative stress or exposure to ROS/electrophiles, Nrf2 dissociates
from Keapl and translocates into the nucleus, where it binds to antioxidant response elements (ARE)
to promote the expression of antioxidant proteins. Phytochemicals such as curcumin, EGCG, and
resveratrol enhance Nrf2 activation by stabilizing Nrf2, oxidizing cysteine residues, or activating
AMPK, which phosphorylates Nrf2. This pathway plays a crucial role in cellular defense mechanisms
against oxidative damage. Created with BioRender.com.

Resveratrol, similarly, affects the JAK/STAT pathway but specifically targets JAK2
and STAT3. Resveratrol inhibits the phosphorylation and activation of JAK2, which in
turn prevents STAT3 activation [70]. By disrupting this pathway, resveratrol reduces the
expression of pro-inflammatory cytokines and inhibits immune cell recruitment to sites of
inflammation. This reduction in immune cell infiltration is critical for controlling tissue
damage caused by excessive inflammation. Moreover, resveratrol’s inhibition of STAT3 not
only reduces the expression of pro-inflammatory mediators like IL-6 but also influences
other signaling pathways, such as the NF-kB pathway, which further amplifies its anti-
inflammatory effects. Resveratrol has also been shown to activate AMPK (AMP-activated
protein kinase), which enhances its anti-inflammatory properties by promoting cellular
energy balance and reducing the inflammatory response [70].

Both curcumin and resveratrol work to downregulate the JAK/STAT signaling path-
way, but their specific targets within the pathway differ slightly. While both compounds
inhibit STAT3 activation, curcumin broadly affects JAK kinases, whereas resveratrol specifi-
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cally inhibits JAK2 [69,70]. This nuanced difference contributes to their varied impacts on
inflammatory mediators, making both compounds potent inhibitors of inflammation with
potential synergistic effects when used together (Figure 5).

IL-283 receptor

JAK/STAT

4
VLD
Pro-infl
cytokines

Figure 5. Depicts the JAK/STAT signaling pathway activated by the IL-2 receptor, leading to the
phosphorylation and dimerization of STAT3 proteins. Upon receptor activation, JAK2 phosphorylates
STAT3, which subsequently dimerizes and translocates into the nucleus to promote the expression of
pro-inflammatory cytokines. The pathway highlights the inhibitory effects of curcumin, resveratrol,
and EGCG, which interfere with STAT3 phosphorylation and nuclear translocation, thereby reducing
inflammation. Created with BioRender.com.

e The MAPK pathway is another key signaling cascade that is activated in response to
extracellular stimuli such as stress, cytokines, and microbial components. It regulates
a variety of cellular processes, including inflammation, proliferation, differentiation,
and apoptosis [71]. The MAPK pathway involves a series of phosphorylation events
mediated by three major groups of MAPKs: ERK (extracellular signal-regulated ki-
nase), JNK (c-Jun N-terminal kinase), and p38 MAPK. These kinases are activated in
response to pro-inflammatory signals and subsequently regulate the transcription of
genes involved in inflammation and tissue remodeling [71]. Quercetin, baicalin, and
resveratrol are known to modulate the MAPK pathway by inhibiting the phosphoryla-
tion and activation of ERK, JNK, and p38 MAPK [72]. Quercetin, for instance, reduces
the activation of p38 MAPK, which in turn decreases the production of inflammatory
cytokines like TNF-oc and IL-1f3 [63]. Baicalin inhibits the JNK and p38 pathways,
thereby reducing the production of matrix metalloproteinases (MMPs) that contribute
to tissue destruction in periodontal disease [73]. Resveratrol has been shown to inhibit
the phosphorylation of ERK, reducing the expression of COX-2 and prostaglandins,
which are key mediators of inflammation [74]. By modulating the JAK/STAT and
MAPK pathways, bioactive compounds help to control the excessive inflammatory
response and prevent tissue destruction in conditions such as periodontal disease.
These signaling cascades play pivotal roles in driving chronic inflammation, and
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Figure 6. Illustrates the MAPK and NF-«B signaling pathways activated by pro-inflammatory stimuli
such as LPS, IL-1, IL-26, TNF-o, and PAMPs. Upon activation, the MAPK pathway phosphorylates
ERK, JNK, and P38, leading to the transcription of pro-inflammatory mediators (COX2, PGD, MMPs,
TNE and IL-13) through AP1. Concurrently, the NF-«kB pathway involves phosphorylation and
degradation of IkBx, enabling NF-kB to translocate into the nucleus and drive inflammatory gene
expression. The figure highlights the inhibitory effects of quercetin, baicalin, and resveratrol, which
block phosphorylation in the MAPK pathway, reducing inflammation and cytokine production.
Created with BioRender.com.

3.2. Influence on Matrix Metalloproteinases (MMPs)

Matrix metalloproteinases (MMPs) are a family of proteolytic enzymes that play
a critical role in the degradation of extracellular matrix (ECM) components, which is a
hallmark of tissue destruction in periodontal disease [75]. Among the various MMPs, MMP-
2 (gelatinase A) and MMP-9 (gelatinase B) are particularly involved in the breakdown of
collagen, the major structural protein in periodontal tissues [76]. Excessive MMP activity,
driven by chronic inflammation, leads to the degradation of collagen and other ECM
components, contributing to the progression of periodontitis and the subsequent loss of
tooth-supporting structures [75].

Bioactive compounds such as curcumin and resveratrol have demonstrated significant
potential in downregulating the expression and activity of MMPs, particularly MMP-2
and MMP-9 [77,78]. Curcumin inhibits the AP-1 transcription factor, which is involved
in the regulation of MMP expression, particularly MMP-2 and MMP-9. Curcumin also
inhibits the activation of mitogen-activated protein kinases (MAPKSs), which play a crucial
role in the signaling pathways that lead to inflammation and MMP production. By sup-
pressing these pathways, curcumin effectively reduces the production of pro-inflammatory
cytokines and MMPs, limiting tissue degradation. Moreover, curcumin’s potent antioxi-
dant properties further protect tissues from oxidative stress, which can exacerbate MMP
activity [79]. Resveratrol suppresses NF-kB activation, which reduces the transcription of
pro-inflammatory cytokines such as TNF-« and IL-6, thereby inhibiting the downstream
expression of MMPs. Additionally, resveratrol enhances the activity of tissue inhibitors of
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metalloproteinases (TIMPs), which naturally regulate MMP activity, further suppressing ex-
cessive tissue degradation. This dual action—reducing MMP expression and boosting TIMP
activity—makes resveratrol particularly effective in controlling periodontal inflammation
and preventing tissue breakdown [78].

