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a b s t r a c t

The mechanisms modulated by periodontal pathogens in atherosclerosis are not fully understood. Aim: to 
perform an integrative analysis of gene and protein expression modulated by periodontal pathogens in cells 
and animal models for atherosclerosis.
Methods: Cochrane, PRISMA and AMSTAR2 guidelines for systematic reviews were followed. Data search 
was conducted in Pub-med, LILACS and Science Direct databases. Gene and protein expression data were 
collected from the included papers to perform an overrepresentation analysis using the Reactome Pathway 
Analysis tool and the KEGG database.
Results: Thirty-two papers were included in the review, they analyzed the effect of Fusobacterium nucle
atum, Porphyromonas gingivalis, Streptococcus anginosus, Streptococcus sanguinis, Tannerella forsythia, and 
Treponema denticola or/and their virulent factors on gene and protein expression in human cells and animal 
models of atherosclerosis. Some of the modulated pathways include the immune system, programmed cell 
death, cellular responses to external stimuli, transport of small molecules, and signal transduction 
(p  <  0.05). Those pathways are known to be involved in different stages of atherosclerosis progression.
Conclusion: Based on the performed analysis, it is possible to state that periodontal pathogens have the 
potential to be a contributing factor for atherosclerosis even in absence of a high-fat diet or high shear 
stress.
© 2023Published by Elsevier Ltd on behalf of The Japanese Association for Dental Science. This is an open 
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/ This is an 
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1. Introduction

Periodontitis and atherosclerosis are chronic inflammatory dis
eases [1]. Cardiovascular diseases, including atherosclerosis, are the 
leading cause of death worldwide, taking 17.9 million lives per year 
[2]. Endothelial dysfunction, high serum lipoprotein concentration 
and lipid accumulation in the inner walls of large arteries, are crucial 
for the initiation of atherosclerosis [3]. By its side, periodontitis is 
the main cause of tooth loss. Its prevalence worldwide ranges from 
20% to 50%. This disease presents an upward trend among in
dividuals older than 35 years [4]. The dysbiosis in the oral microflora 
is the main causative agent of periodontitis [5]. An association be
tween periodontitis and cardiovascular events such as stroke, myo
cardial infarction, abdominal aortic aneurysm and cardiovascular 
death has been observed [6–9].

It has been stated that periodontitis could be a contributing 
factor for atherosclerosis [10], not only by the increase of the sys
temic inflammatory burden but also by transitory bacteremia pre
sent in patients that suffer from this disease [11]. Several studies 
have identified periodontal pathogens in atherosclerotic plaques but 
the effect of those microorganisms in the initiation and progression 
of atherosclerosis is not completely understood [12,13].

To clarify the link between periodontitis and atherosclerosis, 
different studies have applied cell and molecular biology methods, 
to detect changes in gene and protein expression when animal and 
human cell models are exposed to periodontal pathogens or their 
virulence factors. Nevertheless, their results have not been globally 
analyzed. An integrative analysis of the results of these studies, 
based on pathways overrepresentation analysis, is necessary to fa
cilitate a comprehensive understanding of the effect of the period
ontal pathogens on different pathways involved in atherosclerosis.

Bioinformatics tool can be used to integrate the results of tran
scriptomic and proteomic studies to identify pathways modulated 
under certain conditions. Different tools can be used to perform this 
integrative analysis. Reactome.org (Reactome) is a database that 
links human genes, proteins and other entities participating in re
actions into networks, that are grouped into pathways. Those 
pathways are then grouped into superpathways or nodes [14]. An
other useful database to performed this kind of analysis is the Kyoto 
Encyclopedia of Genes and Genomes pathway annotation database 
(KEEG), that permits the overlapping of genes to specific disease 
pathways [15].

Therefore, this systematic review was aimed to perform an in
tegrative analysis of the reported genes and proteins modulated by 
periodontal pathogens in cells and animal models for athero
sclerosis. The research question of this systematic review was, what 
is the effect of periodontal pathogens on the pathways involved in 

atherosclerosis? The results of this study shows that periodontal 
pathogens are a potential contributing factor for atherosclerosis 
even in absence of a high-fat diet or high shear stress.

2. Materials and methods

Study design and methodology were defined before conducting 
the literature search, and were based on The Cochrane handbook 
guidelines [16], the Preferred Reporting Items for Systematic Review 
and Meta-Analyses (PRISMA) guidelines [17] and the AMSTAR 2 tool 
for systematic reviews [18].

2.1. Selection criteria

(a) Primary studies, reporting the use of animal and human 
models, (b) evaluation of the role of periodontal pathogens on 
atherosclerosis, (c) published papers or in-press that reported peer- 
review assessment, (d) papers published in English, Spanish, or 
French, (e) in-vitro and in-vivo studies, (f) papers answering the 
research question of this systematic review, (g) abstract mentioning 
the use of cell and molecular biology methods. In cases where the 
abstract omitted information about materials and methods, the 
paper was included for in-full text reading.

