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Atherosclerosis is a chronic inflammatory disease with a high prevalence worldwide, contributing to a series of adverse
cardiovascular and cerebrovascular diseases. Periodontal disease induced by pathogenic periodontal microbiota has been well
established as an independent factor of atherosclerosis. Periodontal microorganisms have been detected in atherosclerotic
plaques. The high-risk microbiota dwelling in the subgingival pocket can stimulate local and systematic host immune
responses and inflammatory cascade reactions through various signaling pathways, resulting in the development and
progression of atherosclerosis. One often-discussed pathway is the Toll-like receptor-nuclear factor-κB (TLR-NF-κB) signaling
pathway that plays a central role in the transduction of inflammatory mediators and the release of proinflammatory cytokines.
This narrative review is aimed at summarizing and updating the latest literature on the association between periodontopathic
microbiota and atherosclerosis and providing possible therapeutic ideas for clinicians regarding atherosclerosis prevention and
treatment.

1. Introduction

Periodontitis is a chronic inflammatory disease with the
destruction of connective tissue and alveolar bone that sup-
port the teeth [1]. It is induced by pathogenic periodontal
microbiota. Up to 42.2% of US dentate adults aged ≥30 years
undergone periodontitis [2]. Increasingly, studies support
that there is a close association between periodontitis and
systematic diseases [3].

Atherosclerosis is a chronic inflammatory disease of the
arterial vessel wall and highly prevalent among the general
population. Inflammation has a critical role in the athero-
sclerosis [4]. Atherosclerosis can lead to a series of adverse
arteriosclerotic vascular disease (ASVD) [5], including car-

diovascular disease (CVD) [6], cerebrovascular disease
(CBVD) [7], and peripheral artery disease (PAD) [8]. A
report from the American Heart Association shows that
CVD is the primary cause of death worldwide, and the mor-
tality will continue to increase to approximately 23.6 million
by 2030 [9].

Periodontitis and atherosclerosis are both the social-
economic burden worldwide and have shared common risk
factors (Figure 1), such as age, heredity, smoking, diabetes
mellitus, hypertension, estrogen deficiency in women, a
low socioeconomic status, and stress [10]. Large cohort
and epidemiology studies have demonstrated that periodon-
tal infection increased the risk of atherosclerotic cardiovas-
cular and cerebrovascular disease [11–13]. Meanwhile,

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2022, Article ID 9611362, 11 pages
https://doi.org/10.1155/2022/9611362

https://orcid.org/0000-0002-6113-2678
https://orcid.org/0000-0002-4381-1589
https://orcid.org/0000-0003-3489-3452
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/9611362


alterations in the periodontal microbiota of atherosclerotic
cohorts and animal models indicated that periodontopathic
microbiota might exert a certain effect on the pathogenesis
of atherosclerosis. The mechanisms of periodontopathic
microbiota-mediated atherosclerosis included inflammation,
dyslipidemia, and endothelial dysfunction [14, 15]. Toll-like
receptors (TLRs) are the most characteristic members of pat-
tern recognition receptors (PRRs). TLRs are located on the
cell membrane or in the cytoplasm and played a critical role
on recognizing pathogens and triggering inflammation, con-
tributing to the development of atherosclerosis [16, 17].
Thus, this study is aimed at systematically overviewing the
implications of periodontal microbiota on cerebral athero-
sclerosis and how TLRs were involved in this process.

2. Links of Periodontal Infection and
Atherosclerotic Cerebrovascular Diseases
Based on Clinical and Experimental Evidence

Previous studies pointed that the infection from gut, respira-
tory, and oral cavity may be responsible for the pathogenesis
of atherosclerosis [18]. In 2000, Wu et al. [19] reported that
a 2.11-fold increased risk for cerebrovascular accidents was
observed with periodontal diseases by utilizing the data of
9962 adults aged 25 to 74 years from the First National
Health and Nutrition Examination Survey (NHANES I)
and its Epidemiologic Follow-up Study (NHEFS). In 2003,
Desvarieux et al. [11] conducted the oral infection and vas-
cular disease epidemiology study (INVEST), which enroll
711 adults without history of cardiovascular and cerebrovas-
cular diseases; there was a linear relationship between the
incidence of carotid plaque and the severity of oral infec-
tions. Compared to the patients with missing 0 to 9 teeth,
a higher prevalence of carotid plaque existed in patients with
missing 10 to 19 teeth. Boillot et al. [20] further illustrated
whether a connection exists between the activity of inflam-
matory enzymes from periodontal microbiota and vascular
diseases. A prospective cohort study (INVEST) which totally
enrolled 593 dentate adults (age 68:7 ± 8:6 years) was per-
formed to demonstrate that increased level of secretory
phospholipase A2 (s-PLA2) was associated with higher peri-
odontal bacterial etiologic dominance. Another longitudinal