Opverall, by downregulating the expression of MMP-2 and MMP-9, natural compounds
like resveratrol and curcumin help maintain the balance between tissue breakdown and
repair in periodontal disease, offering a promising approach to preserving periodontal
tissue integrity and preventing further progression of the disease [78,79].

3.3. Epigenetic Modifications

Natural bioactive compounds have been shown to modulate gene expression through
epigenetic mechanisms, such as DNA methylation and histone acetylation, which are key
regulators of chromatin structure and gene transcription [80]. These epigenetic modifi-
cations can influence a wide range of biological processes, including inflammation, cell
proliferation, and tissue repair [81]. One of the most well-studied compounds in this
context is curcumin, which exerts its effects by altering the activity of histone deacety-
lases (HDACsS) [82]. Histone deacetylases (HDACs) play a critical role in regulating gene
expression by modifying the acetylation status of histones, the proteins around which
DNA is wound [83]. When HDACSs remove acetyl groups from histones, it results in
a more condensed chromatin structure, making it difficult for transcription factors to
access the DNA and initiate gene expression [84]. This deacetylated state is often asso-
ciated with the repression of genes, including those involved in anti-inflammatory and
regenerative processes [85].

Curcumin, by inhibiting HDAC activity, promotes the acetylation of histones, partic-
ularly at lysine residues [86]. This acetylation weakens the interaction between histones
and DNA, resulting in a more relaxed or “open” chromatin structure. This open chromatin
configuration makes it easier for transcription factors and the transcriptional machinery
to access promoter regions of genes that are involved in anti-inflammatory responses and
tissue regeneration [87,88]. For instance, genes encoding for anti-inflammatory cytokines
(e.g., IL-10) or tissue-protective enzymes can be more actively transcribed [89]. Addition-
ally, curcumin’s ability to inhibit HDACs enhances the expression of tumor suppressor
genes and other protective factors, contributing to its overall anti-inflammatory and tissue-
regenerative effects [90]. This epigenetic modulation of gene expression allows curcumin
to exert long-lasting beneficial effects on cellular function, particularly in inflammatory
conditions like periodontitis or other chronic diseases [82].

Moreover, curcumin has also been shown to influence DNA methylation by modu-
lating the activity of DNA methyltransferases (DNMTs), enzymes responsible for adding
methyl groups to DNA, which typically silences gene expression [91]. Through these dual
mechanisms—HDAC inhibition and DNMT modulation—curcumin helps regulate gene ex-
pression in a way that reduces inflammation and promotes periodontal tissue integrity [91].

3.4. Regulation of Apoptosis and Cell Proliferation

Bioactive compounds have been shown to modulate apoptotic pathways in both
host cells and pathogenic bacteria, playing a crucial role in managing cellular health and
maintaining tissue integrity, especially in the context of chronic inflammatory diseases like
periodontal disease (28). Apoptosis, or programmed cell death, is a tightly regulated process
that helps eliminate damaged or infected cells, thereby preventing further tissue damage
and promoting healing [92]. For instance, quercetin has been shown to induce apoptosis
in gingival fibroblasts that are exposed to oxidative stress [93]. Quercetin achieves this by
modulating the balance between pro-apoptotic and anti-apoptotic proteins, particularly by
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influencing the Bcl-2/Bax ratio. The Bcl-2 family of proteins plays a key role in regulating
apoptosis: Bcl-2 is an anti-apoptotic protein that promotes cell survival, while Bax is a
pro-apoptotic protein that promotes cell death [94]. Under conditions of oxidative stress,
quercetin downregulates Bax expression while upregulating Bcl-2, thereby promoting
the survival of healthy cells and inducing apoptosis in damaged cells [94]. This selective
regulation of apoptosis ensures that unhealthy or damaged cells are removed, while healthy
cells are preserved, contributing to tissue homeostasis and repair [94].

4. Microbial Interaction and Biofilm Disruption of Natural
Bioactive Compounds

Natural bioactive compounds have demonstrated significant potential in targeting
bacterial biofilms by interfering with bacteria’s communication systems to coordinate
biofilm formation and virulence. These compounds disrupt key molecular pathways that
bacteria rely on, effectively reducing biofilm stability and bacterial pathogenicity [95].

4.1. Inhibition of Quorum Sensing in Bacteria

Quorum sensing (QS) is a crucial bacterial communication mechanism that regu-
lates gene expression based on cell population density, enabling bacteria to coordinate
activities like biofilm formation and virulence factor production [96]. In periodontal
pathogens, quorum sensing plays an essential role in biofilm architecture, the production
of extracellular polymeric substances (EPS), and the expression of virulence factors such as
proteases and toxins (94) [96]. Interference with this system can disrupt bacterial coordi-
nation, making it an attractive target for reducing biofilm stability and pathogenicity in
periodontal diseases [97].

Carvacrol exerts its quorum-sensing inhibitory effects on Porphyromonas gingivalis
by specifically interfering with the production and sensing of autoinducer-2 (Al-2), a
universal signaling molecule used in bacterial communication [98]. AI-2 is synthesized
by the enzyme LuxS, which is part of the methyl cycle in bacterial cells. AI-2 signaling
regulates the expression of genes involved in biofilm formation, virulence factor production,
and extracellular polymeric substance (EPS) synthesis, all of which contribute to biofilm
stability and pathogenicity [99].

At the molecular level, carvacrol disrupts Al-2-mediated quorum sensing by inhibiting
the activity of LuxS, preventing the accumulation of AI-2 molecules in the extracellular
environment [100]. Without sufficient Al-2, the bacteria cannot effectively communicate
to coordinate biofilm development and virulence expression. This disruption in signaling
leads to the downregulation of key genes responsible for EPS production, specifically
those involved in synthesizing exopolysaccharides and extracellular proteins, essential
biofilm matrix components [101]. By weakening the biofilm’s structural integrity, carvacrol
renders P. gingivalis more susceptible to mechanical disruption (such as scaling and root
planing) [102]. It enhances the efficacy of antimicrobial agents that would otherwise
struggle to penetrate the protective biofilm. Thus, carvacrol’s ability to inhibit quorum
sensing through AI-2 interference is a promising mechanism for reducing biofilm formation
and controlling periodontal infections at the molecular level [102].

Resveratrol also disrupts quorum sensing in Aggregatibacter actinomycetemcomitans,
a key periodontal pathogen, by targeting the LuxS/AI-2 system [103]. This disrup-
tion inhibits biofilm formation and reduces the bacteria’s ability to adhere to tooth sur-
faces [104]. While resveratrol shares a similar mechanism with carvacrol, it specifically
acts on A. actinomycetemcomitans, illustrating the unique targeting capabilities of different
bioactive compounds. Both resveratrol and carvacrol highlight the potential of natural
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compounds to interfere with bacterial communication systems, effectively reducing biofilm
formation and virulence, which are central to the progression of periodontal disease [105].