2.2. Exclusion criteria

(a) Papers studying the role of periodontal pathogens on other 
systemic diseases but not atherosclerosis, (b) use of antibiotics or 
any other treatment for periodontitis or atherosclerosis, (c) apical 
periodontitis studies, (d) association studies, (e) risk factor studies 
for either periodontitis or atherosclerosis.

2.3. Information sources and search

The following electronic databases were systematically searched: 
Pub-med, LILACS and Science Direct, including papers published 
from January 1st 2015 to August 31st 2020. To collect the most re
cent available evidence.

2.4. Search strategy

After defining the objective of this systematic review, the re
search strategy was based on the research question and a search 
equation. The equation was constructed combining Medical Subject 
Headings (MeSH) and free text words, using the following keywords: 
periodontal pathogens, periodontitis, molecular mechanisms, en
dothelial dysfunction and atherosclerosis.

T.Y. Marroquin and S. Guauque-Olarte Japanese Dental Science Review 59 (2023) 8–22

9



The search was performed in the databases afore listed, using the 
following search equation: (periodontitis OR “periodontal disease”) 
AND (atherosclerosis OR “cardiovascular diseases” OR “coronary ar
tery” OR “coronary artery disease”). Once the search equation was 
defined, the first observer (TYM) applied it in the databases and the 
second observer (SGO) confirmed the results. Snowball-search 
strategies were also applied to find additional relevant studies 
among the systematic reviews discovered in the first search.

2.5. Study selection

After duplicates deletion, title and abstract analysis of the col
lected studies were independently performed by the first observer to 
select records for in-full text reading. The second observer in
dependently checked the non-included records to confirm their 
exclusion. Any disagreement was solved through consensus.

2.6. Data collection process

Data extraction was performed by TYM and checked by SGO. A 
data collection tool was designed in an Excel spreadsheet. This tool 
was applied to studies that matched the inclusion criteria and to 
those studies that omitted information about the methodology in 
the abstract. Excluded papers after full-text evaluation were re
corded in a table with the respective exclusion reason.

2.7. Data items

Data extracted in Excel included: study ID (authors, year of pub
lication, country), study design, methodology, the subject of study 
(animal aorta and cardiac tissue, cells, blood and human cells), the 
intervention (bacteria strain or virulence factor), variables to analyze 
(gene expression, protein expression, clinical, cell, or histological 
changes), methods, outcome understood as the change in gene and/or 
protein expression (decrease, increase, no change), significance level 
and the clinical or cellular events induced by different bacteria strains 
or virulence factors. To perform the pathways overrepresentation 
analysis, gene and protein names were unified using the uniprot.org 
[19], NCBI.gene [20] and PANTHER [21] databases.

2.8. Quality assessment

The tools for quality assessment STROBE [22] and CONSORT 2010 
[23] were adapted to assess the quality of the retrieved papers. A 
total of 14 items were evaluated per paper, giving a score of 1 (met 
the criteria) or 0 (did not meet the criteria).

This procedure provided a total score that ranged from 0 to 14. An 
ordinal quality scale was set: low ≤ 8, medium 9–12 and high ≥ 13. 
This scale was determined to ensure that the included papers met 
more than 60% of the evaluated items. Papers with low quality were 
not included in the analysis.

Fig. 1. Prisma flow diagram 2020. 
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2.9. Risk of bias assessment

The risk of bias was assessed using the Revman 5.4 software [24]. 
Criteria were established following and adapting the approach to 
address in-vitro studies proposed by the Office of Health Assessment 
and Translation (OHAT) [25,26] and the Cochrane guidelines [16].

Selection (concealed allocation to study groups), performance 
(experimental conditions and blinding of operators), detection (re
liability on outcome assessment), attrition (data competition and 
integrity) and reporting (selective or unclear results reporting) bias 
were evaluated.

2.10. Statistical analysis

The genes and proteins which expression was modulated by 
periodontal pathogens were included in the overrepresentation 
analysis in the Reactome Pathway-Analysis tool (up or down
regulated with p  <  0.05) [14]. This analysis was performed sepa
rately for each human cell type and animal species. For this analysis, 
a False Discovery Rate (FDR) of 5% was used to control the rate of 
false positives. The same genes and proteins were fed into KEGG to 
visualize the effect of the periodontal pathogens on the lipids and 
atherosclerosis pathway, (hsa05417) and the fluid shear and ather
osclerosis pathway (hsa05418) in human cells and mice [27].

3. Results

3.1. Quality and risk of bias assessment

Data search produced a total of 722 papers. The studies selected 
for full-text reading (n = 97, 96 from database search and one from 
snowball search) were ranked as low (n = 65), medium (n = 23) and 
high quality (n = 9) according to the established criteria. Papers with 
low quality were excluded (n = 65) and 32 papers remained (Fig. 1, 
Supplementary Table 1) for data collection (Supplementary Table 2). 
Fig. 2 and Supplementary Figure 1 show the risk of bias assessment 
for these 32 papers.

