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ABSTRACT

Periodontitis is one of the chronic diseases that have the greatest impact on human health, and it is
associated with several other chronic diseases. Tissue damage associated with periodontitis is often
connected with immune response. Immune cells are a crucial component of the human immune system
and are directly involved in periodontitis during the inflammatory phase of the disease. Macrophages, as
a key component of the immune system, are responsible for defence, antigen presentation and
phagocytosis in healthy tissue. They are also closely linked to the development and resolution of
periodontitis, through mechanisms such as macrophage polarization, pattern recognition receptors
recognition, efferocytosis, and Specialized Pro-resolving Mediators (SPMs) production. Additionally,
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apoptosis and autophagy are also known to play a role in the recovery of periodontitis. This review
aims to investigate the aforementioned mechanisms in more detail and identify novel therapeutic

approaches for periodontitis.

Introduction

Periodontitis is a multi-factor chronic inflammatory disease
characterized by gingival inflammation, periodontal pocket
formation, groove absorption, and tooth loosening and
movement [1], which significantly affects oral health, aes-
thetics, and function [2]. Periodontitis is the most common
cause of tooth loss, and it raises the risk of systemic dis-
orders by triggering inflammatory responses in other tis-
sues and organs [3]. The number of periodontal disease
cases in 2019 is almost twice that in 1990, with an apparent
rise in incidence and prevalence, which emphasizes the
importance and urgency of the prevention and treatment
of periodontitis [4]. The milestone research of Page and
Schroeder announced that although plaque is the initial
factor of periodontitis. It is the immune response of hosts
to infection that determines the development of period-
ontitis [5].

Tissue destruction in periodontitis is mainly caused by
the host’s immune response to infection [6,7].
Polymorphonuclear neutrophils (PMN) and macrophages
play an important role in periodontitis by controlling the
pathogenicity of gingival biofilm as well as activating adap-
tive immunity and play an important role in various phy-
siological and pathological processes [8]. Macrophages
originate from circulating monocytes, which develop

from bone marrow precursor cells before entering the
bloodstream. These monocytes can mature into macro-
phages in response to injury or inflammation, or migrate
into tissues to become resident macrophages or dendritic
cells. However, not all tissue-resistant macrophages are
derived from monocytes. Before the formation of definitive
hematopoietic stem cells, some macrophages, such as
Langerhans cells, are secreted during the prenatal period
from progenitor cells in the yolk sac and fetal liver of the
fetus. [9,10]As an indispensable part of the human innate
immune system, macrophages react phenotypically and
functionally for recognizing, phagocytosing, and removing
bacteria. However, they are also closely related to tissue
damage and repair during diseases [11,12]. An increase in
inflammatory substances produced by macrophages in the
gingival tissue is associated with the advancement of peri-
odontitis lesions, whereas inhibition of the release of these
proinflammatory factors is associated with improved bone
resorption and inflammatory cell infiltration status [13].

In this review, we delve into the functions and localiza-
tion of macrophages. By examining the processes involved
in the onset and progression of periodontitis, we attempt to
discuss the possible contribution of macrophage activation
to the development of periodontitis and its significance for
upcoming periodontal treatment options.
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Healthy periodontal condition
Polarization and plasticity of macrophages

Macrophages exhibit extremely heterogeneous characteris-
tics in physiological and pathological conditions because
they are sufficiently flexible to integrate a range of signals
from bacteria, wounded tissues, and the normal tissue
environment [14]. The plasticity and flexibility of macro-
phages characterized their activated state. Depending on
various surface markers and biological activity, macro-
phages can be categorized into two phenotypes, including
pro-inflammatory macrophages (M1) and anti-inflamma-
tory macrophages (M2) [15,16]. Under certain conditions,
M1 and M2 can be converted to each other, this dynamic
process allows macrophages to maintain homeostasis in the
microenvironmental changes. However, the imbalance of
macrophage polarization is often connected with period-
ontitis progression and regulation [17]. Therefore, the ratio
of M1 to M2 has been shown to indicate the progression of
periodontitis [18].

Macrophage polarization is primarily stimulated by
the cytokines in the micro-environment. M1 macro-
phages generate pro-inflammatory cytokines and che-
mokine to prevent the growth of neighboring cells
when they are triggered by Thl cytokines like inter-
feron-y(IFN-y) or interleukin-6 (IL-6). M2 macro-
phages generate anti-inflammatory cytokines and Treg
response in reacting to Th2 cytokines, glucocorticoids,
and immune complexes for tissue repair, inflammation
suppression, and immune regulation, promoting the
proliferation of surrounding cells [16,19-22].

M1 macrophages have physiological functions that can
be summarized as defence, pro-inflammatory responses,
and tissue damage. M1 macrophages can produce cyto-
kines and chemokines. The former include tumor necrosis
factor-alpha (TNF-a), IL-6, and type I interferons. In con-
trast, the latter includes C-X-C motif chemokine ligand 1
(CXCL1), C-C motif chemokine ligand 2 (CCL2), and C-
X3-C motif chemokine ligand 1 (CX3CL1). Additionally,
M1 macrophages have strong antigen-presenting abilities,
allowing them to recruit other immune cells, such as T
cells, to the site of inflammation to work in concert [23].
Given their pro-inflammatory nature, an excessive inflam-
matory response can damage tissue or exacerbate inflam-
matory diseases, worsening the situation. M2
macrophages, also called anti-inflammatory macrophages,
play an important role in maintaining homeostasis. The
functions of M2 macrophages can be summarized as anti-
inflammatory effects, promotion of tissue repair, angiogen-
esis, and suppression of excessive immune responses. M2
macrophages can produce various cytokines, including IL-
6, IL-13, and IL-10. These cytokines have anti-

inflammatory properties. M2 macrophages can also pro-
mote cell proliferation and angiogenesis, which contribute
to tissue regeneration. They achieve these effects by pro-
moting the production of interferon-gamma (IFN-y),
transforming growth factor-beta (TGF-f), and IL-10
[23,24].

The M1 or M2 classification, however, is an over-
simplification, with tissue-resident macrophages being
much more complex cells. With further investigation of
the characteristics and functions of M2 macrophages, it
is found to be developed into four other subtypes: M2a,
M2b, M2c, and M2d [25].

M?2a macrophages are stimulated by IL-4 or IL-13 and
express markers like CD206 and IL-10. These macrophages
can shift fibroblasts from a pro-inflammatory state to a
reparative state, promoting tissue repair [26,27]. M2b
macrophages can have both harmful and protective roles
in disease. They exhibit a degree of regulatory function and
can secrete both pro-inflammatory and anti-inflammatory
factors. They are activated by immune complexes and Toll-
like receptors. Typically, they have high expression levels of
IL-10, IL-1B, and TNF-a [16,27]. M2c macrophages are
activated in the presence of IL-10 or glucocorticoids, releas-
ing transforming growth factor-beta 1 (TGF-B1) and IL-10,
effectively engulfing apoptotic cells and reducing inflam-
mation [28]. M2d macrophages are stimulated by adeno-
sine A2 receptor (A2R) agonists and Toll-like receptor
(TLR) ligands, along with IL-6. M2d macrophages can
express IL-10 and vascular endothelial growth factor
(VEGEF), playing a role in angiogenesis and cancer metas-
tasis [27,29,30].

The location and function of macrophages in
normal conditions

The periodontium consists of gingiva, periodontal
ligament, cementum, and alveolar bone. The dento-
gingival junction is a structure where the gingiva
connects to the tooth surface and closes off the
junction of the hard and soft tissues. The dentogin-
gival junction consists of gingival epithelium, sulcu-
lar epithelium, and junctional epithelium, which
prevents the invasion of bacteria in normal condi-
tions. The slender gap between the gingiva and the
tooth surface is known as the gingival sulcus. This
sulcus contains a significant amount of gingival
fluid, sourced from blood vessels within the sulcular
and junctional epithelium. Immune cells such as
polymorphonuclear leukocytes and monocytes can
migrate into the gingival sulcus through the junc-
tional epithelium. These immune cells, along with
the cytokines they secreted, form the defence line of



periodontium [24]. As previously mentioned, mono-
cytes transform into macrophages in response to
inflammation, thereby playing a role in the advance-
ment of periodontitis. This implies that even in
normal periodontal conditions, the connective tissue
linked to the gingival epithelium is penetrated by
inflammatory cells. In healthy periodontal tissues,
macrophages and leukocytes are mainly located
within the gingival connective tissue and are found
in low concentrations. Garaicoa-Pazmino and his
team employed CD68 and inducible nitric oxide
synthase (iNOS) as markers to determine the num-
ber of M1 macrophages in tissue, while CD206 was
used to identify M2 macrophages. The study aimed
to compare the quantity and polarization status of
macrophages in healthy gingival tissue. The results
indicated that M2 macrophages were significantly
more abundant than M1 macrophages in healthy
tissue [31]. However, in cases of periodontal inflam-
mation, there is an increased number of macro-
phages, especially M1 macrophages that are
distributed more widely, extending deep into the
connective tissue [24,32].