4.2. Direct Antimicrobial Activity

Beyond quorum sensing inhibition, many bioactive compounds possess direct bacteri-
cidal effects on periodontal pathogens by targeting critical microbial processes, including
cell membrane integrity, DNA synthesis, and essential enzymatic pathways [28].

Berberine, an alkaloid derived from Berberis vulgaris, has shown potent antimicrobial
activity against key periodontal pathogens such as Porphyromonas gingivalis, Fusobacterium
nucleatum, and Tannerella forsythia [106]. Berberine exerts its antimicrobial effects primarily
by disrupting bacterial cell membranes, leading to increased membrane permeability and
subsequent bacterial lysis [107]. In addition to its membrane-targeting actions, berberine
inhibits crucial enzymes involved in bacterial energy metabolism, such as ATPase [105].
This inhibition results in a significant collapse in cellular ATP levels, depriving the bacteria
of the energy needed for survival and leading to rapid bacterial death [108]. Moreover,
recent advancements in the formulation of berberine-loaded nanoparticles have enhanced
its bioavailability and allowed for targeted delivery to periodontal sites, further amplifying
its antimicrobial efficacy against biofilm-embedded pathogens [109].

Catechins, particularly epigallocatechin gallate (EGCG) from green tea, possess a
complex antimicrobial action against periodontal pathogens [110]. EGCG disrupts the
bacterial lipid bilayers by embedding itself into the membrane. The exact mechanism by
which epigallocatechin gallate (EGCG) interacts with bacterial lipid bilayers is attributed
to its specific molecular structure. EGCG contains multiple hydroxyl (-OH) groups on its
phenolic rings, which are hydrophilic, and it also has planar aromatic rings that can interact
with hydrophobic regions [111]. The aromatic rings interact with the lipid bilayer by em-
bedding themselves within the fatty acyl chains of the membrane, disrupting hydrophobic
interactions that hold the membrane together [112].

Meanwhile, the hydroxyl groups of EGCG can form hydrogen bonds with polar head
groups of the lipids on the membrane surface, further destabilizing the lipid arrangement.
This dual interaction—hydrophobic insertion and polar interaction—causes the membrane
to lose structural integrity, leading to increased permeability and ultimately bacterial cell
lysis [113]. The lipid bilayer disruption is a key part of EGCG’s broad-spectrum antimi-
crobial action [113]. Beyond membrane disruption, EGCG specifically targets virulence
factors in Porphyromonas gingivalis, such as gingipains, which are cysteine proteases critical
for tissue invasion and immune evasion. By binding to these proteases, EGCG inhibits
their enzymatic activity, thereby preventing the degradation of host tissues and protecting
against immune suppression [114,115]. Additionally, EGCG acts as a metal ion chelator,
particularly binding to essential cofactors like iron and zinc that bacteria require for activat-
ing various enzymes. By depriving the bacteria of these critical ions, EGCG inhibits key
bacterial enzymatic processes, such as DNA replication, protein synthesis, and oxidative
stress defense [116]. This multifaceted inhibition of bacterial growth and virulence positions
EGCG as a potent therapeutic agent in periodontal disease management [116].

4.3. Synergistic Effects of Antibiotics

The rising concern of antibiotic resistance in the treatment of periodontal disease has
prompted investigations into the synergistic effects of natural bioactive compounds with
conventional antibiotics. By enhancing antibiotic efficacy, these compounds can lower the
required dosage and minimize the potential for resistance development [117-119].

Curcumin has demonstrated synergy with antibiotics such as metronidazole and
amoxicillin against P. gingivalis and T. denticola. By disrupting bacterial cell membranes and
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inhibiting biofilm formation, curcumin enhances the penetration of antibiotics into biofilm
matrices. Recent research has shown that curcumin downregulates efflux pump genes in
bacteria, a major mechanism by which pathogens develop resistance to antibiotics. This
action allows antibiotics to accumulate in bacterial cells at higher concentrations, improving
their bactericidal effects [120-122].

A combination of resveratrol and tetracycline has been shown to have synergistic
effects against A. actinomycetemcomitans and P. gingivalis [105]. Resveratrol enhances the
antibacterial activity of tetracycline by disrupting bacterial membranes and inhibiting the
expression of resistance genes. This combination has demonstrated enhanced biofilm eradi-
cation in in vitro models, suggesting its potential as a combination therapy for recalcitrant
periodontal infections [123].

4.4. Disruption of Biofilm Structure and Matrix

The extracellular polymeric substance (EPS) matrix is a vital element of bacterial
biofilms, offering physical protection to the embedded pathogens and limiting the effec-
tiveness of antimicrobial agents [124]. Carvacrol and thymol disrupt the biofilm matrix by
degrading key components such as polysaccharides and proteins [125,126].

One of the key mechanisms involves the integration of thymol and carvacrol into the
lipid bilayer of bacterial membranes [126]. These compounds possess hydroxyl groups that
interact with the hydrophobic core of the phospholipid bilayer, disrupting the packing of
lipid molecules. This action increases membrane fluidity and permeability, causing essential
ions like potassium (K*) and hydrogen (H*) to leak out, while intracellular contents are
also released. This loss of membrane integrity not only impairs bacterial cell function but
also weakens the biofilm structure, making it more vulnerable to treatment [127].

In addition to membrane disruption, thymol and carvacrol inhibit the synthesis of
polysaccharides, a key component of the EPS matrix. These compounds interfere with
enzymes such as glucosyltransferases, which are crucial for the production of glucans
that provide structural stability to the biofilm. The resulting reduction in glucan produc-
tion compromises bacterial adhesion and biofilm cohesion, rendering the biofilm more
susceptible to mechanical disruption and antimicrobial agents [128].

Moreover, carvacrol has been shown to specifically affect extracellular DNA (eDNA),
a critical structural component of the EPS matrix that helps bind bacterial cells together.
Carvacrol disrupts the interactions of eDNA, weakening the biofilm and making it easier for
antimicrobial agents and host immune responses to penetrate and attack the bacteria [129,130].

By targeting these key components of the biofilm matrix, thymol and carvacrol effec-
tively destabilize biofilm integrity. This disruption enhances the penetration of antimicro-
bial treatments and mechanical removal methods like scaling and root planing, ultimately
improving the overall efficacy of periodontal therapy [131].