3.2. Subjects of the study and exposure

The subjects of the studies were human cells, mice and rabbits. 
The 32 included studies reported the effects of different periodontal 
pathogens on gene or protein expression in different cells and tis
sues including, Human Aortic Endothelial Cells (HAECS), human 
Aortic Smooth Muscle Cells (ASMCs), Human Umbilical Vein 
Endothelial Cells (HUVEC), Human umbilical vein cell line EA.hy926 
(EA.hy926), Human Monocytic Cell Line THP-1, CD14 + monocytes, 
mice serum/blood, mice aortic tissue, mice macrophages and rabbit 
sera. The models were exposed to different periodontal pathogens. 

The bacteria species used were Eikenella corrodens, Filifactor alocis, 
Fusobacterium nucleatum, Porphyromonas gingivalis, Streptococcus 
anginosus, Streptococcus sanguinis, Tannerella forsythia and 
Treponema denticola, or their virulence factors: lipopolysaccharide 
(LPS), outer membrane vesicles (OMV) and gingipains.

3.3. Gene expression and pathway overrepresentation analysis 
(Reactome)

For human cells, a total of 87 genes and 59 proteins were ana
lyzed. Forty-eight genes and 49 proteins showed significant changes 
in their expression after exposure to periodontal pathogens or their 
virulence factors (Table 1).

Seventy-nine proteins and genes were upregulated and 18 were 
downregulated. In mice, 119 genes and 73 proteins were analyzed. 
The expression of 55 genes and 55 proteins showed significant 
changes after exposure to periodontal pathogens. Eighty-three genes 
and proteins were upregulated and 13 were downregulated 
(Table 2). In rabbits, 6 genes and 7 proteins were assessed, all of 
them were upregulated (Table 2).

Fig. 3 presents a diagram of pathways modulated by periodontal 
pathogens in human cells according to the overrepresentation ana
lysis in Reactome (FDR < 0.05). This analysis reveals an important 
activation of superpathways that participate in the establishment 
and progress of atherosclerosis, such as the “immune system”, 
“programmed cell death”, “cellular responses to external stimuli” 
and “transport of small molecules”.

The “signal transduction” and the “homeostasis” superpathways 
were connected through the activation of the “Integrin and the 
platelet aggregation” pathway. The “immune system” superpathway 
includes “MAP kinase activation”, “innate immune system”, “NLRP3 
inflammasome”, “interleukins (IL)” and “toll-like receptor (TLR) 
cascades” pathways that are present in the continuous inflammatory 
response promoting the development of atherosclerosis.

Fig. 4 presents the top 25 overrepresented pathways in humans. 
Three of the modulated pathways were shared by HAECs, HUVECs, 
ASMCs and THP-1: the “Diseases associated with the TLR signaling 
cascade”, “Interleukin-4 and Interleukin-13 signaling” and 
“MyD88:MAL(TIRAP) cascade initiated on plasma membrane” 
pathways. The analysis for CD14 + cells was not included as the ex
pression of only five proteins was reported, IL-10, IL-1β, IL-6, IL-8 
(CXCL8) and tumor necrosis factor-alpha (TNF-α). All of them 
showed a significant increase in their expression when the cells 
were exposed to P. gingivalis.

3.4. Analysis of KEGG atherosclerosis pathways

KEGG is a database that facilitates the understanding of high- 
level functions, from molecular-level information [27]. The data 

Fig. 2. Risk of bias assessment. 
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analysis in KEGG “lipids and atherosclerosis” pathway (hsa05417) 
showed that several genes and proteins modulated by periodontal 
pathogens and their virulence factors overlapped to molecular 
events in endothelial cells macrophages and vascular smooth muscle 
cells (VSMCs), in atherosclerosis.

The impairment of those genes in endothelial cells leads to DNA 
positive feedback, monocyte attachment and activation, leukocyte 
transendothelial migration, inflammation and loss of apoptosis 
mainly mediated by the Toll-like receptor signaling through the 
nuclear factor κβ (NF-κβ) and NF-kappa-β inhibitor alpha (Iκβα) ac
tivation (Fig. 5).

Some of the genes and proteins modulated by periodontal pa
thogens are involved in the transformation of macrophages in foam 
cells, the activation of the proCASPASE1 part of the NLRP3 in
flammasome and the NOD-like receptor pathway (NLRs). In ather
osclerosis, these mechanisms are also activated by low density 
lipoproteins (LDL) and oxidized low-density lipoproteins (ox-LDL) 
(Fig. 6). KEGG also showed that in VSMCs genes and proteins in
volved in apoptosis and plaque instability through modulation of the 
“p53″ and “TNF-α signaling” pathways were also modulated by 
periodontal pathogens (Fig. 7). Supplementary Figure 2 shows the 
integration of the KEGG “lipids and atherosclerosis” pathway for 
human cells (hsa05417).

We also analysed the KEGG “fluid shear and atherosclerosis” 
pathway (hsa05418) (Fig. 8) that represents the events associated 
with atherosclerosis caused by the frictional forces of the blood flow 
on endothelial cells [27].

This analysis showed the upregulation of modulated genes in
volved in matrix degeneration, angiogenesis and VSMCs migration, 
differentiation and proliferation. This added to the leukocyte adhe
sion and transendothelial migration triggered by the activation of 
the “NF-κβ signaling” pathway.