cohort study performed by Schulz et al. [6] detected 11 peri-
odontal pathogens and involved 1002 patients with cardio-
vascular diseases and identified that the Eikenella
corrodens, a Gram-negative opportunistic bacillus belonging
to Proteobacteria, was associated with the decreased occur-
rence of adverse cardiovascular events during a three-year
follow-up (HR: 0.545, 95%-CI: 0.387-0.773). The results of
numerous clinically cohort and epidemiologic studies were
also consistent with previous finding [13, 21]. The relation-
ship of inflammation, dyslipidemia, and atherosclerosis have
been well acknowledged [22]. In detail, increased levels of
serum inflammatory cytokines [23], antibodies to periodon-
tal pathogens [24, 25], and dyslipoproteins [26] have been
observed in patients with atherosclerosis and periodontitis
compared with patients keeping oral health. The higher
OR for patients undergoing periodontal infection indicated
that the occurrence of atherosclerotic cerebrovascular events
was higher in patients with periodontitis [7, 13]. These
results discussed above showed that periodontal infection
might predispose to atherosclerotic cerebrovascular events.

Meanwhile, animal models infected with periodontal
pathogen have been well conducted to confirm the role of
this infection on the pathogenesis of cerebrovascular athero-
sclerosis. In the animal model, both ligature-induced peri-
odontitis and lipopolysaccharide- (LPS-) induced
periodontitis mimic human periodontitis in many aspects;
they can cause alveolar bone loss and many phenotypes with
a short time frame [27]. Putative or high-risk bacteria of
periodontal diseases included Aggregatibacter actinomyce-
temcomitans, Porphyromonas gingivalis, Tannerella for-
sythia, Treponema denticola, and Fusobacterium nucleatum
[5]. Zhang et al. [28] treated the apolipoprotein E-deficient
spontaneously hyperlipidemic (apoE-shl) mice intravenously
with A. actinomycetemcomitans. They found that the areas
of atherosclerotic lesions and the serum levels of proinflam-
matory cytokines, chemokine, adhesion molecules, and
proatherogenic factors (TLR2/4) were significantly elevated
in experimental mice. These results suggested that system-
atic inflammatory reaction induced by periodontopathic
bacteria might promote atherosclerotic events in apoE-shl

mice, and TLR2/4 might play a proatherogenic role on the
aggravation of atherosclerosis. A similar phenomenon was
observed in hyperlipidemic apoEnull mice infected with
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Figure 1: Common risk factors between periodontitis and atherosclerosis.
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multiple or single periodontopathic bacteria (i.e., T. forsythia
and P. gingivalis) [29–32].Meanwile, in an vitro trial, Trian-
tafilou et al. [33] also observed that P. gingivalis LPS stimu-
lated the proinflammatory cytokine production of human
vascular endothelial via TLR2. On the contrary, Chukkapalli
et al. [34] observed that a marked reduction of aortic plaque
area and intimal thickness in TLR2−/−TLR4−/−-, TLR2+/
−TLR4−/−-, and TLR2−/−TLR4+/−-deficient mice infected
with multiple periodontal pathogens compared with normal
group. Inaba et al. [35] found that the p38 and ERK1/2
phosphorylation, a potent activator of mitogen-activated
protein kinase (MAPK) pathways acted as initiating inflam-
mation, was decreased in TLR2 and TLR4 gene knockdown
gingival epithelial cells. These results clearly demonstrated
that partial or complete knockdown of gene of TLR2 and
TLR4 reduces the progress of atherosclerotic plaque in
infected animal models.