Baicalin, a flavonoid derived from Scutellaria baicalensis (also known as Chinese skull-
cap), specifically inhibits the synthesis of polysaccharides that are essential for biofilm
formation and stability. Its action focuses primarily on the disruption of the enzymes
responsible for the production of these polysaccharides, particularly glucans and other
carbohydrate polymers that form the structural backbone of the extracellular polymeric
substance (EPS) in bacterial biofilms [36].

At the molecular level, baicalin interferes with the activity of glucosyltransferases
(Gtfs), which are enzymes critical for the biosynthesis of glucans [132,133]. These glucans
serve as the scaffold for biofilm formation, allowing bacterial cells to adhere to surfaces
and each other. By inhibiting Gtf activity, baicalin reduces the production of these essential
polysaccharides, weakening the biofilm matrix. Without sufficient glucans, the bacterial
cells lose their ability to maintain strong adhesion and cohesion within the biofilm [134].
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Furthermore, baicalin disrupts the assembly of other components within the biofilm
matrix, including extracellular polysaccharides like levan and fructans, which contribute
to biofilm density and resilience. By interfering with the metabolic pathways involved
in polysaccharide synthesis, baicalin hampers the accumulation of these carbohydrates,
leading to a destabilized biofilm structure. This impairment makes bacterial biofilms more
susceptible to both mechanical removal and antimicrobial treatments [135].

Another key aspect of baicalin’s action is its ability to reduce the expression of genes
responsible for polysaccharide production. Baicalin modulates bacterial gene expression
by affecting quorum sensing mechanisms, particularly by downregulating the genes in-
volved in polysaccharide biosynthesis and biofilm maturation. This inhibition of signaling
pathways further compromises the bacteria’s ability to produce and maintain a robust
biofilm matrix [136].

Carvacrol, thymol, and baicalin disrupt the EPS matrix through slightly different
mechanisms, yet they achieve the common outcome of making bacterial biofilms more
vulnerable to external treatments [137].

5. Immunomodulation and Host-Microbial Homeostasis

Immunomodulation is a critical aspect of the body’s response to periodontal pathogens,
which orchestrates the balance between protective immune responses and destructive
inflammation [138]. Periodontal disease progression is heavily influenced by the dysregu-
lation of immune responses, leading to chronic inflammation and tissue destruction [138].
The ability of natural bioactive compounds to modulate the immune system at a molec-
ular level represents a novel and exciting approach to periodontal therapy [28]. These
compounds can shift the immune balance, enhance tissue repair, and stabilize microbial
communities, all of which are essential for restoring periodontal health [28].

5.1. Shifting the Immune Response: From Pro-Inflammatory to Anti-Inflammatory Profiles

In periodontal disease, the host’s immune response is often skewed towards a pro-
inflammatory Th1/Th17 profile, characterized by the production of cytokines like IL-1f3,
TNF-«, and IL-17, which drive inflammation and tissue destruction [139]. Th17 cells, in
particular, play a critical role in promoting osteoclastogenesis through the expression of
RANKIL, leading to significant periodontal bone loss. Recent research has shown that
natural bioactive compounds can modulate this destructive immune profile, promoting a
shift towards a Th2/Treg (regulatory T cell) profile, which encourages anti-inflammatory
and tissue-protective responses [139].

Curcumin has demonstrated significant immunomodulatory effects by reducing Th17
cell activity while promoting the expansion of regulatory T cells (Tregs). Tregs, in turn,
secrete anti-inflammatory cytokines like IL-10 and TGE-@3, which inhibit the production
of pro-inflammatory cytokines and suppress osteoclast activation [140,141]. Curcumin’s
ability to downregulate RANKL expression in periodontal tissues leads to a decrease in
osteoclast-mediated bone resorption, effectively reducing bone loss. Additionally, cur-
cumin inhibits NF-«B activation in macrophages and dendritic cells, further diminish-
ing the production of pro-inflammatory mediators and contributing to the restoration of
immune balance [140].

Similarly, resveratrol exerts its immunomodulatory effects by suppressing Th1l and
Th17 differentiation and enhancing Treg activity [142]. It reduces the production of IL-17
by Th17 cells and IFN-y by Th1 cells while promoting the secretion of IL-10 by Tregs [143].
In experimental models of periodontal disease, resveratrol treatment has been linked to
reduced inflammatory cell infiltration and lower levels of bone loss, underscoring its
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potential to shift the immune response away from a destructive profile and toward a more
protective, anti-inflammatory state [144].

Baicalin, a flavonoid known for its potent immunomodulatory properties, inhibits
Th17 differentiation and reduces the production of IL-17, thus limiting the inflammatory
response associated with periodontal disease [145]. Baicalin also enhances Treg activity,
increasing the expression of Foxp3, a key transcription factor necessary for Treg func-
tion [146]. Through these mechanisms, baicalin helps to restore immune homeostasis,
reduce inflammation, and protect against tissue destruction in periodontal disease. These
natural compounds demonstrate significant potential in modulating the immune response
to prevent the progression of periodontal damage [147].

Oleocanthal, a phenolic compound found in extra virgin olive oil, has shown potential
as a bioactive agent in periodontal therapy due to its potent anti-inflammatory and antimi-
crobial properties. Its mechanism of action is believed to center around the inhibition of
pro-inflammatory pathways, particularly the cyclooxygenase (COX) enzymes COX-1 and
COX-2, which are responsible for producing pro-inflammatory prostaglandins [148,149].
By blocking these enzymes, oleocanthal reduces the inflammatory response in periodontal
tissues, thereby mitigating the tissue destruction associated with periodontitis [149].

5.2. Enhancement of Efferocytosis and Promotion of Tissue Healing

Efferocytosis is the crucial process by which phagocytes, such as macrophages, clear
apoptotic cells, preventing the release of harmful intracellular contents that could ex-
acerbate inflammation and tissue damage [150]. Neutrophils play a significant role in
fighting bacterial infections in periodontitis, but their excessive recruitment and activity
can lead to tissue damage and the release of pro-inflammatory mediators [151]. As these
neutrophils die, they must be efficiently cleared through efferocytosis by macrophages to
prevent the accumulation of necrotic debris and further inflammation. Impaired effero-
cytosis in periodontitis leads to a buildup of apoptotic neutrophils, which can undergo
secondary necrosis, releasing toxic cellular contents that perpetuate inflammation and
exacerbate tissue destruction [152]. Impaired or delayed efferocytosis in periodontitis leads
to the buildup of apoptotic neutrophils, which can undergo secondary necrosis, releasing
toxic cellular contents like proteases, reactive oxygen species (ROS), and inflammatory
cytokines [153]. Inflammatory cytokines, such as IL-1f3, TNF-«, and IL-6, continue to be
produced, recruiting more immune cells and creating a cycle of chronic inflammation [154].