The downregulation of BCL2-associated agonist of cell death gene 
(BCL2) was also visualized. One gene related to anti-atherogenesis 
mechanisms was also upregulated by P. gingivalis, the tissue plas
minogen activator (PLAT or t-PA). Similar changes were found in 
mice, where a gene involved in the metabolisms of lipids was also 
upregulated (Lectin Like oxLDL receptor 1, LOX1) (Supplementary 
figure 3).

3.5. Other findings

Studies analyzing the migration of periodontal pathogens to 
aortic tissue, in animal models, detected genomic DNA of F. nucle
atum, P. gingivalis, T. denticola and T. forsythia [28–31]. Ag
gregatibacter actinomycetemcomitans, F. nucleatum, P. gingivalis, T. 
denticola, T. forsythia and Prevotella intermedia were identified, 
through the amplification of the 16 S rRNA, in atheromatous plaque 
from patients with coronary heart disease [13]. A. actinomyce
temcomitans and P. intermedia were not used for gene and protein 
expression analysis by the included studies.

Some included papers performed histomorphometric analysis of 
atherosclerotic plaques after exposure to periodontal pathogens in 
Apoe-/- and TLR2-/-TLR4-/- and rabbits [1,10,13,28–38]. Other papers 
studied different cell events such as chemotaxis, cell proliferation, 
cell adhesion, foam cell formation, apoptosis, autophagia and cal
cium influx, in human and animal cells exposed to P. gingivalis 
[13,32,34,38–49]. And the adherence of THP-1 to HAECs when ex
posed to E. corrodens was also studied [50].

4. Discussion

The contributing effect of periodontal pathogens on the mole
cular mechanisms involved in atherosclerosis has been of special 
interest [10]. Periodontitis, a chronic inflammatory disease, initiates 
a systemic inflammatory response that could potentially promote or Ta
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exacerbate atherosclerosis, in addition to the transitory bacteremia 
that occurs in this disease [51]. In this systematic review, the results 
of previous studies analyzing gene or protein expression in cells, 
tissues, or animal models of atherosclerosis, were integrated to 
perform a pathway overrepresentation analysis. This aimed to refine 
the knowledge about the molecular mechanisms potentially 
modulated by periodontal pathogens in atherosclerosis.

The approach for data analysis in this systematic review is two
fold. First, the results of different studies were integrated by a sta
tistical overrepresentation analysis in Reactome. This analysis 
revealed superpathways that could be modulated by periodontal 
pathogens. Second, KEGG allocated the modulated genes to a 

hierarchical position in atherogenesis-specific pathways (has05417 
and has05418) and depicted the effect of the pathogens on these 
pathways.

The performed analyses, which included only genes and proteins 
with significant changes in their expression, revealed that in
flammation, cell adhesion, necrosis and apoptosis pathways, either 
in human cells or animal models, were activated by several peri
odontal pathogens, (Fig. 3, Supplementary Figure 2, 3 and 4).

The included papers analyzed the effect of seven out of 700 
bacteria species present in the mouth [52]. These species were: P. 
gingivalis, T. forsythia, F. nucleatum, T. denticola, E. corrodens, S. angi
nosus, and S. sanguinis, or their virulence factors, LPS, OMV and 

Fig. 3. Overrepresentation analysis humans. Reactome. 

T.Y. Marroquin and S. Guauque-Olarte Japanese Dental Science Review 59 (2023) 8–22

15



Pathway name

HA
EC

s

HU
VE

Cs

Ao
SM

Cs

TH
P1

Diseases associated with the TLR signaling cascade
Interleukin-4 and Interleukin-13 signaling
MyD88:MAL(TIRAP) cascade ini�ated on plasma membrane
ATF4 ac�vates genes in response to endoplasmic re�culum  stress
Cytokine Signaling in Immune system
Diseases of Immune System
Immune System
Interleukin-10 signaling
PERK regulates gene expression
Signaling by Interleukins
Toll Like Receptor 2 (TLR2) Cascade
Toll Like Receptor TLR1:TLR2 Cascade
Toll Like Receptor TLR6:TLR2 Cascade
Cellular responses to s�muli
Cellular responses to stress
Chemokine receptors bind chemokines
CLEC7A/inflammasome pathway
Innate Immune System
Interleukin-1 processing
Intrinsic Pathway for Apoptosis
IRAK4 deficiency (TLR2/4)
MyD88 deficiency (TLR2/4)
Pyroptosis
Regula�on of TLR by endogenous ligand
Toll Like Receptor 4 (TLR4) Cascade
Toll-like Receptor Cascades
Unfolded Protein Response (UPR)
Apopto�c factor-mediated response
ATF6 (ATF6-alpha) ac�vates chaperone genes
ATF6 (ATF6-alpha) ac�vates chaperones
Circadian Clock
Class A/1 (Rhodopsin-like receptors)
CLEC7A (Dec�n-1) signaling
Cytochrome c-mediated apopto�c response
Dissolu�on of Fibrin Clot
GPCR downstream signalling
GPCR ligand binding
Heme signaling
Hemostasis
Interleukin-1 family signaling
Interleukin-1 signaling
MECP2 regulates transcrip�on of neuronal ligands
MyD88 dependent cascade ini�ated on endosome
NOD1/2 Signaling Pathway
Nucleo�de-binding domain, leucine rich repeat containing receptor (NLR) 
signaling pathways
Pep�de ligand-binding receptors
Programmed Cell Death
Regulated Necrosis
Senescence-Associated Secretory Phenotype (SASP)
Senescence-Associated Secretory Phenotype (SASP)
Signal Transduc�on
Signaling by GPCR
Syndecan interac�ons
Tie2 Signaling
Toll Like Receptor 7/8 (TLR7/8) Cascade
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Fig. 4. Top 25 overrepresented pathways in human cells. 
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gingipains. The effect of these periodontal pathogens in the different 
stages and molecular mechanisms linked to atherosclerosis will be 
discussed as follow.