Lipoprotein oxidation is generally believed to be a key
event in the initial stage of atherosclerosis [36]. In human,
observational studies showed that the patient suffering from
chronic periodontitis had higher levels of triglyceride (TG),
very low-density lipoprotein (VLDL) as well as lipoprotein-
associated phospholipase A2 (Lp-PLA2) which were treated
as traditional atherosclerotic risk factors, and lower levels of
HDL [37]. Liu et al. [38] explored the molecular mecha-
nisms further; they found that P. gingivalis-LPS disturb cho-
lesterol metabolism homeostasis via upregulation of acetyl
CoA acyltransferase 1 (ACAT1) and downregulation of
CD36 and ATP-binding cassette G1 (ABCG1), resulting in
producing excess cholesterol ester and decreasing cellular
cholesterol efflux. In addition, P. gingivalis trigger oxidation
of high-density lipoprotein (HDL), which played an athero-
protective role on atherosclerosis by reversing cholesterol
transport pathway and removing cholesterol from macro-
phages [39]. P. gingivalis-lysine-specific (Kgp) and
arginine-specific (Rgp) gingipains, acting as proteolytic
enzymes, were responsible for lipid peroxidation and antiox-
idants consume, contributing to increase oxidative stress
[40]. These results suggested that periodontal microbiota
induce lipoprotein dysfunction in atherosclerosis
pathogenesis.

Atherosclerosis is a T-helper- (TH-) mediated disease
[41]. In P. gingivalis-infected ApoE-/-mice, Yang et al. [42]
found that the percentages of CD4+ TH17 cells were elevated
along with the increased levels of Th17-related factors (i.e.,
RORγt, IL17) and decreased levels of Treg-related cytokines
(i.e., FoxP3, IL-10, and TGFβ1). P. gingivalis might disrupt
the balance of Th17 and Treg and finally lead to the imbal-
ance of atheroprotective and proatherogenic cytokines.
Moreover, Cai et al. [43] also observed that the proportion
of Th17 cells, the major subtype of CD4+T cells, was signifi-
cantly increased in ApoE-deficient mice with the elevated
mRNA expression of Th17-related genes (i.e., IL-6, TGF-β,
RORγt, and STAT3). Those T cells released plenty of proin-
flammatory cytokines, which also activated macrophages, B
cells, monocytes, and other components of the plaque. The
presence of DNA from periodontal bacteria also was
detected in other host immune cells such as dendritic cells
and macrophages, which can explain how periodontal path-

ogens reach to atherosclerotic lesions distant from primary
periodontium [44]. P. gingivalis, T. denticola, B. forsythus,
Streptococcus mutans-GS 5, and S. gordonii were examined
in the macrophage foam cell, and P. gingivalis LPS plays a
potential role on inducing macrophages to modify native
LDL [45].

In in vitro trial performed by Jotwani et al. [46], the
result demonstrated that P. gingivalis fimbriae uptake by
monocyte-derived dendritic cells (MDDS) can not only
induce CD4+T cells proliferation but also stimulate
followed-related Th1 responses. These findings suggested
that Th cells and associated cytokines contribute to immune
response in the pathogenesis of atherosclerosis. In a review
[14], heat-shock proteins originated from periodontopathic
microbiota have been proposed to play a role on activating
endothelial cells, promoting monocyte adhesion and migra-
tion, elevating foam cell formation and production of proin-
flammatory cytokines via TLRs, and stimulating platelet
activation. Toxins of periodontal pathogens, such as prote-
ases, adhesions, and lectins, have also been shown to impair
the immune response of the host, by degradation of interleu-
kins and enable atherosclerotic plaque formation by increas-
ing proliferation of vascular smooth muscle cells and platelet
aggregation [31, 47, 48].

Periodontitis can exacerbate the formation and progress
of atherosclerotic accidents; periodontopathic microbiota
might play a crucial role. Based on the concept of
“microbiota-gut-brain axis,” scientists put forward the con-
cept of “microbiota-oral-brain axis”; however, the latter has
not yet been well recognized [49]. The successful establish-
ment of animal models challenged with periodontopathic
bacteria contributed to a better understanding of the patho-
genic mechanisms of periodontopathic microbiota on
atherosclerosis.