In periodontitis, targeting the pathways that regulate efferocytosis—such as the MER re-
ceptor tyrosine kinase (MerTK) and Gas6 signaling—could be a therapeutic strategy to resolve
chronic inflammation, limit tissue destruction, and promote periodontal regeneration [155].

Resveratrol has been shown to enhance efferocytosis by increasing the expression
of MER receptor tyrosine kinase and Gas6, two important regulators of phagocytic ac-
tivity [156]. By promoting the clearance of apoptotic cells, resveratrol helps reduce the
persistence of inflammation and accelerates tissue repair. Additionally, resveratrol stimu-
lates the production of anti-inflammatory lipid mediators, such as resolvins and lipoxins,
which are actively involved in resolving inflammation and fostering tissue healing, further
emphasizing its therapeutic potential in periodontal disease [157].

Similarly, curcumin enhances efferocytosis by upregulating the expression of CD36, a
scavenger receptor that plays a critical role in the recognition and engulfment of apoptotic
cells [158]. By facilitating the clearance of neutrophils and other inflammatory cells, cur-
cumin reduces the levels of pro-inflammatory mediators in periodontal tissues. Beyond its
role in resolving inflammation, curcumin also promotes tissue regeneration by inducing
fibroblast proliferation and collagen synthesis, both of which are essential for restoring
periodontal connective tissue integrity [159,160].
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Berberine enhances efferocytosis through the activation of AMPK signaling in
macrophages, increasing their capacity for phagocytosis [161].

In addition to boosting efferocytosis, berberine inhibits the release of pro-inflammatory
cytokines like IL-6 and TNF-« from neutrophils and macrophages, helping to resolve
inflammation more effectively. This dual action of enhancing apoptotic cell clearance and
reducing pro-inflammatory cytokine production makes berberine a promising candidate
for promoting tissue healing in periodontal disease [162].

5.3. Impact and Mechanisms of Bioactive Compounds on Osteoclastogenesis, Osteoblastogenesis,
and Bone Remodeling

Bone remodeling is a dynamic process that preserves skeletal integrity by maintaining
a balance between bone formation (osteoblastogenesis) and bone resorption (osteoclastoge-
nesis) [163]. Flavonoids and polyphenols, including resveratrol, curcumin, and quercetin,
exhibit osteoprotective properties by regulating key signaling pathways involved in bone
metabolism [163]. Given their ability to modulate these mechanisms, they also hold promise
as potential therapeutic agents in the treatment of periodontitis [163].

Quercetin, exerts its osteogenic effects by enhancing the expression of osteogenic
markers such as BMP-2, RUNX2, and osteocalcin, thereby promoting osteoblast differ-
entiation and bone matrix formation [164]. It also activates the Wnt/ 3-catenin signaling
pathway, which is essential for bone regeneration. In contrast, quercetin suppresses osteo-
clastogenesis by downregulating the RANKL /NF-«kB signaling pathway and reducing the
expression of osteoclast differentiation factors such as c-Fos and NFATc1, which are crucial
for osteoclast activation. This inhibitory effect on osteoclastogenesis prevents excessive
alveolar bone resorption in periodontitis. Additionally, quercetin plays a crucial role in
bone remodeling by maintaining the balance between bone formation and resorption,
reducing oxidative stress, and exerting antimicrobial effects against periodontal pathogens,
thereby supporting overall periodontal health [164].

Resveratrol significantly influences osteoblastogenesis by activating SIRT1, which
enhances osteoblast differentiation and proliferation while protecting bone cells from ox-
idative stress-induced apoptosis. Its osteogenic effects are further mediated through the
activation of the BMP-2/Smad and Wnt/ 3-catenin pathways, which are essential for bone
regeneration [165]. In contrast, resveratrol inhibits osteoclastogenesis by downregulating
the NF-kB and MAPK signaling pathways, thereby reducing RANKL-induced osteoclast
differentiation and function. This anti-resorptive effect is particularly beneficial in pre-
venting periodontal bone loss. Furthermore, resveratrol contributes to bone remodeling
by reducing inflammatory cytokines such as TNF-«, IL-6, and IL-1(3, which play a central
role in periodontitis-associated bone destruction. Its antioxidant properties also mitigate
oxidative stress in the periodontium, further supporting bone homeostasis and periodontal
tissue regeneration [165].

Curcumin promotes osteoblastogenesis by stimulating RUNX2 and osterix expres-
sion, both of which are key transcription factors involved in osteogenic differentiation.
It enhances ALP activity and increases the deposition of bone matrix proteins such as
collagen type I and osteocalcin, making it an effective promoter of bone formation [164].
Simultaneously, curcumin inhibits osteoclastogenesis by suppressing RANKL-mediated
NEF-«B activation, leading to reduced expression of osteoclast markers such as TRAP and
cathepsin K. This results in decreased bone resorption, which is critical in the management
of periodontitis-associated bone loss [164]. Additionally, curcumin plays a crucial role in
bone remodeling by modulating inflammatory mediators and reducing oxidative stress,
both of which contribute to periodontal destruction. Its potent anti-inflammatory properties
help suppress periodontal inflammation, thereby protecting alveolar bone and periodontal
tissues from degradation [164] (Figure 7).
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Figure 7. Schematic representation of the effects of bioactive compounds on periodontal bone remod-

eling. Resveratrol, quercetin, naringin, curcumin, puerarin, and icariin modulate osteoclastogenesis
and osteoblastogenesis through pathways such as NF-xB, RANKL, and Wnt/ 3-catenin. Resveratrol
and naringin promote angiogenesis, while puerarin supports vascular endothelial growth factor
(VEGF) expression. These compounds collectively enhance bone regeneration and periodontal
healing by reducing inflammation and oxidative stress. Created with BioRender.com.