4.1. Endothelial dysfunction and inflammatory cell recruitment

Endothelial dysfunction favors the accumulation of ox-LDL in the 
intima layer of large arteries [53–55] and has been declared the 

Fig. 5. KEGG hsa05417 representation of the genes modulated by periodontal pathogens integrating the data for humans in endothelial cells. 

Fig. 6. KEGG hsa05417 representation of the genes modulated by periodontopathogens integrating the data for humans in macrophages. 
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precursor of atherosclerosis [13,56]. Ox-LDL alters the balance of 
nitric oxide, activates the innate immune system through the ex
pression of TLR pathways and NLRs, to promote an inflammatory 
response [57]. By its side, periodontitis has been associated with 
microvascular dysfunction, altering microvascular responses, de
creasing the availability of nitric oxide, increasing the levels of re
active oxygen species (ROS) [58] and it is significantly associated 
with the expression of biomarkers of endothelial dysfunction and 
dyslipidemia [59].

The activation of TLR signaling pathways is a pivotal step for the 
detection of microbial pathogens, generation of innate immune re
sponses and pro-inflammatory cytokines production. TLR2 or TLR4 
activates NF-κβ, elevating de concentration of adhesion molecules in 
endothelial cells, TNF-α expression and endothelial permeability in 
endothelial dysfunction [3].

In this systematic review, we observed a significant expression of 
TLR2 and TLR4 in HAECs, HUVECs and THP-1 monocytes [45,49,60]
(Fig. 4, Supplementary Figure 2) and a significant increase in the 
chemotactic effect on THP-1 monocytes by P. gingivalis [32,39,47]. 
The studies based on animal models exposed to P. gingivalis and E. 
corrodens reported a significant increase of NF-κβ [1,35,37,61] and 
those that were exposed to P. gingivalis, S. sanguinis and S. anginosus, 
reported a significant increase of TLR2 and TLR4 in peripheral blood 
and aortic tissue [35,50,61] (Supplementary Figure 3).

It has been stated that endothelial dysfunction is accompanied by 
the increase of different interleukins, proper of a pro-inflammatory 
phenotype[62]. TNF-α modulates endothelial cells apoptosis, re
duces autophagy and promotes endothelial dysfunction [57]. The 
included papers in this study confirmed the significant increase of 
IL-1, IL-6 and TNF-α when HAECs were exposed to P. gingivalis [13]. P. 
gingivalis also increased the expression of TNF-α in THP-1 [32,63]
and monocytes [64] (Fig. 4 and Fig. 6). In animal models, the serum 
levels of TNF-α were increased by P. gingivalis strain or its LPS 
[13,28,32,35,61], by T. forsythia [10], T. denticola, F. nucleatum [28]
and S. sanguinis [37].

In atherosclerosis, ox-LDL also increases the production of che
mokines such as the monocyte chemoattractant protein 1 (MCP1), 
CXCL8, CCL5 (RANTES) and fractalkine (CX3CL1) to attract 

monocytes, T cells and dendritic cells to the artery wall [43]. In this 
systematic review, it was found that HUVECs, HAECs and ASMCs 
exposed to P. gingivalis and E. corrodens had a significant increase in 
the expression of these chemokines in absence of ox-LDL (p  <  0.05) 
[39,47,50] (Supplementary Table 2).

The pro-inflammatory status in endothelial cells, caused by the 
exposure to ox-LDL, is accompanied by an increase in the expression 
of cell adhesion molecules [65]. This facilitates the adhesion and 
rolling of monocytes, lymphocytes and the deposition of T-cells 
along the endothelial cell surface [60,66].

The included papers found a significant increase in the expres
sion of the following genes and proteins, E-selectin (SELE) in HUVECs 
either by P. gingivalis, P. gingivalis LPS, or T. forsythia [13,32,39,47,60], 
vascular cell adhesion molecule-1 (VCAM-1) in HAECs and HUVECs 
by P. gingivalis [13,32,45]], intercellular adhesion molecule-1 (ICAM- 
1) in EA.hy926 [46,67], HAECs [13,45,50] and HUVECs [32,39,47]
both by P. gingivalis and MCP1 in HUVECS by P. gingivalis LPS [39], all 
in the absence of ox-LDL. In animal models, these adhesion mole
cules were increased by T. forsythia [10] and F. nucleatum [36]. The 
increase in the expression of these molecules could be reflected in 
the THP-1 monocyte adhesion to endothelial cells that was reported 
by assays performed in-vitro [39,46,47,50].