Macrophages are extensively dispersed throughout
the body. Their roles in maintaining health can be
outlined as follows. Firstly, their primary function is
phagocytosis, allowing them to ingest bacteria and
invading viruses, as well as to remove apoptotic
cells through processes like efferocytosis. Secondly,
macrophages can synthesize and release various cyto-
kines, including anti-inflammatory and pro-inflam-
matory cytokines. Conversely, these cytokines can
modulate the functions of macrophages. Thirdly,
macrophages are a kind of professional antigen pre-
sentation cell (APC), contributing to the activation
and regulation of immune responses [33,34]. Antigen
presentation involves the uptake and processing of
antigens by antigen-presenting cells, which then dis-
play these antigens on their surfaces as immunogenic
peptides. These peptides are subsequently recognized
by immune effector cells, triggering an immune
response [35].

Macrophages play a significant role in periodon-
tal health, as their presence allows for timely recog-
nition of pathogens and recruitment to the site of
infection. In different microenvironments, macro-
phages can differentiate into M1 or M2 phenotypes.
Through interactions with pathogenic microorgan-
isms, they secrete pro-inflammatory cytokines and
chemokines, not only participating in microbial
phagocytosis but also promoting inflammation.
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Macrophage pattern recognition receptors(PRRs)

Pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs) stimu-
late multiple intracellular signaling cascades by binding
to the pattern recognition receptor (PRRs), which
causes cell death and effector molecule synthesis to
mediate inflammation and ultimately encourage the
progression and regeneration of periodontitis [36].
Throughout the development of periodontitis, the
innate immune response depends on identifying infec-
tious factors and PRRs [37]. There are eight major sub-
families of PRRs: stimulator of interferon genes
(STING), nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs), macrophages scavenger
receptors (MSRs), C-type lectin receptors (CLRs),
absent in melanoma 2 (AMI2)-like receptors (ALRs),
retinoic acid-inducible gene (RIG)-like receptors
(RLRs), and Toll-like receptors (TLRs) [38-41].
Among all pattern recognition receptors, ALRs, NLRs,
and TLRs are considered the three receptors most clo-
sely associated with periodontitis [42].

According to cellular location, ten functional
TLRs have been found in human beings [43].
TLR1/2/4/5/6 are expressed on plasma membranes
or extracellular cell surfaces of macrophages and
neutrophils. They are able to detect membrane com-
ponents produced by microbes. TLR3/7/8/9 are only
expressed in endolysosomal compartments, in which
their primary role is to recognize nucleic acids from
microorganisms [43,44]. All TLRs and members of
the IL-1 receptor family, with the exception of
TLR3, signal by attracting the intracellular signaling
adaptor protein Myeloid differentiation factor 88
(MyD88), which encourages pro-inflammatory cas-
cades. TLR3, on the other hand, signals through a
TIR-domain-containing adapter protein (TIRAP)-
inducing interferon-p pathway, inducing the expres-
sion of Type I interferons, such as IFNa/p [45-47].

Both NLR family members and ALR family mem-
bers can activate the inflammasome, and they have
been closely linked to the initiation and progression
of periodontitis. Certain NLR family members, like
the NOD-like receptor family pyrin domain-con-
taining 3 (NLRP3), play a role in inflammasome
formation. Upon recognizing bacterial lipopolysac-
charides (LPS) or other metabolic byproducts, AIM2
and NLRP3 activate the inflammasome, promoting
the production of activated Caspase-1, which in turn
mediates the release of IL-1p and IL-18 [42,48].
Researchers have found that the expression levels
of molecules such as NLRP3, Caspase-1, and IL-1§
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can be used as one of the indicators for detecting
periodontitis. Furthermore, modulating the NLRP3
inflammasome is being considered as a new
approach for treating inflammation [49].

The role of macrophages in the progression of
periodontitis

Macrophage PRRs and periodontitis pathogen

Porphyromonas gingivalis has been identified as the
main pathogen responsible for the development of
chronic periodontitis, aggressive periodontitis, and per-
iodontal abscess [50]. Alterations in the microbial com-
position of the periodontium, resulting in an imbalance
in the native oral microbiota, have been closely asso-
ciated with periodontal tissue destruction and the
development of dental caries. The intrinsic components
and metabolic byproducts of Porphyromonas gingivalis
can serve as virulence factors, causing direct harm to
periodontal tissues or inducing damage indirectly by
provoking immune responses. The most significant
pathogenic components of Porphyromonas gingivalis
are capsules, proteases, LPS, and fimbriae [51]. These
virulence factors act on pattern recognition receptors
on the surface of macrophages, inducing cytokine pro-
duction, which leads to the development of
periodontitis.

Porphyromonas gingivalis has two distinct types of
fimbriae on its surface: long fimbriae and short fim-
briae. Although their antigenicity differs, both play a
crucial role in mediating bacterial adhesion and inva-
sion. In a rat model of oral infection, short fimbriae
were observed to trigger the expression of TNF-a, along
with cytokines IL-1a and IL-6, in murine macrophages.
Additionally, they were found to promote the matura-
tion of precursor cells into osteoclasts [52]. In addition
to being associated with cytokine secretion, receptors
on the macrophage surface are also involved in the
entry of Porphyromonas gingivalis. Porphyromonas
gingivalis triggers signal transduction by engaging
TLR2 and CD14 on macrophage surfaces, resulting in
the activation of complement receptor 3 (CR3). This
interaction enables Porphyromonas gingivalis to enter
macrophages through CR3, subsequently inhibiting the
expression of IL-12p70 and allowing the bacterium to
persist within the macrophages [53]. Porphyromonas
gingivalis can exert both pro-inflammatory and pro-
adhesive effects through TLRs. The former leads to
the production of inflammatory cytokines, while the
latter facilitates bacterial adhesion to cells. The signal-
ing pathways mediated by TLR2 differ for these two
effects. In the case of the pro-inflammatory response,

the pathway hinges on the adapter protein MyD88,
whereas the pro-adhesive pathway rests on phosphoi-
nositide 3-kinase (PI3K) [54]. TLR2 forms heterodi-
mers by combining with TLR1 and TLR6. It
recognizes Porphyromonas gingivalis by recruiting
TIR-domain-containing adapter proteins (TIRAP) and
Myeloid differentiation primary response 88 (MyD88)
to the cytoplasmic domain of TLR2, constituting the
conventional TLR2-MyD88 and TIRAP-TLR inflam-
matory pathway. Downstream signaling events activate
the NF-kB pathway, inducing host defence activities
associated with periodontitis, leading to the onset of
the disease [54-56]. TLRs also interact with co-recep-
tors to induce inflammatory responses. For example, C-
X-C chemokine receptor type 4 (CXCR4) serves as a
co-receptor for TLR2, aiding TLR2 in recognizing spe-
cific signaling molecules and participating in the signal
transduction process. Through TLR2-CXCR4 crosstalk,
when TLR2 detects fimbriae, protein kinase A (PKA)
suppresses the transduction of the MyD88 inflamma-
tory signaling pathway, reducing the nitric oxide pro-
duced by macrophages and diminishing their ability to
damage pathogens [37]. Furthermore, it was found that
Porphyromonas gingivalis long fimbrial proteins were
able to activate human gingival epithelial cells through
TLR2. The long fimbriae can substantially enhance NF-
kB activation and, in turn, stimulate IL-8 produc-
tion [57].

Porphyromonas gingivalis is a Gram-negative bac-
terium, and lipid A (LPS) is a key component of the cell
wall in Gram-negative bacteria, as well as one of the
major virulence factors of Porphyromonas gingivalis.
After the breakdown of bacteria, Porphyromonas gin-
givalis is capable of releasing numerous microvesicles
laden with LPS, which can infiltrate periodontium and
thereby contribute to immune reactions that lead to
tissue damage. Earlier assumptions indicated that
Porphyromonas gingivalis LPS activates macrophages
solely via TLR2. However, recent findings have revealed
that this activation actually requires both TLR2 and
TLR4. Researchers hypothesize that this dual activation
may be linked to the lipid diversity in Porphyromonas
gingivalis [58]. TLR4 must form a complex with mye-
loid differentiation protein-2 (MD-2), known as the
MD-2/TLR4 complex, which is crucial due to the mul-
tiple acyl chains of lipopolysaccharides (LPS), to bind
its ligand - LPS. In this process, the lipopolysaccharide-
binding protein (LBP) and CD14 complex transports
LPS to the surface of the MD-2/TLR4 complex, enhan-
cing the efficiency of LPS transport [59,60]. LPS deliv-
ered to the membrane of MD2/TLR4 in the presence of
LBP-LPS-CD14 complex allows stimulation of TLR4 to
initialize the immune response [37]. LPS not only acts



on macrophages but can also activate neutrophils. The
findings from Tomohisa and his colleagues indicate
that Porphyromonas gingivalis LPS induces neutrophil
extracellular traps (NETs) through TLR2 and TLRA4.
The expression of NETs was suppressed when cells
were exposed to Porphyromonas gingivalis LPS after
treatment with antibodies targeting TLR2 and TLR4,
and similarly when stimulated with Escherichia coli
LPS following TLR4 blockade with specific antibo-
dies [61].