6. Clinical Evidence of Bioactive Compounds in Periodontal
Disease Management

Several studies have highlighted the therapeutic potential of natural bioactive com-
pounds, such as curcumin, resveratrol, EGCG (epigallocatechin gallate), and berberine, in
managing periodontal disease [28,30]. Although clinical trials remain limited, available
evidence suggests that these compounds can enhance periodontal health when used as ad-
juncts to conventional treatments, such as scaling and root planing (SRP) [166-168] (Table 2).
For instance, a clinical trial evaluating curcumin gel in combination with SRP demonstrated
a significant reduction in plaque index (PI), probing depth (PD), and clinical attachment loss
(CAL) (p < 0.05) after six weeks, compared to SRP alone [169,170]. Additionally, curcumin
treatment led to a notable decrease in procalcitonin (PCT), an inflammatory biomarker,
underscoring its anti-inflammatory properties [171]. Similarly, EGCG has been shown to
inhibit biofilm formation by up to 80% in Porphyromonas gingivalis colonies, highlighting its
antimicrobial potential in periodontal therapy [172]. Moreover, resveratrol and quercetin
have been reported to suppress osteoclast differentiation by 30-50% in vitro, reinforcing
their role in bone remodeling and periodontal regeneration [173,174].
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Table 2. Clinical studies of bioactive compounds in periodontitis.

Compound

Study Type Findings

Curcumin

Clinical Trials Reduces PD, CAL, and BOP when used as an adjunct to SRP [175,176]

Resveratrol

Reduces gingival inflammation and probing depth in patients treated

Clinical Trials with resveratrol gels [177].

EGCG (Green Tea)

Reduces plaque index, probing depth, and gingival inflammation in

Clinical Trials green tea-based mouthwash and gel trials [178,179].

Berberine

Improves gingival health and reduces gingival index and pocket depth

Clinical Trials when used with SRP [180].

A tri-ketonic phenylaminocarbonyl curcumin analog CMC 2.24, has shown promising
results as a pleiotropic matrix metalloproteinase (MMP) inhibitor with both intracellular
and extracellular effects. In diabetic rat models with endotoxin-induced periodontitis,
systemic administration of CMC 2.24 significantly inhibited alveolar bone loss while also
attenuating both local and systemic inflammation. One of its key advantages is its ability
to selectively reduce pathologically excessive levels of inducible MMPs—which contribute
to periodontal tissue degradation—while preserving constitutive MMPs that are essential
for physiological connective tissue turnover [181].

Beyond its periodontal benefits, CMC 2.24 has demonstrated favorable effects on extra-
oral connective tissues, skin, and skeletal bone, suggesting potential systemic applications
in conditions characterized by inflammation-driven connective tissue destruction. By
mitigating hyperglycemia- and bacteria-induced tissue damage, this curcumin derivative
represents a novel therapeutic approach that not only preserves periodontal integrity but
also exerts systemic protective effects [181].

Despite their promising benefits, bioactive compounds face several challenges in
clinical application, primarily due to issues related to bioavailability and stability in the oral
environment. For example, both curcumin and resveratrol exhibit low oral bioavailability,
which limits their therapeutic potential. Similarly, catechins (EGCG) are unstable in the
oral environment, reducing their effectiveness. Berberine, although effective in preclinical
studies, has yet to be tested in large-scale human trials [182-184].

Addressing these challenges, such as through advanced delivery systems like nanopar-
ticles, is crucial for their successful translation into clinical practice. These challenges are
further detailed in Table 3.

Table 3. Challenges of bioactive compounds in periodontitis.

Compound

Challenges

Curcumin

Poor bioavailability in oral tissues; nanoparticle formulations and hydrogels are
being developed to overcome this.

Resveratrol

Low oral bioavailability and rapid metabolism; advanced delivery mechanisms are
being explored.

Catechins (EGCG)

Instability of catechins in the oral environment; new formulations are needed to
preserve bioactivity.

Berberine

Limited large-scale human trials; bioavailability needs improvement through
novel delivery methods.
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7. Exploring Novel Molecular Mechanisms of Bioactive Compounds in
Periodontal Therapy: A Forward-Thinking Approach

7.1. Curcumin and Epigenetic Modulation Beyond HDACs

While curcumin’s role as a histone deacetylase (HDAC) inhibitor is well established,
emerging studies in oncology and neurobiology suggest that curcumin may influence
non-coding RNAs (ncRNAs), including microRNAs (miRNAs) and long non-coding
RNAs (IncRNAs) [185,186].

These ncRNAs are critical for post-transcriptional regulation and have been shown to
modulate immune responses and inflammation [186].

Curcumin could regulate miR-146a, miRNA involved in immune suppression, leading
to a novel mechanism for reducing inflammation in periodontal disease. Moreover, cur-
cumin might alter IncRNA-ANRIL, which has been implicated in regulating inflammation
and atherosclerosis. Investigating whether curcumin affects these ncRNAs in the context
of periodontal disease could open new avenues for exploring how curcumin orchestrates
gene silencing beyond traditional epigenetic marks [187].

7.2. Resveratrol and Mitochondrial Biogenesis

Although resveratrol’s effect on the SIRT1 pathway and its anti-inflammatory prop-
erties are well-known, more recent data suggest that resveratrol can modulate mitochon-
drial biogenesis through the PGC-1u (peroxisome proliferator-activated receptor gamma
coactivator-1 alpha) pathway [165,188]. Mitochondria play an essential role not just in
energy metabolism but also in regulating inflammation and apoptosis. Resveratrol may
enhance mitochondrial quality control, preventing excessive ROS production in periodontal
tissues and limiting oxidative stress. Additionally, mitochondrial dysfunction has been
linked to aging-related diseases, and by targeting mitochondrial biogenesis, resveratrol
might not only mitigate inflammation but also promote cellular longevity in gingival and
periodontal ligament cells [189,190].

7.3. Quercetin and Autophagy Regulation

Quercetin’s anti-inflammatory properties are well-established, but recent evidence
hints at its ability to modulate autophagy, a process that clears damaged proteins and
organelles, thus maintaining cellular homeostasis [48]. Autophagy dysregulation is asso-
ciated with both chronic inflammation and periodontal disease [191,192]. By activating
autophagy-related proteins such as Beclin-1 and LC3-II, quercetin may help in clearing
damaged or stressed cells in periodontal tissues, thus reducing persistent inflammation
and promoting tissue healing. In this context, quercetin could act as a dual regulator of
inflammation and cellular clearance, especially in oxidative stress-driven damage in the
periodontal environment [193].

7.4. Catechins and Gut-Oral Microbiome Crosstalk

Green tea catechins, such as EGCG, are known for their antimicrobial properties
against periodontal pathogens [110,113]. However, novel research suggests that catechins
could play a significant role in modulating the gut-oral microbiome axis, a new area of
research gaining traction in the fields of systemic diseases and oral health [194].

Catechins may influence gut microbiota composition by promoting the growth of butyrate-
producing bacteria, which have anti-inflammatory effects on systemic immunity [195].