3. Periodontal Microbial Signature of
Atherosclerotic Plaques

The alteration of periodontal microbiome composition has
been previously reported in atherosclerotic vascular disease
(ASVD). Much of the recent studies focused on discovering
the difference in microbiome composition in oral, coronary,
and carotid plaques from patients with and without peri-
odontal infection. A comparative analysis performed by
Kannosh et al. [50] showed that Tannerella forsythensis
(T.f) and Treponema denticola (T.d) were the most and the
least common bacteria causing atherosclerotic plaques
(APs), respectively. The dominated periopathogenic bacteria
of APs were dominated by T. forsythensis (53%), P. gingivalis
(38%), P. intermedia (1%), A. actinomycetemcomitans
(14%), and T. denticola (6%). Similarly, Isoshima et al. [51]
used pyrosequence of 16S rRNA pyrosequencing to show
that the majority families of the periodontal bacteria were
Burkholderiales, Bacillale, and Rhizobiales, forming the soil
bacterial family. Utilizing the techniques of microbial
whole-genome sequencing, Brun et al. [52] and Koren
et al. [53] showed that the most dominantly detected phyla
of periopathogens in APs with periodontitis were Proteobac-
teria, Actinobacteria, Firmicutes, and Bacteroidetes. Current
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studies aiming to detect a variety of periodontal microorgan-
isms in atherosclerotic and subgingival plaques obtained dif-
ferent results due to the differences in study cohorts selected,
DNA detection techniques, and periodontal sample collec-
tion. The results of studies about altered periodontal micro-
biota in atherosclerosis are summarized in Table 1.

The adverse periodontopathogens reported in patients
with atherosclerosis included Porphyromonas gingivalis (P.
g) [54–57], Prevotella nigrescens (P. n) [54, 58], Aggregati-
bacter actinomycetemcomitans (A. a) [58–60], Tannerella
forsythia (T. f) [60–62], Treponema denticola (T. d) [59,
60, 62], Prevotella intermedia (P. i) [58, 60]. Changes in per-
iodotopathogenic bacterial composition of altherosclerotic
plaques were also observed in mouse models with ligature-
induced periodontitis or LPS-induced periodontitis. In
hyperlipidemic apoEnull mice, the presence of P.g, T.d, and
T.f genomic DNA detected via polymerase chain reaction
with bacterium-specific primers was examined in multiple
organ tissues, such as the aorta, heart, liver, and spleen
[29]. Similarly, T. forsythia and its metabolite BspA pro-
moted the foam cell formation and increased atherosclerotic
lesion progression in ApoE-/- mice with the elevated levels of
lipid metabolism-related genes and declined expression of
antiatherogenic genes [31]. The proatherogenic roles of A.
actinomycetemcomitans [28] and P.gingivalis [39] were also
proven in similar animal trials.

In summary, pathological evidence demonstrated that
the high-risk proatherosclerotic microbiota are mainly
followed by Firmicutes, Actinobacteria, Bacteroidetes, Pro-
teobacteria, Fusobacteria, and Spirochaetes. Periodonpathic
microbiota might enter into our blood circulation through
our dairy activities (tooth brushing, chewing, and flossing)
and reside in the wall of distant atherosclerotic vessels, lead-
ing to inflammation activation, immune mediation, dyslip-
idemia, oxidative stress, and endothelial dysfunction.
However, the exact mechanism is still under exploration.

4. Role of TLR Signaling in Periodonpathic
Pathogen-Induced Atherosclerosis

Toll-like receptors (TLRs), the most characteristic members
of pattern recognition receptors (PRRs), served as recogniz-
ing pathogens and its metabolites and activating the immune
and inflammatory response [63]. The potential mechanisms
of periodonpathic pathogen-induced atherosclerosis cur-
rently under discussion include inflammation, immunity,
lipoprotein oxidation, and endothelial dysfunction [14, 64,
65]. This study mainly focused on discussing inflammatory
mechanisms. Specifically, periodontal microbiota and its
metabolites were presumed to play a role in triggering a
series of inflammatory responses via the TLR–NF-κB signal-
ing pathway.