Porphyromonas gingivalis produces gingipains that
include arginine-targeting enzymes as well as lysine-
targeting enzymes, that is RgpA/RgpB and Kgp. As
mentioned previously, CD14, serving as a co-receptor
for TLR2, is significant in recognizing and transmitting
signals related to pathogen-associated molecular pat-
terns (PAMPs) and damage-associated molecular pat-
terns (DAMPs). Due to the purified gingipains RgpA
and Kgp’s downregulation of membrane CD14 expres-
sion, macrophage response to Porphyromonas gingiva-
lis infection is reduced. However, CD14 is crucial to the
recognition and combination of fimbriae and LPS of
Porphyromonas gingivalis, which means the reduction
of CD14 expression benefits the reproduction of bac-
teria and deteriorates inflammation [37,42]. In addi-
tion, RgpA, RgpB, and Kgp can directly hydrolyze
complement proteins such as C3, impacting the activa-
tion of the complement system. By degrading comple-
ment components, gingipains  diminish  the
complement system’s capacity to attract and activate
immune cells like macrophages, thus impairing the
immune response and facilitating the pathogen’s eva-
sion from immune detection [62]. From an intercellular
mechanism perspective, Porphyromonas gingivalis uti-
lizes Arginine-specific gingipain A (HRgpA) to inhibit
the C4b protein on the bacterial plasma membrane,
thus attenuating the classical complement activation
pathway by altering the C3 convertase. Concurrently,
HRgpA and HRgpB produce bioactive C5a, leading to
the suppression of macrophage function through cross-
talk between the complement component 5a receptor
(C5aR) and TLR2. Porphyromonas gingivalis mitigates
TLR2-mediated signal transduction and its associated
biological processes via this C5a-C5aR-TLR2 crosstalk.
It suppresses TLR2-driven IL-12p70 secretion while
simultaneously enhancing the production of cytokines
linked to bone degradation, like IL-6, consequently
fostering alveolar bone loss [63]. Except for cytokine
expression, Gingipains can also enhance macrophage
cyclic adenosine monophosphate (cAMP) production
through the crosstalk mechanism of C5a-C5aR-TLR2
with the aid of certain receptors (such as C-X-C che-
mokine receptor type 4, CXCR4). To capture the
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limited binding site of cAMP response element-binding
protein (CREB) binding protein (CBP), cAMP pro-
motes the activation of cAMP-dependent protein
kinase A (PKA) and cAMP response element-binding
protein (CREB), while inhibiting the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-
kB) pathway. As a result, this process reduces macro-
phage nitric oxide (NO) production and weakens its
ability to kill bacteria [37,64]. In addition to interacting
with the TLRs, Porphyromonas gingivalis can also
interact with the NLRs. Researchers have discovered
that Porphyromonas gingivalis can stimulate the
NLRP3 inflammasome, triggering the release of IL-1P
and TNF-a, thereby inducing inflammation. This acti-
vation process, however, does not depend on gingi-
pains. Despite this, gingipains can break down IL-1p
and TNF-a in tissues, serving as a bacterial self-protec-
tion strategy. With this mechanism, Porphyromonas
gingivalis can initiate the host’s inflammatory response
while ensuring that the inflammation does not escalate
excessively, thereby promoting bacterial prolifera-
tion [65].

Macrophages polarization and the progression of
periodontitis

Periodontal pathogens have a significant impact on
macrophage polarization. Porphyromonas gingivalis
drives the differentiation of macrophages toward the
M1 phenotype through four key mechanisms. As pre-
viously discussed, M1 differentiation is regulated by
cytokines such as IFN-y. When pathogens invade the
periodontium, they disturb the equilibrium of the local
microbiome, which in turn disrupts the cytokine bal-
ance within the periodontal environment. This imbal-
ance leads to elevated levels of certain cytokines like IL-
6, which promote M1 polarization. Moreover, the inter-
action between Porphyromonas gingivalis and TLRs
also promotes the shift toward the M1 phenotype [21].

Different signaling molecules and pathways can
influence the polarization of macrophages. When the
signaling pathways are activated by interferons or
TLRs, macrophages tend to polarize towards the M1
phenotype, which is characterized by pro-inflammatory
and antimicrobial properties. However, when the path-
ways are activated by IL-4 or IL-13, macrophages lean
towards the M2 phenotype. Both pathways rely on the
interferon regulatory factor (IRF)/signal transducer and
activator of transcription (STAT) pathway, but the for-
mer is mediated by STATI protein while the latter
operates through STAT6 protein [21].

Researchers have found that when polymorphonuc-
lear neutrophils (PMNs) from periodontitis patients are
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stimulated with Porphyromonas gingivalis lipopolysac-
charide, these cells produce significant amounts of
superoxide, a type of reactive oxygen species (ROS).
During the development of periodontitis, large num-
bers of PMNs, part of the innate immune response,
accumulate at the site of inflammation, and this infil-
tration results in substantial ROS production. ROS
serves a dual function. On the one hand, they can
eliminate bacteria, aiding in the defence against infec-
tions; on the other hand, they can harm tissues.
Elevated levels of ROS can activate osteoclasts, leading
to the degradation of periodontal tissue and bone.
Moreover, ROS can trigger the NF-kB signaling path-
way [66]. It activates the NF-«kB signaling pathway
upstream, leading to increased transcription of down-
stream genes responsible for pro-inflammatory cyto-
kine secretion, which drives macrophage polarization
toward the M1 phenotype [67].

Previously, we examined the influence of pathogens
on macrophage polarization. Next, we will explore the
specific mechanisms through which cytokines pro-
duced by polarized M1 macrophages affect periodontal
tissue and their role in periodontal damage. M1 macro-
phages can secrete various pro-inflammatory cytokines,
such as IL-6, TNF-a, and IL-1pB, which can damage
periodontal tissue. IL-1p is primarily produced by
macrophages and can stimulate the formation of osteo-
clasts and the production of proteases, resulting in the
breakdown of alveolar bone [68]. Research has found
that significantly elevated levels of IL-1p can be
detected in both gingival crevicular fluid and saliva
from patients with periodontitis [68]. As mentioned
above, Porphyromonas gingivalis is able to activate
both TLRs and NLRs to start an immune response.
The NLRP3 inflammasome can be activated through
two steps (Figure 1). The first step involves pattern
recognition receptors on macrophages identifying
pathogen-associated molecular patterns (PAMPs) on
the surface of Porphyromonas gingivalis, leading to
the activation of the NF-«xB signaling pathway. This
activation not only triggers the NLRP3 inflammasome
but also stimulates the production of pro-interleukin-1
beta (pro-IL-1B) and pro-interleukin-18 (pro-IL-18)
[69]. It also reduces the activation threshold for
NLRP3 [70]. The second step can be activated by a
variety of signals, including the activation of the P2X7
receptor, pore-forming toxins, damaged mitochondria,
and ruptured lysosomes. These activation signals lead
to increased K" efflux and increased Ca®" influx. The
increased K" efflux activates NEK7, an important reg-
ulator in inflammasome formation. The elevated Ca**
influx can lead to mitochondrial damage, resulting in
the release of excessive reactive oxygen species (ROS)

and mitochondrial DNA (mtDNA). All of these factors
can trigger NLRP3, leading to the formation of the
NLRP3 inflammasome. The rupture of lysosomes not
only causes an increase in K' efflux but also releases
cathepsins, which further activate NLRP3 [71]. Once
the inflammasome is activated, it generates caspase-1,
which in turn leads to the secretion of IL-1f and IL-18
[69]. The interaction between Th17 cells and macro-
phages also plays a crucial role in the progression of
periodontitis. Once activated, Th17 cells can recruit
neutrophils and macrophages to the site of inflamma-
tion. They can also secrete IL-17, which amplifies the
inflammatory response, while IL-17 can further induce
macrophages to secrete TNF-a, IL-1f, and intercellular
adhesion molecule 1 (ICAM-1). In addition, IL-23 and
IL-6 secreted by macrophages can stimulate the activa-
tion of Th17 cells, creating a cycle of immune activa-
tion that perpetuates the inflammatory response [72].

Researchers identified the presence of soluble IL-6
receptor (sIL-6 R) in the gum tissue of patients with
periodontitis. IL-6 operates by attaching to the IL-6
receptor on the membrane of human gingival fibro-
blasts (HGF). The existence of sIL-6 R ensures that
even when the number of IL-6 receptors on the mem-
brane of HGF cells is low, IL-6 can still efficiently
activate these cells. This interaction could lead to the
degradation of key proteins generated by HGF, affect-
ing their capacity to mend damaged periodontal tissue.
At the same time, TNF-a and IL-1f also target HGF,
and these cytokines collectively impact the ability of
fibroblasts to repair damaged periodontal tissue [73].
Additionally, IL-6 can inhibit protein synthesis in
osteoblasts, impacting bone formation. When destruc-
tion outweighs repair, periodontal tissues exhibit signs
of alveolar bone resorption, with periodontal pockets
receding toward the root and significant subcellular
infiltration [73,74].

Neutrophil changes in periodontitis

Neutrophils are the most prevalent immune cells in
normal periodontal tissue. As the first line of the innate
immune system, neutrophils are quickly drawn to the
infection site in response to several inflammatory trig-
gers to fight against the bacteria or fungi that try to
invade our body [75].