The production of short-chain fatty acids (SCFAs) by gut microbiota might exert
systemic anti-inflammatory effects, indirectly benefiting periodontal health. EGCG could
bridge the oral and gut microbiomes, influencing systemic inflammation and enhancing
periodontal disease resolution through an intricate gut-oral microbiome interaction [196].
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7.5. Baicalin and Immune Metabolism

Baicalin has demonstrated antimicrobial and anti-inflammatory properties, but its
ability to modulate immune metabolism is an exciting new frontier [197]. Immune cells,
such as macrophages, undergo metabolic reprogramming (termed immunometabolism)
during inflammation. Baicalin might alter metabolic pathways in macrophages, shift-
ing them from an inflammatory (glycolysis-driven) state to a reparative (oxidative
phosphorylation-driven) state [198]. This could modulate the mTOR pathway, which con-
trols cell metabolism, promoting the transition from pro-inflammatory M1 macrophages to
anti-inflammatory M2 macrophages in periodontal lesions. By reprogramming immune
cell metabolism, baicalin could help maintain immune homeostasis and enhance tissue
regeneration in the periodontal microenvironment [199].

7.6. Carvacrol and Quorum Sensing Inhibition in Multi-Species Biofilms

Carvacrol’s ability to inhibit quorum sensing in bacterial biofilms is well recognized,
but emerging studies are exploring the interaction between polymicrobial biofilms and
host responses [200]. Multi-species biofilms, particularly those involving P. gingivalis,
T. forsythia, and F. nucleatum, exhibit sophisticated inter-bacterial communication that
promotes virulence and resistance to treatment [201].

Carvacrol could serve as a specific inhibitor of multi-species quorum sensing, targeting
cross-species bacterial signaling molecules like autoinducer-2 (AI-2), thus reducing biofilm
resistance to both antimicrobial agents and host immune clearance. Carvacrol could also
enhance the efficacy of probiotics, promoting a balanced oral microbiome and reducing the
virulence of dysbiotic communities [200].

7.7. B-Caryophyllene and Endocannabinoid System Modulation in Inflammation

-Caryophyllene’s interaction with the CB2 receptor in the endocannabinoid sys-
tem is of growing interest for its ability to modulate inflammation without psychoactive
effects [202]. CB2 receptor activation has been associated with the suppression of inflam-
matory cytokines and enhanced tissue repair [203]. Exosomes carrying (-caryophyllene
could be explored as a targeted delivery system for periodontal tissues, allowing for precise
control of inflammation at the local level [204]. Moreover, 3-caryophyllene could synergize
with endogenous cannabinoids, enhancing the natural resolution of inflammation and
promoting tissue regeneration in advanced periodontal lesions [205].

7.8. Berberine and MicroRNA-Based Modulation

Recent studies suggest that berberine may exert its anti-inflammatory effects by
modulating the expression of microRNAs (miRNAs) that control key inflammatory path-
ways [206]. Specifically, berberine could downregulate miR-21, a microRNA linked to
inflammation, fibrosis, and ECM degradation in periodontal tissues. Through miRNA-
based modulation, berberine might help reduce periodontal tissue destruction at a genetic
level, offering long-term protective effects [207,208].

Additionally, berberine could influence exosome-mediated intercellular communica-
tion, promoting anti-inflammatory signals in gingival epithelial cells [209].

7.9. Essential Oils and Synergistic Effects in Nanotechnology-Based Delivery Systems

While essential oils like thymol and eucalyptol have known antimicrobial properties,
their potential is greatly expanded when integrated into nanoparticle delivery systems.
These nano-formulations can enhance the penetration of essential oils into biofilms and
periodontal tissues, ensuring sustained release and prolonged efficacy [210].
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Nanoencapsulation of essential oils could also reduce volatility and ensure targeted
antimicrobial action, allowing for the disruption of biofilms at deep periodontal sites that
are difficult to reach with conventional treatments [211].

7.10. Gum Arabic and Modulation of the Oral-Immune Interface

Gum Arabic’s prebiotic properties and ability to modulate the oral microbiome are
already acknowledged, but a more advanced concept involves its role in modulating the
oral-immune interface [31]. Gum Arabic may influence mucosal immunity by interacting
with dendritic cells and modulating T regulatory (Treg) cell responses. By enhancing
mucosal immune tolerance, Gum Arabic could reduce the risk of chronic inflammation
and promote a balanced immune response. Moreover, Gum Arabic could be used as a
biofilm-dispersing agent, working synergistically with other antimicrobials to break down
established biofilms and enhance the efficacy of periodontal therapies [196] (Figure 8).
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Figure 8. Highlights the bioactive components of Gum Arabic and their role in quorum quenching
mechanisms. The top section presents the chemical structures of key Gum Arabic compounds.
The middle section illustrates mechanisms such as competing with quorum sensing (QS) receptors,
inhibiting oxidoreductase synthesis, and degrading QS molecules via lactonase activity. The bottom
section outlines the resulting quorum quenching effects, including disrupted bacterial communication,
reduced biofilm stability, decreased pathogenicity through inflammatory cytokine inhibition, and
increased antimicrobial sensitivity. Created with BioRender.com.

7.11. Potential Cytotoxicity of High Doses of Curcumin, EGCG, Resveratrol, Baicalin,
and Quercetin

While bioactive compounds such as curcumin, EGCG, and resveratrol offer significant
therapeutic benefits, their cytotoxic effects at high doses raise concerns regarding their
safe application.

Curcumin has a well-established safety profile and is recognized as GRAS (Generally
Recognized as Safe) by the FDA, with human studies indicating tolerance at doses up
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to 8 g/day [212]. However, in vitro and animal studies have reported dose-dependent
toxicity, including DNA fragmentation, hepatotoxicity, and gastrointestinal disturbances
at high concentrations. Acute toxicity studies in humans found mild, non-serious side
effects at doses above 10-12 g/day [213]. Long-term animal studies linked extremely high
doses to liver toxicity, gastrointestinal issues, and carcinogenic potential in rodents, but no
significant adverse effects were observed in clinical trials with doses up to 8 g/day. Overall,
curcumin remains safe at moderate doses, though higher doses require caution due to
potential cytotoxic effects [214]. A recent study has shown that EGCG exhibits acute and
subacute toxicity, particularly through its effects on mitochondrial dysfunction in primary
astrocytes. The mechanism of EGCG-induced toxicity is associated with Ca?* overloading,
which occurs via voltage-gated calcium channels (VGCCs) and mitochondrial Ca®* uni-
porter (MCU) [215]. Resveratrol, a phytochemical with potential health benefits, has also
been reported to exhibit cytotoxic effects, primarily through the inhibition of the oxidative
phosphorylation (OXPHOS) pathway. Its toxicity appears to be energy-dependent, whereas,
in low-energy conditions, resveratrol can exacerbate ATP depletion, leading to cell death.
Conversely, when cells have high energy availability, resveratrol-induced OXPHOS inhibi-
tion may create a controlled low-energy state, mimicking caloric restriction benefits. This
dual effect suggests a complex relationship between caloric intake and resveratrol’s impact
on cellular metabolism, with potential applications in cancer therapy [216,217]. High doses
(>50 uM) of EGCG lead to mitochondrial permeability transition pore (mPTP) opening,
membrane depolarization, increased reactive oxygen species (ROS), and cytochrome c re-
lease, ultimately triggering apoptosis. More apoptotic cells were observed at 50 uM EGCG
compared to lower doses (1 pM EGCG), indicating dose-dependent cytotoxicity. These
findings suggest that high-dose EGCG may be toxic to astrocytes by targeting mitochondria
via calcium dysregulation, expanding our understanding of its potential neurotoxicity and
safety considerations [218,219].