Data analysis in KEGG showed an important modulation of the 
“TLR signaling” pathway by periodontal pathogens, also observed in 
the overrepresentation analysis in Reactome that shows the activa
tion of the “immune system” superpathway (Fig. 3). Added to the 
upregulation of translocating chain-associated membrane protein 1 
(TRAM), TNF receptor-associated factor 6 (TRAF6), NF-κβ and IκBα, 
plus the modulation of the “adhesion molecules signaling” pathway. 
This promotes monocyte activation and attachment to endothelial 
cells, through the expression of SELE, ICAM-1, VCAM-1 and MCP1 
and its receptor C-C chemokine receptor type 2 (CCR2) [57]
(Supplementary Figure 3 and 4).

4.2. Inflammation in atherosclerosis

The pro-inflammatory environment in atherosclerosis activates 
macrophages to express pro-inflammatory cytokines and 

Fig. 7. KEGG hsa05417 representation of the genes modulated by periodontopathogens integrating the data for humans in vascular smooth muscle cells. 
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chemokines. The activated Th1 cells, either by macrophages or by 
dendritic cells, promote the release of cytokines such as interferon- 
gamma (INFy), IL12, IL15, IL18 and TNF.

a, deriving in a prolonged inflammatory response [65]. In this 
systematic review, it was observed that different periodontal pa
thogens caused a significant increase in the expression of these cy
tokines, either in THP-1 cells or in animal models 
[10,13,33–37,61,63,64], as well as the increase of the macrophage 
migration inhibitory factor (MIF) by P. gingivalis in EA.hy926 [46], a 
proatherogenic cytokine involved in monocyte-endothelial cell ad
hesion [68].

In atherosclerosis, the affected endothelial cells secrete chemo
kines for the recruitment and endothelial infiltration of monocytes 
and T cells into the intima layer, to remove ox-LDL [68,69]. This sys
tematic review found significant changes in the expression of 16 
chemokines, either ligands or receptors, when endothelial cells, THP-1, 
or animal models were exposed to periodontal pathogens 
[10,29,35–37,39,46,47,49,50,61,64,67,70,71] (Supplementary Table 2).

It is necessary to highlight that the effect of the periodontal 
pathogens on the expression of these chemokines was variable. E. 
corrodens LPS, decrease the expression of MCP1 and CCL5, in HAECs 
[50]. T. forsythia decreased the expression of CCL5, C-X-C motif 

chemokine 11 (CXCL11) and C-X-C motif chemokine 13 (CXCL13) in 
Apoe-/- mouse [10]. F. nucleatum decreased the expression of eotaxin 
(CCL11), C-C motif chemokine ligand 3 like 3 (CCL3), CXCL13 and C- 
X-C motif chemokine 5 (CXCL5) in Apoe-/- mice [36]. Polymicrobial 
oral infection with P. gingivalis, T. denticola, T. forsythia and F. nucle
atum decreased the expression of CXCL11 and C-X-C motif chemo
kine 2 (CXCL2) in Apoe-/- mice [30]. However, in the same animal 
model, S. anginosus and P. gingivalis increased the expression of 
CCL11[37,71]. E. corrodens and a polymicrobial oral infection [30,50]
increased CCL5 and F. nucleatum increased the expression of CXCL11 
[36]. This variability among the bacteria species could be associated 
with their different virulence factors.

The chemokines reported to be proatherogenic and significantly 
increased by periodontal pathogens exposure were MCP1 that 
through CCR2 increases macrophage recruitment into the artery 
wall. CCL3 regulates cell adherence and infiltration of neutrophils. 
CCL5 enhances immune cell infiltration in the lesions and monocyte 
arrest on the endothelium. CXCL8 participates in the development of 
foam cells, apparently by the inhibition of cholesterol efflux. C-X-C 
motif chemokine 9 (CXCL9) may facilitate the recruitment and 
homing of active Th1 cells, by the activation of C-X-C chemokine 
receptor type 3 (CXCR3) and the C-X-C chemokine receptor type 4 

Fig. 8. Humans KEGG. Fluid shear and atherosclerosis pathway (hsa05418). 
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(CXCR4) involved in the neutrophil recruitment that promotes 
atherosclerotic plaque growth and instability and the chemoat
tractant leukocyte chemokines CCL11 and CXCL11 that were also 
increased [68,69,72] (Supplementary Table 2).

Reactome analysis showed that these chemokines were modu
lated by periodontal pathogens and are part of the overrepresented 
“chemokine receptors in chemokines” and “IL-10 signaling” path
ways (Figs. 3 and 4).