The migration of neutrophils toward and across
the vascular wall to the site of inflammation is clo-
sely related to cell adhesion molecules, such as trig-
gering receptors expressed on myeloid cells 1
(TREM-1) [76]. The strong chemotaxis of neutro-
phils depends on interactions between chemokines
and their receptors as well as cell adhesion
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Figure 1. Activation of the NLRP3 inflammasome. The first step in inflammasome activation is initiation. Pattern recognition receptors
(PRRs) recognize pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) from period-
ontal pathogens, triggering the NF-kB signaling pathway. This leads to an increase in the gene expression of NLRP3 and the
precursors of interleukin-1 beta (IL-1B) and interleukin-18 (IL-18). The second step is activation. A number of activation signals have
been identified, including ATP activating the P2X7 receptor, mitochondrial damage, lysosomal rupture, and pore-forming toxins.
These signals cause NLRP3 proteins to aggregate and assemble with the adaptor protein ASC (apoptosis-associated speck-like protein
containing a CARD) and caspase-1, which contains a cysteine protease activation domain, forming the inflammasome. Once the

inflammasome is activated, caspase-1 is also activated, cleaving the precursors of IL-1B and IL-18 into their active forms.

molecules. However, the ability of neutrophil chemo-
taxis drops in chronic periodontitis, even with suc-
cessful treatment [77]. Leukocyte recruitment to
infected tissues is significantly mediated by TLRs,
while E-selectin and intercellular adhesion molecule
1 (ICAM-1), which are necessary for leukocyte roll-
ing and adherence, may be expressed on the surface
in the guidance of TLRs on endothelium [78]. TLRs
not only mediate neutrophil chemotaxis and adhe-
sion, but they also play a significant role in modulat-
ing neutrophil function. Neutrophils recognize
Porphyromonas gingivalis PAMPs through TLR2,
triggering C5a-C5aR-TLR2 crosstalk. Through the
crosstalk, Porphyromonas gingivalis induces ubiqui-
tination and proteasomal breakdown of MyD88. It
affects the signaling transduction of the TLR2-
MyD88 inflammatory pathway, thereby reducing the
anti-inflammatory potency of neutrophils. Therefore,
neutrophils are controlled by Porphyromonas

gingivalis in order to maintain microbial populations
and prolong inflammation [79].

Neutrophils are among the primary cells that express
the NLRP3 gene, and Porphyromonas gingivalis has
been shown to promote NLRP3 expression. When the
NLRP3 inflammasome is activated, neutrophils are
induced to secrete IL-1f, which mediates the activation
of osteoclasts, leading to alveolar bone resorption and
destruction. Neutrophils primarily eliminate pathogens
by phagocytosing them, releasing neutrophil extracel-
lular traps (NETs), degranulating, and generating reac-
tive oxygen species (ROS) [80]. Neutrophils can also
release IL-17, promoting the recruitment of neutro-
phils. IL-23 stimulates Th17 cells to secrete IL-17,
indirectly affecting IL-17 levels. As a result, when IL-
17 and IL-23 are overactive, large numbers of neutro-
phils are recruited to the site of inflammation. This
leads to significant production of reactive oxygen spe-
cies (ROS) by the neutrophils. In the periodontal tissue
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of patients with periodontitis, reactive oxygen species
(ROS) levels are elevated, but the levels of antioxidants
such as superoxide dismutase (SOD) remain
unchanged. This imbalance between oxidation and
antioxidation leads to excessive ROS, causing cells in
periodontal tissue to be damaged or to rupture and die
[66,72].

Periodontitis not only leads to an increase in the
number of neutrophils but also causes them to exhibit
hyper-reactivity [81]. Trained immunity refers to the
phenomenon wherein activation of the innate immune
system fosters responsiveness to subsequent challenges
[82]. Investigation has revealed that it was able to be
triggered in hematopoietic stem and progenitor cells
(HSPCs) located in the bone marrow through the inter-
actions between PAMPs and PPRs [81]. The increase in
myeloid-biased differentiation and generation of hyper-
reactive myeloid cells (neutrophils) can be initiated by
inflammation-induced metabolic, epigenetic, and tran-
scriptomic adaptations in HSPCs [83]. Innate immune
training of HSPCs can be triggered in the direct inter-
action with periodontal pathogens or the indirect acti-
vation of hematopoietic system through specialized
cells located in the bone marrow or peripheral tissue,
which was activated by the release of cytokines [81]. In
patients with periodontitis, peripheral neutrophils exhi-
bit hyper-reactivity, resulting in excessive production of
reactive oxygen species (ROS). The release of ROS is
partly due to their inherent properties and partly due to
the stimulation of Fc receptors by immune complexes
or antibodies. The inherent property of neutrophils is
that, even without Fc receptor stimulation, those from
periodontitis patients tend to release more ROS com-
pared to neutrophils from individuals with healthy
periodontal tissue. This tendency persists even after
periodontal treatment has been completed [84].

The function of macrophages in the
regeneration of periodontitis

Efferocytosis and periodontitis

Efferocytosis is the term used to explain the process by
which both professional and non-professional phagocytes
eliminate apoptotic cells. It maintains the dynamic balance
of our body rapidly and efficiently [85]. Many human
autoimmune or auto-inflammatory illnesses, including
periodontal disease, atherosclerosis, etc. are characterized
by defective elimination of dead cells [86]. The process of
efferocytosis involves “find me,” “keep out,” “eat me,” and
“do not eat me” signal molecules and can be mainly divided
into four steps (recruitment, recognition, engulfment, and
clearance) [85].

In the recruitment phase, apoptotic cells release “find-
me” signals, such as fragmented chemokines and adeno-
sine triphosphate (ATP), which attract macrophages to the
site of cell death. Receptors on macrophages can detect
these  signals, triggering macrophage migration.
Additionally, to specifically recruit phagocytes and prevent
the accumulation of inflammatory cells, apoptotic cells also
release “keep away” signals, such as lactoferrin. Once
macrophages arrive at the site of the apoptotic cells, the
recognition phase begins. Apoptotic cells interact with
specific receptors on macrophages by releasing “eat-me”
signals, such as phosphatidylserine, triggering the engulf-
ment response. Conversely, “don’t eat me” markers are
expressed on living cells to distinguish between live and
dying targets [87,88]. In the engulfment phase, the phago-
cytic signals activate actin polymerization and cytoskeletal
rearrangement via the CRK-like protein II (CRKII)-ded-
icator of cytokinesis 1 (DOCK180)-engulfment and cell
motility 1 (ELMO) complex, or the ATP-binding cassette
transporter Al (ABCAl)/engulfment adapter protein
GULP complex, promoting the phagocytosis process [89].
In the final phase, macrophages digest apoptotic cells
through endocytosis; phagosomes fuse with lysosomes to
break down the apoptotic cells into nucleotides, lipids,
sterols, and peptides. During this process, anti-inflamma-
tory mediators, such as TGF-p, are released [90].

The balance in the number of polymorphonuclear
neutrophils (PMNs) in tissues depends on the equili-
brium between PMN production and PMN elimina-
tion. This balance is maintained by a negative
feedback mechanism (Figure 2) [91]. To maintain neu-
trophil stability, efferocytosis regulates neutrophil gen-
eration and elimination in healthy or inflammatory
conditions [85]. Tissue macrophages engulf extrava-
sated apoptotic PMNs for phagocytosis. This activity
inhibits IL-23 expression, which in turn inhibits the
production of IL-17 and Granulocyte-Macrophage col-
ony-stimulating factor. IL-23 stimulates Th17 cells to
secrete IL-17, indirectly affecting IL-17 levels. IL-17
promotes the recruitment of neutrophils. IL-17 can
also increase the expression of receptor activator of
nuclear factor-kappa B ligand (RANKL) while inhibit-
ing the expression of osteoprotegerin (OPG), thereby
promoting osteoclast activity (Figure 2) [72].
Efferocytosis prevents excessive activation of neutro-
phils caused by the overproduction of IL-17 and IL-
23. As a result, it decreases neutrophils, eosinophils,
and basophils in the bone marrow [92]. By inhibiting
neutrophil release, this process creates an ongoing equi-
librium between the formation and elimination of
neutrophils.

Polymorphonuclear neutrophils (PMNs) undergo
apoptosis after engulfing periodontal pathogens, and
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Figure 2. Efferocytosis and the negative feedback of PMNs. In periodontitis, apoptotic polymorphonuclear neutrophils (PMNs) are
cleared through efferocytosis, a process that promotes the release of interleukin-23 (IL-23). IL-23 can activate Th17 cells, stimulating
the secretion of interleukin-17 (IL-17). IL-17, on one hand, promotes the recruitment of PMNs, while on the other hand, it can increase
the RANKL/OPG ratio, activating osteoclasts and leading to alveolar bone resorption.

efferocytosis is the process by which macrophages clear
apoptotic PMNs. On one hand, if PMNs that have
ingested pathogens are not promptly cleared, they
may release the harmful substances they have engulfed,
causing secondary damage to the body. Additionally,
the process of macrophages recognizing and phagocy-
tizing apoptotic PMNss triggers the synthesis and release
of specialized pro-resolving mediators (SPMs). SPMs
may be involved in inflammatory responses through
various pathways, playing a significant role in resolving
inflammation by enhancing the phagocytosis of apop-
totic cells by macrophages, thereby promoting the reso-
lution of inflammation [93].