8. Gaps in Current Research

Despite the promising preclinical and early clinical findings, several significant gaps
remain in the research on bioactive compounds in periodontal therapy:

e Lack of Large-Scale Clinical Trials: Most clinical studies to date have been small and
short-term. Larger, randomized controlled trials (RCTs) with longer follow-up periods
are needed to establish the efficacy and safety of bioactive compounds as adjuncts to
periodontal therapy.

e  Bioavailability Issues: A common challenge for many bioactive compounds, including
curcumin, resveratrol, and catechins, is their poor bioavailability in oral tissues. This
limits their clinical efficacy, as only a small fraction of the administered dose reaches
the target site. Strategies to improve bioavailability, such as nanoparticle delivery
systems, encapsulation techniques, and sustained-release formulations, need to be
further explored.

e  Heterogeneity in Study Designs: There is a lack of standardization in clinical trial
designs, including variations in dosage, duration, and forms of bioactive compound
administration. This makes it difficult to compare results across studies and draw
definitive conclusions about efficacy.

e  Mechanism of Action in Humans: While there is substantial preclinical evidence
on the molecular mechanisms of bioactive compounds in periodontal tissues, these
mechanisms have not been fully validated in human studies. Future research should
focus on identifying specific molecular targets and signaling pathways in human
clinical settings.
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9. Future Directions: Addressing the Gaps

To overcome the existing challenges and fully harness the potential of bioactive com-
pounds in periodontal therapy, the following strategies should be pursued:

e Advanced Delivery Systems: Nanoparticles, liposomes, and hydrogels offer promising
solutions for improving the bioavailability of bioactive compounds. For example,
curcumin-loaded nanoparticles have been shown to improve curcumin’s stability,
enhance its penetration into biofilms, and provide sustained release in periodontal
pockets. Similar formulations for other bioactives like resveratrol and EGCG are being
explored to optimize their delivery and maximize therapeutic efficacy.

e  Combination Therapies: Pairing bioactive compounds with conventional periodontal
treatments, such as antibiotics or mechanical debridement, may offer synergistic
effects. For instance, combining curcumin or resveratrol with low-dose antibiotics
could enhance antimicrobial efficacy while reducing the risk of antibiotic resistance.
Combination therapies should be rigorously tested in well-designed clinical trials.

e  Personalized Periodontal Care: Future research should focus on the development
of personalized therapies that take into account the patient’s genetic, microbiome,
and immunological profiles. By tailoring bioactive compound use to the individual
patient, clinicians could maximize therapeutic outcomes. For example, genetic markers
of inflammation or bone resorption could guide the selection of specific bioactive
compounds that target these pathways.

e  Long-Term Studies: It is essential to conduct long-term follow-up studies to evaluate
the sustained effects of bioactive compounds in preventing disease recurrence. Peri-
odontal disease is chronic, and the long-term stability of treatment outcomes is crucial
for patient care.

e  Despite promising findings on the therapeutic potential of bioactive compounds in
periodontal disease, most preclinical and clinical studies do not differentiate between
mild, moderate, and severe periodontitis when evaluating their efficacy. Future
research should aim to stratify patients based on disease severity to determine whether
bioactive compounds exert differential effects at various stages of periodontal destruction.

e  Exploration of Synergistic Combinations of Bioactive Compounds: Natural bioactive
compounds often exhibit complementary mechanisms of action. Future studies should
explore combinations of compounds, such as curcumin with EGCG or berberine
with resveratrol, to evaluate whether their synergistic effects can further enhance
periodontal regeneration and inflammation control.

10. Conclusions

Natural bioactive compounds represent a transformative potential in the manage-
ment of periodontal disease, offering a multi-faceted approach that targets both microbial
pathogens and host immune responses at an advanced molecular level. The unique proper-
ties of these compounds—including their anti-inflammatory, antimicrobial, antioxidant,
and tissue-regenerative effects—enable them to address the complex etiopathogenesis of
periodontal disease, which involves chronic inflammation, microbial dysbiosis, oxidative
stress, and tissue destruction.

Preclinical studies have shown that compounds such as curcumin, resveratrol, EGCG,
baicalin, berberine, and essential oils exhibit potent effects in reducing bacterial coloniza-
tion, inhibiting biofilm formation, and modulating key inflammatory pathways like NF-«B,
MAPK, and JAK/STAT. These compounds also promote tissue healing by enhancing effero-
cytosis, stimulating collagen synthesis, and promoting osteoblast activity, all of which are
critical for the preservation of periodontal tissues. Furthermore, some compounds exhibit
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epigenetic modulating properties, offering long-term benefits through gene expression
regulation in periodontal tissues.

Despite promising findings from in vitro, in vivo, and early clinical trials, significant
gaps remain in fully realizing the therapeutic potential of bioactive compounds in periodon-
tal care. Key challenges include their poor bioavailability, short retention in the oral cavity,
and limited large-scale human clinical trials. Addressing these issues through advanced
delivery systems, such as nanoparticles, hydrogels, and sustained-release formulations,
could greatly improve the efficacy of bioactive compounds in clinical settings. Addition-
ally, the development of combination therapies, personalized periodontal treatments, and
long-term follow-up studies will be critical for establishing these compounds as integral
components of periodontal therapy.

The future of periodontal treatment may well lie in the integration of natural bioactive
compounds with conventional therapies, as they offer safer, more holistic, and potentially
more effective approaches to managing this chronic and widespread disease. As research
continues to evolve, bioactive compounds could become essential adjuncts in promoting
not only the treatment of periodontal disease but also its prevention, thus significantly
improving patient outcomes and reducing the global burden of periodontal disease.
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