4.1. Toll-Like-Receptor Acted as the Trigger and Recognizer of
Inflammation Reaction. TLRs, the most characteristic mem-
bers of pattern recognition receptors, are widely expressed in
the various cell membrane or located in the cytoplasm, and
the elevated levels of TLR expression in macrophages and
endothelial cells of atheroma have been observed [66]. Inaba

et al. [35] demonstrated that P. gingivalis LPS enhanced the
expression of TLR2 and TLR4 mRNA in human gingivalis
epithelial cells. In vivo trial performed by Nakamura et al.
[67] also suggested that TLR2 might take charge for recog-
nizing the fraction of P. gingivalis LPS and mediating mono-
nuclear cell adhesion to the vascular endothelium. TLR2
blockade or deficiency inhibited the process of CD11b/
CD18-dependent adhesion of human monocytes and trans-
migration in P. gingivalis-induced mouse models [68].
Chukkapalli et al. [69] also observed that the levels of local
and systematic inflammation were not increased in
polymicrobial-infected TLR2/4-/- mice with decreased accel-
erated alveolar bone resorption (ABR) and intrabony
defects. Further, Huang et al. [70] found that the GroEL pro-
tein from P. gingivalis, belonging to the heat shock protein
(HSP) 60 family, upregulated the expression of TLR4 in
human coronary artery endothelial cells (HCAECs) in vitro
and on aortas of high-cholesterol-fed B57BL/6 and B57BL/
6Tlr4lps-del mice in vivo and matched with TLR4. Uehara
et al. [71] demonstrated that gingipains (HRgpA, RgpB,
and Kgp) originating from P. gingivalis and Toll-like recep-
tor played a synergistic role on triggering the production of
proinflammatory cytokines from THP-1 cells and mediating
monocyte migration. Li et al. [17] summarized the role of
pathogen-mediated atherosclerosis and pointed out that
TLR2 and TLR4 had a significant impact on periodontal
pathogen-induced atherosclerotic disease. These results sug-
gested that the pathological effects of periodontopathogenic
bacteria were mainly due to their ability to release a series
of virulence factors, such as HSP, gingipains, and LPS
through TLRs (mainly TLR2/4).

It is well acknowledged that the primary trigger of
inflammatory response in atherosclerosis is driven by lipid
modification [36, 72], chronic infection [73], low-grade
endotoxemia, and inflammatory cascade in which the circu-
lating cytokines bind to the signaling receptors and ligands
and create a vicious circle [74, 75]. Lin et al. [76] observed
that the expression of serum inflammatory cytokines (i.e.,
CRP, IL-6, TNF-α, and MCP-1) and TLR2-TLR4 of local
aortic tissues significantly increased in the rabbits with intra-
venous injection of P. gingivalis-LPS. In agreement with sev-
eral in vivo studies [77–80], the ligature or LPS-induced
periodontitis promoted the expression of systemic proin-
flammatory markers and adhesion molecules, including
TNF-α, IL-1β, IL-6, CRP, TGF-1β, IFN-γ, ICAM-1,
VCAM-1, and PECAM-1, which in turn exacerbated the
process of atherosclerosis in the ApoE−/− mice. Meanwhile,
these inflammatory factors aggravated the endothelial dys-
function, promoted LDL oxidation, induced diversified
immune cell migration, and exacerbated macrophage foam
cell formation, resulting in the atherosclerosis of the vessel
wall. The plasma levels of LDL and its core protein ApoB
and other antigens cause CD4+ T-helper cell activation
through TLRs and differentiation into functionally distinct
T-helper subtype cells, which further release both atheropro-
tective or proatherogenic cytokines (i.e., TGF-β, IFN-γ,
TNF-α, IL-4, IL-5, IL-10, IL-13, IL-17, IL-21, and IL-23)
[41]. Interestingly, the initial atheroprotective cytokines
may function as proatherogenic cytokines at different stages
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of atherosclerosis. Specifically, IL-10 and TGF-β play an
atheroprotective role. Also, IFN-γ and TNF-α play a
proatherogenic role, which the roles of IL-4, IL-5, IL-13,
IL-17, IL-21, and IL-23 are still in exploration. Collectively,
TLR recognized the pathogen-associated antigens (i.e., LPS,
and ox-LDL), activated innate/adaptive immune cells, and
released various cytokines (Table 2).

4.2. Role of TLR-NF-κB-Signaling in Periodontopathogenic
Bacteria-Mediated Atherosclerosis. As discussed earlier,
TLR (mainly TLR2 and TLR4) played a crucial role in recog-
nizing periodontal microbiota and its metabolites. TLR fam-
ily members and every subtype recognize specific ligands
including LPS, and nucleic acid, or a restricted repertoire
of ligands such as lipids or certain proteins. In addition, each
TLR has diversified signal adaptor molecules (MyD88,
TRAM, TIRAP, and TRIF/TICAM1), and they are engaged
by delivering inflammatory signaling and thus initiating
the fight against pathogens [63]. TIRAP and MyD88
recruited by TLR2/4 are responsible for activating NF-κB
and MAPK, and NF-κB is transferred to the nucleus and
serves as the transcription factor for the genes encoding pro-
inflammatory chemokines and cytokines [16]. The activa-
tion of NF-κB and MAPK becomes the critical point in
various signaling pathways initiated by TLRs which influ-
ence the subsequent expression of numerous immune and
inflammation-related genes [63].