Production of specialized pro-resolving mediators

Specialized pro-resolving mediators (SPMs), enzymati-
cally derived from polyunsaturated fatty acids, play a
crucial role in anti-inflammatory processes, promoting
inflammation resolution, and enhancing phagocytic
capacity. The phagocytosis of apoptotic cells triggers
the production of SPMs, which act as signals to facil-
itate the restoration of vascular integrity and the regen-
eration and repair of tissues, including Maresin (MaR),
Resolvin E (RvE), Resolvin D (RvD), and Lipoxin (LX).
SPMs, along with other molecular factors, work to
maintain homeostasis in the body. Efferocytosis
enhances the generation of SPMs by metabolizing

apoptotic cell components, elevating SPM precursors,
and facilitating their conversion. SPMs such as
LXA4and RvD1 can enhance efferocytosis, creating a
feedback loop between SPM production and efferocy-
tosis. This loop enhances the continuous clearance of
apoptotic cells within tissues [94]. When the balance
between SPMs and pro-inflammatory lipid mediators is
disrupted, it can lead to persistent leukocyte infiltra-
tion, inflammatory macrophage polarization, and
reduced efferocytosis. As shown in Table 1, each type
of Specialized Pro-resolving Mediator plays a distinct
role in the recovery process from periodontitis.
Chronic inflammation resulting from periodontitis
is closely linked to cardiovascular diseases, such as
atherosclerosis. Specialized pro-resolving mediators
can regulate inflammation and play a role in maintain-
ing periodontal health. However, SPMs also have a
protective role in the cardiovascular system, potentially
helping to prevent cardiovascular diseases by reducing
inflammation and promoting its resolution. Thus, the
function of SPMs extends beyond periodontitis and
could have implications for cardiovascular health.
ADP has a dual role in platelet aggregation. Firstly, it
can trigger the translocation of P-selectin to the surface
of platelets, thereby initiating platelet adhesion and
aggregation. P-selectin is a cell adhesion molecule that
plays a pivotal role in platelet activation, facilitating
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Table 1. Functions of different SPMs.

SPM
type Subtype Function References
LX LXA4 and Limit neutrophil recruitment and neutrophil-mediated tissue injury (Increased production and accumulation of [95,96]
LXB4 prostaglandin E2)
LXA4 and Enhance macrophage recognition of apoptotic polymorphonuclear neutrophils (PMNs) by increasing the activity of the [97]
LXB4 avp3-CD36 complex.
LXA4 and Promote the polarization of macrophages from the M1 phenotype to the M2 phenotype. [97]
LXB4
LXA4 Promote the phagocytosis of apoptotic PMN in macrophages [98,99]
LXA4 The LXA4-ALX/FPR2 pathway controls the regeneration ability of hPDLSCs [100,101]
LXA4 Enhance macrophage phagocytic capacity, and reduced production of pro-inflammatory cytokines (IL-8) during [102]
phagocytosis, while increasing anti-inflammatory factors.
Rv RVE1 Effects on bone: Prevents bone loss and can even reverse bone loss in already diagnosed periodontitis cases. [103]
RVE1 Effects on inflammatory cells: Reduces infiltration of inflammatory cells and lowers the expression of inflammation-
associated genes.
RVE1 Effects on microbial composition: Regulates local inflammation to shape the subgingival microbiota in patients with
periodontitis.
RVE1 Reduce the expression of L-selectin and integrin CD18, thus inhibiting binding to peripheral blood PMNs and [104]
monocytes
RVE1 Restore the regenerative property of human periodontal ligament stem cells (hPDLSCs) [100]
RVE1 Boost cell viability, speed up wound healing, and accelerate cell migration. [100]
RvD RvD1 Overcame IL-1B’s negative effects on PDLF proliferation and wound healing [105]
RvD1 Promote the production of anti-inflammatory proteins in Mos; [106]
block the secretion of Th1 cytokines
RvD2 Reduce the RANKL/OPG ratio to decrease alveolar bone resorption. [107,108]
MaR MaR1 Induce the regeneration of M@ PPAR-y(Reduce inflammation to encourage tissue repair and regeneration. [109]
Regulate lipid synthesis and degradation to maintain cellular metabolic balance. Promote the polarization of
macrophages toward the M2 phenotype.)
MaR1 Limit PMN migration and decrease ROS generation. [102]
MaR1 Enhance the phagocytic capacity of macrophages for both pathogens and apoptotic cells. [109]
MaR1 Promote the formation of cementum and bone. [100,102]
MaR1 Boost cell viability, speed up wound healing, and accelerate cell migration. [100]
MaR1 Restore the regenerative property of human periodontal ligament stem cells (hPDLSCs). [100]
MaR1 and Promote the formation of cementum and bone. [102]
MaR2 Encourages macrophage polarization toward the M2 phenotype.

interactions among platelets and with other cells.
Secondly, ADP can promote actin polymerization.
Actin is a component of the cytoskeleton, and its poly-
merization aids in the shape changes and aggregation
processes of platelets. Actin polymerization is a critical
step in the formation of platelet clots during platelet
activation. Resolvin E1 (RvE1l) inhibits both of these
ADP-induced processes, thereby suppressing platelet
aggregation. This helps prevent
unwanted platelet aggregation and reduces the risk of
thrombosis [110]. Experiments with mice showed that
the use of Resolvin D4 (RvD4) leads to a decrease in the
number of neutrophils within thrombi and an increase
in cells that promote resolution.
Additionally, mouse neutrophils become less sensitive
to releasing neutrophil extracellular traps (NETs),
which are closely linked to the formation of deep vein
thrombosis. The application of RvD4 can help to
resolve thrombi, suggesting a novel approach for treat-
ing cardiovascular diseases [111].

activation and

inflammation

Modes of cell death and periodontitis recovery

When PAMPs or DAMPs stimulate macrophages,
PRR-induced signal pathways cause cell death, which
involves the development of periodontitis. Apoptosis
and autophagy are the two periodontitis-related sub-
types of programmed cell death, which is a form of
active cellular death driven by an accumulation of gene
expression events [112].

Apoptosis is a programmed and autonomous cell
death process controlled by genes in the progress of
normal survival [113]. There are two main apoptotic
processes that are related to and interact with one
another: death receptor-mediated apoptosis and mito-
chondria-mediated apoptosis, also known as the mito-
chondrial pathway and the death receptor pathway,
respectively [114]. The intrinsic pathway is typically
triggered by internal stress, oxidative stress, and similar
factors. Upon cellular stimulation, the mitochondrial
membrane becomes more permeable, leading to the
leakage of substances such as cytochrome C.



Cytochrome C combines with apoptosis-inducing fac-
tor (AIF) to form the apoptosome, which activates the
caspase cascade. Once caspase-9 is activated, it further
activates caspase-3, resulting in DNA fragmentation,
cytoskeletal changes, and the formation of apoptotic
bodies. Exogenous death ligands interacting with cell
surface death receptors initiate the death receptor
apoptosis. The most typical ligands and their receptors
include FasL/Fas and TNF-o/TNFRI [115]. When cyto-
kines or other external signals bind to death receptors
on the cell surface, it triggers an internal cascade of
apoptosis, activating caspase-8, which then activates
caspase-3. The activation of caspase-3 leads to apopto-
sis [116]. After apoptosis, “find-me” signals will be
released to promote macrophage migration [117].
Apoptotic bodies formed during apoptosis consist of
membrane-encased cellular components. Once formed,
they are eliminated through efferocytosis. This process
helps prevent the leakage of harmful cellular contents
that could lead to the spread of inflammation.

Apoptotic bodies function like trash bags, packaging
and removing cellular debris from apoptosis. Yet, recent
research indicates that the contents within these apoptotic
bodies could offer therapeutic benefits [118]. Marin-
Gallen et al. demonstrated that when anti-apoptotic den-
dritic cells engulf apoptotic bodies derived from in vitro
apoptotic cells, these dendritic cells produce fewer pro-
inflammatory cytokines, lowering their inherent immune
response and enhancing immune tolerance. The self-anti-
gens contained in apoptotic bodies can modulate the
immune system, helping to control inflammatory
responses and prevent tissue damage [118,119].
Apoptotic bodies can also mediate the transfer of intra-
cellular contents. Research has shown that apoptotic
bodies containing miRNA-126 can induce the expression
of CXCL12 and recruit vascular endothelial cells, provid-
ing a potential treatment for atherosclerosis [120]. This
implies that in the treatment of periodontitis, apoptotic
bodies could be considered as a carrier system to deliver
anti-inflammatory factors or specific functional mole-
cules, such as miRNA, to promote the regeneration of
periodontal tissues.