Another relevant mechanism, in the inflammatory process in 
atherosclerosis, is the activation of the NLRP3 inflammasome in 
macrophages. This inflammasome can be activated by ROS over
production [65], by pathogens, or by inflammatory intracellular 
cholesterol crystals, promoting inflammation and foam cell forma
tion mediated by ox-LDL [1]. P. gingivalis activated this inflamma
some in Apoe-/- mice and ItgB6-/- mice [28,33].

The activation of NLRP3 leads to the activation of caspase 1 
(CASPASE1) that performs the proteolytic cleavage of pro-IL-1β and 
pro-IL-18, to produce the pro-inflammatory cytokines IL-1 β and 
IL18, abundant in the atherosclerotic plaque [73].

The pathways analysis performed in KEGG shows that CASPASE1 
was expressed by human monocytes and animal models exposed to 
P. gingivalis or P. gingivalis LPS [32–34,49,64] (Supplementary Figure 
2 and 3). In mice exposed to F. nucleatum, P. gingivalis, T. denticola 
and T. forsythia, the interleukins IL-1β and IL-18 were expressed in 
the aorta, blood and serum [10,13,28,36,70], an effect that could be 
associated with the activation of NLRP3 by periodontal pathogens 
[28,74] (Supplementary figure 3).

4.3. Foam cell formation

One crucial step in the establishment of atherosclerosis is the 
formation of foam cells from recruited macrophages [43]. LOX1 is 
activated by ox-LDL and regulates lipoprotein uptake in macro
phages [41,43,57,65] leading to foam cell formation. The pathway 
annotation analysis performed in KEGG integrating the results from 
HAECs [13,45,50], EA.hy26 [67] and HUVECs [13,32,39,40,45,47,60]
exposed to P. gingivalis showed a significant increase in LOX-1 ex
pression, that increases ox-LDL uptake to form foam cells, as well as 
monocyte migration and adhesion to endothelial human cells 
[43,45,47] (Supplementary Figure 2).

Additionally, P. gingivalis LPS was able to upregulate Acetyl-CoA 
acetyltransferase (ACAT1) and downregulated ATP-binding cassette 
(ABC) sub-family G member 1 (ABCG1) in THP-1 [43]. ACAT1 re- 
esterifies the excess of free cholesterol to be stored in cytoplasmic 
lipid droplets, bringing the foamy appearance to the recruited 
macrophages [43] and ABCG1 downregulation reduces the efflux of 
cholesterol in mice macrophages [75]. Overrepresentation analysis 
in Reactome shows that ACAT1 is associated with LDL clearance and 
ABCG1 and participates in HDL remodeling. These events are 
orchestrated by the “transport of small molecules” superpathway 
and could be influenced by periodontal pathogens (Fig. 3).

The included studies showed an increase in foam cell formation 
when animal models, THP-1 human cells and murine resident 
macrophages from mice were exposed to P. gingivalis [63] or P. gin
givalis LPS [34,41,43]. Foam cell formation, related to P. gingivalis, was 
described as a time-dependent effect and it was greater than the 
solo exposure to LDL [43].

4.4. Atherosclerotic plaque formation

Fatty streaks are the earliest type of atherosclerotic lesions and 
are caused by the pro-inflammatory status of the endothelium, in
flammatory cell migration and foam cells formation. The persistent 
recruitment of inflammatory cells, in response to the continuous 
accumulation of ox-LDL in the intima layer, leads to atherosclerotic 
plaque formation [65,76].

Section 4.2 described how cell recruitment in atherosclerotic 
plaque could be modulated by periodontal pathogens and their 
virulence factors, upregulating chemokines and interleukins. These 
chemokines are involved in the process of atherosclerotic plaque 
establishment, from the initiation of a fatty streak lesion to mature 
plaque formation [69].

Another process involved in the development and growth of 
atherosclerotic plaque is angiogenesis. It occurs thanks to the mi
gration of smooth muscle cells to the atherosclerotic lesion in re
sponse to a hypoxic state in the lesion. Some included papers found 
that the exposure of ASMCs to P. gingivalis had a significant effect on 
the expression of genes that belong to pathways related to the in
flammatory process occurring in atherosclerosis 
[1,13,32,33,35,37,38,45,61] (Fig. 4).

The exposure of ASMCs to different strains of P. gingivalis, like 
wild-type (W50, 381), gingipain mutant (E8, K1A) and fimbria mu
tant (DPG-3, KRX-178) demonstrated that gingipains define the 
ability of P. gingivalis to decrease the expression of angiopoietin 1 
(Angpt1), an anti-inflammatory regulator and to increase angio
poietin 2 (Angpt2) and its transcription factor ETS1. Angpt2 is a pro- 
inflammatory and proangiogenic factor, that regulates the angio
genesis process associated with AoSMC migration to the intima 
layer [44,71].