Lin et al. [76] observed a significant increase in the levels
of inflammatory cytokines accompanied by the increased
expression of TLR2/4 and several signaling molecules
including NF-?B p38 mitogen-activated protein kinase
(p38-MAPK), and Jun N-terminal kinase (JNK) in rabbits
injected with P. gingivalis. Their results suggested that NF-
?B and MAPK signaling pathways were responsible for
upregulating inflammatory reactions, and the antagonists
of these pathways might be effective against atherosclerosis.
Also, endothelial dysfunction is the first step of atherosclero-
sis. Xie et al. [81] demonstrated that using the antagonist or
inhibitor of the TLR- NF-?B pathway could rescue the dam-
age of endothelial homeostasis damaged by P. gingivalis.
Also, they performed another experiment suggesting that

the downregulation of BMAL1, a core clock gene, could
influence the functions of the TLRs-NF-κB signaling axis
and exacerbate P. gingivalis-induced atherosclerosis via pro-
moting oxidative stress [82]. Therefore, Xie et al. proposed a
rational hypothesis that BMAL1 acted as an intermediary
signaling molecule, and the NF-κB-BMAL1 axis amplified
oxidative stress of the endothelium, contributing to subse-
quent monocyte adhesion, proinflammatory cytokine
release, and endothelial cell apoptosis. An excellent in vitro
validation of the mechanism has been provided by Li et al.
[83] They demonstrated that P. gingivalis, one of the main
periodontal pathogens, participated in the process of mono-
cyte migration and adhesion to human umbilical vein endo-
thelial cells (HUVECs) via oxidized low-density lipoprotein
receptor-1 (LOX-1). They also showed that the activation
of LOX-1 on endothelial cells increased the expression of
monocyte chemoattractant protein-1 (MCP-1), intercellular
adhesion molecule-1 (ICAM-1), E-selectin, and other adhe-
sion molecules. MCP-1 bound to its ligand C–C chemokine
receptor (CCR2)/Integrin αMβ2 on THP-1 cells prompting
monocyte migration. They proved the hypothesis that the
mutual interaction of P. gingivalis, NF-κB, and LOX-1 pro-
vided a positive feedback loop and functioned as an “inflam-
mation amplifier” or “local cytokine storm,” leading to a
cascade of downstream inflammatory responses.

Based on the aforementioned discussion, the TLR2/4-
NF-κB/MAPK signaling pathway seems to play a critical role
in the formation and development of atherosclerosis. The
specific mechanism is shown in Figure 2. Moreover, target-
ing these pathways might serve as a promising treatment
in the future.

5. Effects of Targeted-Periodontopathogen
Treatment on Atherosclerosis

Considering the role of periodontopathic microbiota in ath-
erosclerosis, controlling and eliminating the etiologic factors
are of significance. However, the effects of treatment involv-
ing targeted periodontal microbiota is still not clearly under-
stood. A population-based study (n = 247, 696) in Korea
performed by Park et al. showed that regular tooth brushing

Table 1: The main phylum difference of oral bacteria in the periodontal and atherosclerotic plaque.

Phylum
Koren et al.

[53]
Isoshima et al. [51]

Ismail et al.
[93]

Pavlic et al.
[60]

Brun et al.
[52]

Kannosh
et al. [50]

Fak et al. [94]