Kato et al. proved that macrophage apoptosis was
induced by A. actinomycetemcomitans Y4 [121].
Numerous bacteria found in the oral cavity have the
ability to stimulate macrophage apoptosis [42].
Macrophage apoptosis helps the body kill and clear
pathogens, thereby promoting tissue recovery.
Mycobacterium tuberculosis has been shown to pro-
long its survival within the body by inhibiting host
macrophage apoptosis. In this case, the key to the
survival of Mycobacterium tuberculosis is the
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suppression of the macrophage apoptosis mechanism,
allowing the pathogen to proliferate and spread. If
pathogens can inhibit macrophage apoptosis and multi-
ply within them, it could ultimately lead to a more
destructive form of cell death, namely necrosis, a type
of non-programmed cell death, resulting in a more
severe inflammatory response and tissue damage.
However, it is uncertain if a comparable mechanism is
found among periodontal pathogens. If such a mechan-
ism does exist among periodontal pathogens, then
researching how to prevent pathogens from inhibiting
macrophage apoptosis could be a novel approach to
treating periodontitis [42].

The process of autophagy consists of four stages:
formation, membrane nucleation, fusion, and degra-
dation (Figure 3). When the autophagy mechanism is
activated, an isolation membrane is formed in the
cytoplasm, driven by autophagy-related gene (AGT)
products such as LC3 and Beclin-1. The isolation
membrane gradually expands and envelops pathogens
or damaged necrotic cells, forming a double-mem-
brane-bound vesicle known as an autophagosome.
Sequestration separates the target material from the
rest of the cell, making it one of the critical steps in
autophagosome formation [122]. Many genes are
involved in this process, autophagy-related gene
ATG5-ATGI2 conjugation and the ATG8 (LC3) con-
jugation system is important for the production of
autophagosome [123]. The autophagosome then fuses
with a lysosome, which releases hydrolases to break
down the enclosed material. Finally, the contents of
the autophagosome are degraded into smaller mole-
cules, such as amino acids and fatty acids, which the
cell can reuse, completing the autophagy pro-
cess [122].

Autophagy limits pathogen invasion and serves as an
important component of innate immunity. Pattern
recognition receptors play a critical role in recognizing
pathogens in periodontitis (Figure 3). It has been pro-
ven to be crucial in promoting macrophage autophagy
as well. Studies have shown that when macrophages are
exposed to TLR ligands, the level of autophagy
increases. Agonists for TLR1 and TLR2 can effectively
inhibit the survival of Porphyromonas gingivalis in
dendritic cells while enhancing the occurrence of
autophagy in these cells [124]. As it was discovered,
single-stranded DNA and bacterial lipopolysaccharide
(LPS) activating TLR4 and TLR7 respectively lead to
autophagy in RAW264.7 cells. Adaptors MyD88 and
Trif are drawn to activated TLR4, whereupon they can
bind to Atg6/Beclin-1 to initiate autophagy [42,125].
This indicates that when macrophage TLRs are
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Figure 3. Autophagy and its related mechanism. The autophagy process includes formation, membrane nucleation, fusion, and
degradation. When toll-like receptors (TLRs) are activated, intracellular autophagy increases. This increase in autophagy can inhibit
the release of interleukin-1 beta (IL-1B) and interleukin-18 (IL-18) caused by the activation of the NLRP3 inflammasome.

stimulated, increased autophagy in macrophages facil-
itates the elimination of pathogens, controlling the
number  of pathogens.  After
Porphyromonas gingivalis invasion, THP-1-derived
macrophages expressed more autophagy-related pro-
teins such Beclin-1 and LC3-II. In this way, with
increased ATG5-ATGI12 conjugation, Porphyromonas
gingivalis killing was decreased when autophagy was
inhibited [126].

In addition to TLRs, autophagy can also influence
cellular activities through NLRs, particularly in the
activation of the NLRP3 inflammasome (Figure 3).
The initiation of the NLRP3 inflammasome involves
two steps: receiving the initial signal and the triggering
signal. The cell detects activation signals (such as
damaged mitochondria or ruptured lysosomes), leading
to the assembly and construction of the inflammasome.
When mitochondria are damaged, the production of
reactive oxygen species (ROS) increases, activating
NLRP3-dependent caspase-1 and promoting the release
of IL-1pB from macrophages. When ROS is cleared, this
activation of caspase-1 and the release of IL-1( are
significantly reduced [127]. As a pro-inflammatory
mediator, IL-1B drives damage to periodontal tissue
and affects osteoclast activity [68]. Autophagy can also
inhibit the activation of the inflaimmasome by

intracellular

removing key components required for its assembly,
such as apoptosis-associated speck-like protein contain-
ing a CARD (ASC) [127]. Controlling NLRP3-mediated
inflammasome activation and reducing the production
of pro-inflammatory mediators is clearly beneficial for
the repair of periodontal tissue. This suggests that
autophagy plays a crucial role in controlling inflamma-
tion and preventing excessive inflammatory activation.
The communication between autophagy and the
inflammasome can help to limit the progression of
inflammation [127]. Thus, promoting autophagy in
macrophages not only helps clear invading pathogens
but also facilitates inflammation resolution by suppres-
sing inflammasome activity and reducing the produc-
tion of pro-inflammatory mediators.

Possible therapeutic strategy for periodontitis

The primary goals of periodontitis treatment are to
control inflammation and promote tissue regeneration.
Clinjcal treatment methods are categorized into non-
surgical approaches (home care and scaling and root
planing for plaque control), surgical approaches (resec-
tive, regenerative, and plastic surgery), and mainte-
nance therapy. Several adjunctive therapies are also
employed in periodontal treatment, including the use



of antibiotics, host modulation through nutritional sup-
port (supplementation with antioxidants and vitamins),
and laser therapy [128]. The development of immuno-
modulatory periodontal therapies is considered a highly
promising approach in the treatment of periodontitis.
These therapies can be broadly categorized into four
types: stem cell therapy, gene therapy, multi-targeted
therapy, and microbiome therapy [129]. Microbiome
therapy aims to control dental plaque by either balan-
cing the oral microbiome through the administration of
probiotics or inhibiting quorum sensing via quorum
quenching [130]. Stem cell therapy promotes tissue
repair by harnessing stem cells to induce the secretion
of anti-inflammatory cytokines, facilitate the polariza-
tion of macrophages toward the M2 phenotype, and
enhance the proliferation of Treg cells. Gene therapy
regulates genes associated with periodontitis through
targeted gene editing techniques. Multi-targeted ther-
apy aims to specifically address particular biomarkers,
cell types, or molecular mechanisms involved in the
immune response and cell death processes of immune
cells such as macrophages and neutrophils [129].
Building on the preceding discussion of the role of
macrophages in periodontitis restoration and develop-
ment, this review will subsequently examine several
promising multi-targeted therapeutic strategies for
periodontitis.

Modulating macrophage polarization

The transition between different phenotypes of macro-
phages is closely related to tissue destruction in period-
ontitis, and the regulation of tissue destruction and
repair is influenced by the different cytokines and
inflammatory mediators that they secrete. Yang et al.
have found that an elevated M1/M2 phenotypic pro-
portion is associated with periodontal inflammation.
Meanwhile, elevated IL-1f, an Ml-related chemokine
that is typically linked to inflammatory cell movement
and attachment loss in human periodontitis is also
found to be related to periodontal inflammation
[18,131]. The polarization of pro-inflammatory (M1)
macrophages can be developed in the way of unacti-
vated macrophage differentiation as well as in the way
of conversion from anti-inflammatory (M2) macro-
phages [16]. One potential therapy option for period-
ontitis is to promote the M2 anti-inflammatory impact.

When developing treatment agents to promote M2
macrophage polarization, the anti-inflammatory
effects are achieved through a multifaceted and
multi-mechanistic approach, rather than simply
through immune suppression. The delivery of ROS-
sensitive drugs using polydopamine-functionalized
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mesoporous silica has been shown to effectively mod-
ulate inflammatory responses by reducing the expres-
sion levels of M1 phenotype markers IL-6 and TNEF-
a, while simultaneously increasing the expression of
M2 phenotype markers IL-10. These effects are
achieved through multiple mechanisms, including
ROS scavenging, antibacterial action, and the promo-
tion of M2 polarization. Histopathological analysis
and immunohistochemical detection have confirmed
that this drug delivery system does not induce notice-
able toxicity or tissue damage when administered in
vivo [132]. The Quercetin-loaded ceria nanocompo-
site markedly elevates the expression of the anti-
inflammatory cytokine anti-inflammatory factor argi-
nase-1 (Arg-1) while suppressing the pro-inflamma-
tory cytokine IL-1p, thereby enhancing the M2/M1
ratio and facilitating the resolution of inflammation.
This innovative material achieves dual-directional
immunoregulation, ensuring that macrophage polar-
ization remains balanced and does not compromise
the overall immune functionality of the organism
[133]. Stem cell therapy represents a promising
approach for treating periodontitis. Research has
demonstrated that PDLSCs are capable of inducing
M2 macrophage polarization without upregulating
the expression of M1 macrophage markers such as
CD80 and HLA-DR. Moreover, they do not elevate
the expression or secretion of pro-inflammatory cyto-
kines, including TNF-a and IL-1p, associated with
M1 macrophages. This indicates that PDLSCs can
promote M2 polarization while preserving the essen-
tial M1 immune responses [134]. All-Trans Retinoic
Acid (ATRA) exerts anti-inflammatory effects by
modulating macrophage polarization through multi-
ple mechanisms, including the activation of the
p38MAPK/STAT6 signaling pathway, inhibition of
the NF-kB pathway, and regulation of RAR/RXR
receptors [135]. This shows that ATRA’s therapeutic
impact on periodontitis is not just due to
immunosuppression.