By its side, cell apoptosis is important in the conformation of the 
necrotic core of the atherosclerotic plaque. The pathways analysis in 
KEGG reveals a significant upregulation of genes present in the 
“TNF-α”, “cellular tumor antigen p53 (p53)”, “phosphatidylinositol 
3′-kinase(PI3K)-Akt (PI3K-AKT)” and “apoptosis” pathways in the 
ASMCs exposed to periodontal pathogens (Fig. 7). The included pa
pers reported that P. gingivalis increased expression of TNF-α and 
proapoptotic modulators such as phosphorylated AKT (AKT1), 
apoptosis regulator BAX (BAX), tumor necrosis factor receptor su
perfamily member 6 (FAS), TNF receptor-associated factor 1(TRAF1) 
and DNA damage-inducible transcript 3 protein (CHOP) in HAECs 
and HUVECs [13,39,40]; together with the downregulation of B-cell 
lymphoma 2 (BCL2) that regulates cell death and aryl hydrocarbon 
receptor nuclear translocator-like protein 1 (ARNTL), being the two 
former, antiapoptotic regulators in HAECs [13].

These changes have a detrimental effect on the endothelial re
parative capacity and the stability of the atherosclerotic plaque [13]. 
Another feature of atherosclerotic plaques is dystrophic calcification 
that increases cardiovascular mortality [77]. It was reported that P. 
gingivalis LPS and P. gingivalis OMV, induced VSMCs calcification, 
upregulating the expression of RUNX2 an osteogenic transcription 
factor, alkaline phosphatase (ALPP), integrin-binding sialoprotein 
(IBSP) and osteopontin (SPP1) in animal models [42,48].

Reactome analysis shows the participation of RUNX2 in the su
perpathway of “gene expression”, regulating osteoblasts differ
entiation, as well as the connection of SPP1 to this superpathway.

Reactome also reveals how IBSP is part of the extracellular matrix 
organization superpathway in integrin cell surface interactions 
(Fig. 3), mechanisms that are likely to be modulated by P. gingivalis in 
atherosclerosis.

The integrative analysis run in KEGG and Reactome showed how 
the modulated genes participated in pathways that mediate the 
different stages and mechanisms involved in atherosclerosis.

4.5. Histomorphometric analysis of the atherosclerotic plaque in animal 
models

Some studies observed the responses in aortic tissue from ani
mals exposed to P. gingivalis, S. anginosus, S. sanguinis [37] and T. 
forsythia [10]. Apoe-/- mouse exposed to S. sanguinis had a significant 
increase in atherosclerotic plaque size, similar to P. gingivalis. In 
contrast, S. anginosus generate only a slight increase in plaque size 
[37]. Different studies, using TLR2-/-TLR-4-/- mouse, observed that 
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atherosclerotic plaque size was smaller in comparison with controls 
when exposed to polymicrobial infections with P. gingivalis, T. den
ticola, T forsythia and F. nucleatum, showing that TLR2 and TLR4 ac
tivation are important in the atherosclerosis progression mediated 
by periodontal pathogens [29,31,70]. The exposure of Apoe-/- to T. 
forsythia, caused an increase of the intima layer thickness, with a 
slight increase of the atherosclerotic plaque [10].

There was a significant increase (p  <  0.01) in atherosclerotic 
plaque size in Apoe-/- and Ldlr-/- mice challenged with P. gingivalis 
when compared with the control, either in the aortic tree or in the 
root [1,13,33,34,38]. In rabbits exposed to P. gingivalis, the observed 
changes included the presence of foam cells and thickening and 
edema of the intima layer [35,61].

Rabbits exposed to P. gingivalis and receiving a high-fat diet 
presented a decrease of smooth muscle cells, undefined elastic fibers 
and scattered atherosclerotic plaques, higher than in animals that 
had a high-fat diet, but that were not exposed to the periodontal 
pathogen [35,61]. Observations that confirm the modulation of 
atherosclerosis-related mechanisms and pathways by periodontal 
pathogens independently of classical risk factors such as dyslipi
demia.

5. Conclusion

The integrative analysis of genes and proteins modulated by 
periodontal pathogens performed in this systematic review facil
itates the understanding of the effect of these bacteria on different 
cells affected in atherosclerosis. Periodontal pathogens can upregu
late and enhance the inflammatory mechanisms already present in 
the atherosclerosis lesion, either migrating to the affected site or 
increasing the already expressed inflammatory mediators. The bac
teria species used in the included studies upregulated mechanisms 
and pathways related to inflammation, cell adhesion, apoptosis, 
SMCs calcification, angiogenesis and foam cell formation that are 
important steps in the formation of atherosclerotic plaques. Based 
on these results it is possible to state that periodontal pathogens 
have the potential to be a contributing factor for atherosclerosis even 
in absence of a high-fat diet or high shear stress. Studies analyzing 
how the mentioned mechanisms can be targeted for reducing the 
risk of atherosclerosis in periodontitis patients are recommended.

6. Limitations

It is necessary to state two possible limitations of the performed 
analysis. First, the pathway overrepresentation analysis was depen
dent on the analyzed genes by the included studies. For this reason, 
several genes that belong to these atherosclerosis-related pathways 
could not be included in our analysis. However, it was possible to 
detect the effect of the periodontal pathogens on the analyzed 
pathways. Second, most of the studies were based on monoinfec
tions on cell culture or animal models, a scenario that does not re
flect the interactions among the microbiome involved in 
periodontitis.
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