Oral APs Oral APs Oral APs Oral APs Oral APs Oral APs Oral APs

Firmicutes + ↓ ↑ ↑ — — ↑ — ↑

Bacteroidetes + + ↑ — + + — ↑ + + — ↑

Actinobacteria + + ↓ — + + — ↑ + + — ↑

Fusobacteria + ↑ ↑ — + + — + ↑ ↑ — ↑

Proteobacteria + ↑ ↓ ↑ — — ↑ — ↑

Spirochaetes + — + + — + + + —

Acidobacteria + ↑ — — —

Aquificae ↑ — — —

Other (<1%) + — — —
∗APs: atherosclerotic plaques.
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and professional cleaning were shown to decrease the prev-
alence of atherosclerotic diseases by 9% and 14%, respec-
tively [84]. Their results suggested that maintaining oral
hygiene might reduce the risk of cardiovascular and cerebro-
vascular events, which was in accordance with several obser-
vational cohort studies conducted by Lin et al. [85], Kudo
et al. [86], and Chen et al. [87] Periodontopathic microbiota
existed on the dental surface. The periodontal pocket was the
main pathogen of periodontal diseases, contributing to local

and systematic inflammation. Regular tooth brushing and
professional cleaning are the effective ways to reduce the
accumulation of bacterial plaques on teeth.

Current studies on anti-infectious treatment are limited.
In animal models, treatment with antibiotics (i.e., metroni-
dazole and amoxicillin) could only temporarily relieve peri-
odontitis, decrease the levels of inflammatory cytokines and
metalloproteases, and reduce atherosclerotic plaque burden.
Xie et al. [82] reported that the Oil Red O staining of

Table 2: Related cells and cytokines involved in atherosclerosis.

Cells Cytokines Others

Immune cells: DCs, macrophages, monocyte, T cells (Treg,
TR1, TH17, TFH, TH2, TH1), B cells (Be1/2, Breg, IRA-B),
NK cells

ILs family: IL-1β, IL-4, IL-5, IL-6, IL-
10, IL-12, IL-13,IL-17, IL-18, IL-21,

IL-23
Chemokine: CCL-2, CCL-3, CCL-5,

CXCL-8
Growth factor: VEGF, PDGF, IFN-γ,

TNF-α, GM-CSF, TGF-β

Adhesion molecules: VCAM-1,
ICAM-1, PECAM-1

MMPs: MMP-8, MMP-9, CRP,
NO, ROS, SAA, haptoglobin,

fibrinogenNonimmune cells: ECs, VSMCs, EPIs, fibroblast

Periodontal
pocket 

Dental plaque

Local inflammation

LOX-1pro-inflammatory cytokines;LOX-1

LOX-1 ox-LDL

ox-LDL

LDL
CCR-2

Injured

ICAM-1;mCSF;
chemokines;

LDL Smooth muscle cells

T cells

Macrophage
Pro-inflammational
cytokines

Endothelial cells

B-cells
Platelet

CCR-2

Actinobacteria

Dendritic cells

Monocyte

Foam cell 

LOX-1

TLR4 TLR1-TLR2

TIRAPTIRAP

MyD88

IRAK1,2,4+TRAF6

TAB1,2+TAK1

MPAK

NF-𝜅B

I𝜅K 𝛼/𝛽

Inflammatory cytokines TLR-NF-𝜅B pathway

Involved signaling pathway

LPS; HSP60
ginginpain

Firmicutes

Bacteriodetes

MMPs; ROS; CRP;
adhesion molecules;
antibodies 

MCP-1;VCAM-1;

Figure 2: Schematic representation of inflammatory mechanisms linking periopathogens to the development of atherosclerosis. Periodontal
dysbacteriosis induces local inflammation, and etiopathogenic bacteria that resided in the subgingival pocket can enter into the bloodstream.
Next, TLR binds to pathogens and transduces a downstream signaling molecule and result in the activation of various cells and the release of
proinflammatory cytokines, which work together to promote the formation of atherosclerotic plaques.
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atherosclerotic lesions in the aorta and aortic root has
reduced, and the expression of IL-1β, IL6, and TNF-α in
serum had significantly decreased in the model of P. gingiva-
lis-infected ApoE-deficient mice treated with metronidazole
(MTZ) or/and melatonin (MLT). Interestingly, they also
found that the expression of BMAL-1, which has been
known as the gene regulating circadian clock, was restored
to the normal level, and the elevated production of superox-
ide radical and proinflammatory cytokines was efficiently
reversed. Rajendran et al. [88] showed that the treatment
with antibiotics (AB) influenced the expression of gingival
tissue inflammation markers and inhibited the growth of
inflammatory blood myeloid dendritic cells and Treg–Th17
plasticity in 4-6 weeks after antibiotics. However, the limita-
tion of this study was the short duration of periodontitis
induction and antibiotics treatment in comparison to peri-
odontitis and atherosclerosis both chronic inflammatory dis-
eases in humans. Nevertheless, it would require a large
randomized controlled trial to demonstrate whether the
antibiotic therapy of periodontitis can affect atherosclerotic
cardiovascular diseases. Xiu et al. [89] examined the gum
microbiota and found that the combined periodontal treat-
ments, tooth extraction, and anti-inflammatory therapy sig-
nificantly reduced the absolute numbers of periodontal
pathogens and decreased the level of bacteremia in mice.
Aspirin and statin are both commonly used as secondary
preventive medicine in cerebrovascular diseases. The anti-
inflammatory and antibiotic treatments had decreased the
level of circulating cytokines. Hence, it is worth exploring
whether there is prevention or reduction is possible in car-
diovascular events. Meanwhile, long-term antibiotic therapy
could inhibit or kill the normal dominant flora of human
body and lead flora disorder, it is also worth pondering the
length of antibiotic therapy. This may require larger clinical
trials in the future.