According to these results, M2 macrophages might
be vital in encouraging tissue regeneration or mini-
mizing inflammatory damage. Therefore, sustaining
the M1/M2 balance could be an innovative treatment
option for controlling periodontal inflammation and
preserving a harmonious microenvironment [17].
This tactic involves the regulation of signaling path-
ways, modulation of cytokine production, anti-
inflammatory mechanisms, and ROS scavenging.
Additionally, various stem cells have been found to
induce the generation of anti-inflammatory cyto-
kines, promote M2 macrophage polarization, and
increase Treg cells, thereby enhancing tissue repair
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[129]. Modulating macrophage polarization as a ther-
apeutic approach for periodontitis remains a chal-
lenge at present. While current efforts primarily
focus on the M1/M2 transition, the reality is that
macrophage subtypes are more complex, necessitat-
ing a shift toward more precise regulation of polar-
ization in future strategies. Additionally, the
complexity of the periodontal microenvironment
and individual variability place higher demands on
biomaterials designed to deliver therapeutics. This
underscores the need for innovative materials that
can cater to the distinct immunological requirements
at each stage of periodontitis healing [136].

Specialized pro-resolving mediators

The synthesis of Specialized Pro-Resolving Mediators is
considered crucial for promoting an anti-inflammatory
and pro-resolution condition [137]. Studies on how to
utilize SPMs for periodontal treatments have been taken
up. Currently, two primary approaches are being explored
to alleviate inflammation using SPMs: the first involves
increasing the levels of SPMs in the body by supplement-
ing with SPM precursors; the second involves using nano-
medicines carrying SPMs or SPM analogs.

SPMs are enzymatically produced from polyunsatu-
rated fatty acids (PUFA), thus researchers have looked
into the advantages of PUFAs in diet for the management
of inflammatory diseases. Both omega-3 and omega-6
PUFAs are present in acutely inflamed areas, where they
are transformed into bioactive SPMs [137]. The necessary
nutrient polyunsaturated fatty acids can only be obtained
through food because they cannot be synthesized by
humans [138]. A study supplemented healthy individuals
with PUFAs using either a high-dose short-term regimen
or a low-dose long-term regimen. In the subsequent
endotoxin challenge, those who received supplementation
produced SPMs more rapidly and in greater quantities
compared to the placebo group [139]. Deore et al. have
discovered that providing omega-3 fatty acid supplements
to the diet may assist with avoiding or alleviating chronic
periodontitis, which can reduce pocket depth and gingival
index [140]. Therefore, dietary modification is meant to
be a supplement to periodontal treatment. However, the
optimal dosage of omega-3 and other precursor sub-
stances required to achieve the most effective anti-inflam-
matory response is still under investigation. Further
research is needed to determine the appropriate supple-
mentation level that maximizes anti-inflammatory effects
[141]. The effects of SPMs are influenced by factors such
as age, gender, and race, making the development of
personalized treatment strategies for different individuals
one of the challenges for the future [142].

SPMs play crucial roles in anti-inflammatory pro-
cesses, promoting inflammation resolution, and enhan-
cing phagocytic capacity. In contrast to the
corticosteroid anti-inflammatory drugs we are familiar
with, SPMs focus on the resolution of inflammation,
which involves promoting the restoration of inflamma-
tion rather than completely suppressing the immune
response. SPMs alleviate inflammation not only by
modulating the biological functions of immune cells
such as macrophages and neutrophils, but also by
directly combating microorganisms. This indicates
that SPMs can control inflammation while preserving
the immune system’s ability to defend against patho-
gens [143]. RvE]l, MaR1 and LX can all limit macro-
phage or neutrophil recruitment, and promote the
phagocytosis of apoptotic PMN by macrophages, con-
tributing to the resolution of inflammation [95,96,102—
104,144]. MaR1 and LX can promote macrophage
polarization from the M1 phenotype to the M2 pheno-
type [97,102]. In animal models and experiments, the
application of SPMs (RvE1l, MaR1) is proven to effec-
tively promote the restoration of inflammatory condi-
tions [145,146]. Recently, researchers have developed
an LXA4 analog (BLXA4) mouthwash and confirmed
its effectiveness in reducing gingivitis and decreasing
periodontal pocket depth. Higher concentrations and
abundance of SPMs were found in the serum of sub-
jects who orally ingested BLXA4 [147]. Additionally,
studies have revealed that individuals with periodontitis
had higher levels of SPMs biosynthesis pathway indica-
tors, suggesting that the occurrence of periodontitis can
stimulate the release of SPMs [148]. Given these find-
ings, SPMs can serve as a biomarker of periodontitis,
and targeting enhancement of SPMs may be a promis-
ing future research direction for the treatment of per-
iodontitis. However, the effects of SPMs are spatially
and temporally constrained, highlighting the need for
the development of SPM derivatives that target specific
receptors or tissues [141]. Additionally, certain patho-
gens, such as Candida albicans, have evolved immune
evasion mechanisms to enhance their survival, which
complicates the balance between pathogen control and
host immune regulation in the context of SPM produc-
tion [93]. It has been found that long-term use of
supra-physiological levels of SPMs may impair the
host’s  pathogen-mediated response.
Therefore, it is critical to identify the optimal timing,
dosage, and duration of SPM use to avoid excessive
immune suppression [93].

Transplantation of PDLSCs has been proven to
improve periodontal regeneration in animal models
and human clinical trials for its ability to restore

immune



periodontal tissues [149,150] Human periodontal liga-
ment stem cells (hPDLSCs) produce SPMs (resolvin
D1, D2, D5, etc.). Meanwhile, the regeneration ability
of hPDLSCs is controlled through the LXA4-ALX/
FPR2 pathway while Marl and RvEl are able to pro-
mote the regenerative ability of PDLCs under the
inflammatory condition [100,101]. Periodontal liga-
ment fibroblasts (PDLF) exhibit attachment properties,
which help in developing periodontal treatments [151].
RvD1 overcame IL-1B’s negative effects on PDLF pro-
liferation and wound healing [105].

In summary, regulating SPMs holds significant
potential for periodontitis recovery. This can be
achieved by increasing the levels of SPM precursors,
administering SPM-carrying nanotherapeutics, or pro-
viding treatment agents containing SPM analogs to
modulate SPM levels within the patient. Additionally,
SPMs exert positive effects on various stem cells,
thereby promoting the regeneration and repair of per-
iodontal tissues.

Mediating PRRs

Pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs) stimu-
late multiple intracellular signaling cascades by binding
to the pattern recognition receptor (PRRs), which
causes cell death and effector molecule synthesis [36].
The expression levels of TLR2, TLR4, and TLRY are
significantly elevated in patients with chronic period-
ontitis, prompting researchers to recommend the
assessment of TLR expression in gingival crevicular
fluid as a biomarker for periodontitis [152]. The sca-
venger receptor A (SR-A) and TLRs on phagocytes
often work in concert to recognize and engulf patho-
gens. When macrophages are stimulated by
Porphyromonas gingivalis, the expression of SR-A pro-
tein on their surface increases, thereby assisting in the
production of TNF-a by the macrophages [153]. When
different cells are stimulated by Porphyromonas gingi-
valis lipopolysaccharide, they exhibit distinct receptor
expression changes. Macrophages exhibit elevated
levels of CD14, TLR4, and SR-A on their cell surface,
whereas, in human gingival fibroblasts, the expression
of TLR4, MMP-9, COX-2, and MMP-2 is upregulated
[154,155]. In the subepithelial connective tissue of
patients with periodontitis, NOD1 receptors are mark-
edly increased, [48] and the activation levels of the
NLRP3 inflammasome are significantly elevated [156].

The use of inhibitors or modulators targeting these
receptors can curtail the progression of inflammation.
Experimental findings indicate that resveratrol is
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capable of downregulating TLR4 expression and inhi-
biting the activity of key protein kinases, such as p38
MAPK and AKT, thereby suppressing the production
of inflammatory mediators by human gingival fibro-
blasts [155]. Curcumin can inhibit inflammation by
suppressing the activation of the TLR4 downstream
NF-«B signaling pathway [157]. Chen and colleagues
have designed a nanomedicine, MCC950, that targets
M1 macrophages to reduce the expression of NLRP3,
thereby inhibiting the release of various pro-inflamma-
tory factors, including IL-1p and caspase-1.
Additionally, this nanomedicine can increase the
expression of the Arg-1 in M2 macrophages [158].
Interactions between co-receptors are closely linked to
the pathogenesis of periodontitis. In preclinical
research models, the use of C5aR antagonists to block
C5aR-TLR2 crosstalk has proven effective in countering
the immune evasion mechanisms of periodontal patho-
gens, thereby reducing the production of pro-inflam-
matory cytokines [159]. CXCR4-specific antagonists,
such as AMD300, intervene in immune evasion
mechanisms and reduce bacterial adhesion by blocking
interactions between bacteria and TLR2, as well as
between CXCR4 and CR3. This intervention effectively
restores antimicrobial activity and diminishes the infec-
tivity of periodontal pathogens [160]. Besides regulating
the receptors themselves, inflammation can also be
influenced by controlling the downstream signaling
pathways activated after receptor stimulation. In terms
of signaling pathways, the ability of TGF-B to block
TLR-NF-«xB signaling is due to Smad6 methylation
caused by protein arginine methyltransferase 1
(PRMT1). The modification of PRMT1-Smadé6 signal-
ing is a brand-new, highly effective method to control
the host immune response in periodontitis [161].

Modulating cell death related to periodontitis

Apoptosis can clear invading pathogens and limit their
proliferation within the host. If the invading pathogens
suppress macrophage apoptosis, they can proliferate
and spread more extensively. In chronic periodontitis,
the extended lifespan of inflammatory cells may be
associated with the suppression of apoptosis. This inhi-
bition is primarily achieved through two mechanisms:
first, the tumor necrosis factor-related apoptosis-indu-
cing ligand (TRAIL)-induced apoptotic signaling is
blocked by TRAIL decoy receptors; second, the elevated
expression of apoptosis inhibitors, such as cleaved cas-
pase-3 inhibitors, hinders the execution of apoptosis
[162]. However, increased apoptosis can also exacerbate
the progression of periodontitis. Caspases are respon-
sible for cleaving various intracellular proteins during
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apoptosis, thereby initiating and executing cell death.
Elevated expression and activity of Caspase-3 and
Caspase-8 have been observed in periodontitis, indicat-
ing that increased apoptosis contributes to the worsen-
ing of the disease [163]. In periodontitis, both excessive
and inhibited apoptosis hinder disease recovery. The
transition from apoptosis initiation to execution is clo-
sely related to a complex network of proteins, including
cell ligands, receptors, and enzymes. Targeting and
selectively blocking specific nodes or receptors in this
network to maintain the balance of apoptosis holds
promise for achieving targeted apoptosis and addres-
sing periodontitis. With this in mind, a future challenge
lies in further investigating specific molecular targets in
periodontitis that lead to the biological effects of apop-
tosis, as well as the upstream and downstream signaling
pathways involved. Developing a biological mechanism
network that illustrates the interaction between apop-
tosis and periodontitis could help identify precise ther-
apeutic strategies for regulating apoptosis. Moreover,
the contents encapsulated in apoptotic bodies can act
as signals. When immune cells ingest apoptotic bodies,
they can lower the intensity of the immune response
and reduce the production of pro-inflammatory cyto-
kines. Apoptotic bodies can carry specific functional
molecules, such as miRNAs and anti-inflammatory
cytokines, and they also act as self-antigens.
Transferring these contents to other cells, such as
macrophages, can trigger specific immune responses
or promote tissue regeneration. This implies that apop-
totic bodies could serve as regulatory systems that
interact with cells to mitigate pro-inflammatory
reactions.

Autophagy is another form of cell death that has a
complex role in the progression of periodontitis. It
helps sustain the survival of periodontal ligament
stem cells and osteocytes, protecting them from apop-
tosis [124,164]. It can also inhibit the activation of the
NLRP3 inflammasome, reducing the production of
pro-inflammatory cytokines such as IL-1f, which are
typically released due to inflammasome activation.
However, researchers have also found that autophagy
supports the formation of new blood vessels in period-
ontitis and influences the activity of osteoclasts
involved in bone tissue degradation [124,165]. Hence,
investigating the mechanisms by which autophagy
modulates the host’s immune response to pathogens
presents two critical challenges: the dual functionality
of autophagy in periodontitis and the intricate nature of
its regulatory pathways. Autophagy can alleviate
inflammation in periodontitis, but in certain contexts,
it may also exacerbate the progression of inflammation.
Additionally, autophagy regulation involves numerous

signaling pathways and proteins, and the cross-talk
among these pathways adds to the complexity of pre-
cisely controlling autophagy. Therefore, developing reg-
ulators that can specifically modulate autophagy to
control its activity without disrupting other cellular
functions is one of the significant challenges for the
future.

Methodology for human macrophage research

By gaining a deeper understanding of the mechanisms
underlying the response of macrophages to periodonti-
tis, we can explore new therapeutic approaches and
provide fresh perspectives for future periodontitis man-
agement. These studies all rely on extensive experimen-
tation, where the methodology plays a particularly
crucial role. The structural parallels between the
immune systems of human and mouse models have
positioned the latter as the predominant organisms
for human disease research, largely due to their clinical
research utility and economic viability [166]. When
studying macrophage behavior in periodontitis using
mouse models, the inherent immunological and phy-
siological discrepancies between species pose significant
challenges to the clinical translation of research out-
comes. These differences can be summarized as varia-
tions in macrophage generation and polarization
between humans and mice, the distinct mechanisms
of immune regulation at both the molecular mediator
and genetic levels, and inconsistencies in anatomical
and physiological structures. Human macrophages ori-
ginate from a broader temporal and spatial context and
require polarization under specific agonists, such as
TLR agonists, to secrete either pro-inflammatory or
anti-inflammatory factors [167]. There are notable dif-
ferences between human and murine macrophages in
the expression of surface receptors (like TLR9 and Fc
receptors) and in their capacity to produce specific
cytokines, such as IFN-y [166,168]. Furthermore,
although the expression profiles of genes are compar-
able, the regulatory frameworks governing immune and
metabolic functions exhibit distinct variations between
human and mouse models. Anatomical differences
between humans and mice, including variations in
body size and gingival microbiota, necessitate careful
consideration of how metabolic factors influence dis-
ease outcomes when translating model research find-
ings to clinical applications [166].

For a more precise study of human macrophage
dynamics in periodontitis, many innovative cross-dis-
ciplinary techniques have emerged and been employed,
such as organoid-macrophage co-culture systems [169],
single-cell RNA sequencing, spatial transcriptomics



[170], humanized mouse models [171], and machine
learning [170]. Organoid-macrophage co-culture sys-
tems simulate the periodontal environment, revealing
how macrophages influence inflammation and tissue
repair [169]. Spatial transcriptomics, integrated with
spatial information, investigates the localization and
functional changes of macrophages within periodontal
tissues. Single-cell RNA sequencing provides insights
into the biological behavior and genetic changes of
macrophages at different stages of periodontitis, while
machine learning and statistical methods are employed
to analyze the extensive data generated from single-cell
RNA sequencing [170]. A single-cell lineage tracing
system, which detects mitochondrial DNA mutations
and provides real-time readings of transcriptional states
and chromatin accessibility, has been applied in hema-
topoietic stem cell research. If this technology is
extended to study the clonal structure of human macro-
phages, it holds promise for a detailed understanding of
the crosstalk between macrophages and periodontitis
[172]. Humanized mouse models are pivotal for exam-
ining intricate immune responses in periodontitis,
offering a system that closely mimics human physiol-
ogy. The three primary types of humanized mouse
models include the human peripheral blood lympho-
cyte model, the bone marrow/liver/thymus model, and
the human stem cell model. Notably, the human stem
cell model has been utilized to explore macrophage
roles and dynamics in periodontitis [171]. As more
accurate assessments of human macrophages are con-
ducted, we will acquire a more nuanced comprehension
of the host immune system, essential for advancing the
treatment and prevention of periodontitis.

Conclusion

In this review, we discuss the relationship between
macrophages and the development of periodontitis.
As a crucial component of the body, the immune
response is responsible for controlling pathogen inva-
sion, but excessive activation of the immune system can
also cause tissue damage. In response to different sti-
muli, macrophages exhibit significant plasticity and
flexibility, allowing them to adapt in phenotype and
function to recognize, phagocytize, and clear bacteria.
Pattern recognition receptors on the surface of macro-
phages identify pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns
(DAMPs), mediating a series of intracellular activities
to address periodontitis. To maintain homeostasis,
macrophages remove apoptotic polymorphonuclear
neutrophils (PMNs) through efferocytosis and produce
specialized pro-resolving mediators (SPMs). These
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SPMs mainly enhance the phagocytic capacity of pha-
gocytes, suppress excessive recruitment of immune
cells, and promote the polarization of macrophages
toward the M2 phenotype. These changes brought
about by SPMs are beneficial for the recovery from
periodontitis. Furthermore, autophagy and apoptosis
have been demonstrated to be intricately linked to the
recovery process in periodontitis.

By gaining a deeper understanding of the mechanisms
underlying the response of macrophages to periodontitis,
we can explore new therapeutic approaches and provide
fresh perspectives for future periodontitis management.
Through the continuous deepening of research meth-
odologies, our understanding of the differences between
animal models and humans in preclinical studies has
become increasingly comprehensive. A thorough under-
standing of these differences is crucial for the successful
translation from preclinical to clinical practice. Currently,
numerous interdisciplinary approaches are being applied
to medical research, aiding in a comprehensive under-
standing of the mechanisms by which human macro-
phages contribute to the onset and progression of
periodontitis. An accurate assessment of human macro-
phages enables us to leverage the host immune system for
the treatment and prevention of periodontitis.
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