The therapies aimed at proinflammatory cytokines and
TLR–NF-κB signaling pathway are other novel ways to
attenuate atherosclerosis. In the mouse models, Rekhi et al.
found that the decreased levels of proinflammatory cyto-
kines and reduction of atherosclerotic plaques in the aorta
were observed in the male LDLR KO mice treated with
AP5055, an inhibitor of CD36 that inhibited NF-κB activity
[90]. Pan et al. also proved that rosiglitazone, the PPARγ
agonist, acted as an insulin-sensitizing agent in the clinical
management of type 2 diabetes mellitus. It can attenuate P.
gingivalis-induced atherosclerosis by decreasing the expres-
sion of inflammatory cytokines and TLR2/4, downregulating
NF-κB activity, and lowering the levels of serum lipoproteins
[91]. Chukkapalli et al. also observed that the progression of
atherosclerosis significantly slowed down in polymicrobiota-
infected TLR2−/− and TLR4−/− mice [69]. These findings
suggested that disturbing the TLR/nuclear factor-κB path-
way could attenuate periodontopathogen-induced athero-
sclerosis and decrease the level of systematic inflammation.
However, clinical evidence from humans to support the
therapy targeting proinflammatory cytokines is insufficient.
In the 2018 CANTOS trial, patients treated with canakinu-
mab, a monoclonal antibody targeting interleukin- (IL-) 1β
via IL-6 signaling pathway, showed a decrease in the levels

of IL-6 with a 32% reduction in detrimental atherosclerotic
events and a 52% reduction in cardiovascular mortality com-
pared with control individuals [92]. These results suggested
that the potential benefits of canakinumab existed in athero-
sclerotic diseases. Nevertheless, canakinumab is still not
widely available for clinical treatment due to the high
expenses involved in the whole therapy and limited human
trials.

6. Conclusion and Outlook

The multiple microbiome-related and immunochemistry
studies supported that pathogenic periodontal microbiota
was involved in the pathogenesis of atherosclerosis. A poten-
tial role for TLR 2/4-NF-κB signaling pathway in the link
between periodontopathic microbiota and the progress of
atherosclerosis was preliminarily verified, including recog-
nizing exogenous antigens, transmitting inflammatory sig-
naling, and promoting the release of cytokines and cells.
The improvement in oral hygiene is effective in reducing
atherosclerotic risks. However, current therapeutic measures
are limited, and large cohort studies to verify the conclusion
from animal trials are lacking. Plausible explanations may be
as follows: (1) the side effects of long-term anti-infection
treatment for normal flora; (2) the high expenses of anti-
inflammatory agents, and (3) the damage to vessel walls dur-
ing effective therapy. Hence, the main problems to address
are elucidating the detailed role of periodontopathogenic
microbiota invasion of atheromas, except the influence of
bacteremia from other sites such as gut flora and respiratory
flora, and effective therapy to inflammatory response
between periodontal infection and atherosclerosis. In sum-
mary, pathogenic periodontal microbiota has been suggested
to exert a critical role in the initiation and progress of ath-
erosclerosis via the TLR 2/4–NF-κB signaling pathway. Fur-
ther studies should focus on how to take measures to target
this signaling so as to prevent and treat periodontal
infection-induced atherosclerosis.
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