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Methods: Cochrane, PRISMA and AMSTAR?2 guidelines for systematic reviews were followed. Data search

was conducted in Pub-med, LILACS and Science Direct databases. Gene and protein expression data were

Ilf?r/ i‘zg;ﬁ‘itis collected from the included papers to perform an overrepresentation analysis using the Reactome Pathway
Atherosclerosis Analysis tool and the KEGG database.
Periodontal pathogens Results: Thirty-two papers were included in the review, they analyzed the effect of Fusobacterium nucle-
Molecular atum, Porphyromonas gingivalis, Streptococcus anginosus, Streptococcus sanguinis, Tannerella forsythia, and
Microorganisms Treponema denticola or/and their virulent factors on gene and protein expression in human cells and animal
Metagenomics models of atherosclerosis. Some of the modulated pathways include the immune system, programmed cell
Bacteria 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.
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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.
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Fig. 1. Prisma flow diagram 2020.

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.

10

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], NCBL.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 O (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.
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Fig. 2. Risk of bias assessment.

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.

1

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-1p, IL-6, IL-8
(CXCL8) and tumor necrosis factor-alpha (TNF-a). 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



Japanese Dental Science Review 59 (2023) 8-22

1¥1L '6VYZ1S ‘1ddDS ‘d11ISVy
‘IdNVY ‘NY1d LY1d ‘d45ad ‘TAON ‘WYDN OdIT ‘NITYY
‘€401 ‘Tvoll ‘2-T1 ‘VI-TI ‘Idg4DI ‘FV[O ‘VINGT ‘INGT

¥Dd-M ¥Dd-1¥b
sisAfeue

12

TY. Marroquin and S. Guauque-Olarte

‘810X ‘[19€XD ‘11700 ‘1D0dY ‘ZIdONY ‘0141 ‘Vay A3o103u0 3seASIq BI)3d ‘898d ‘0SM B :surens  sypalsuls g SDINSOV  [1/] 910T “Te 12 Sueyz
(AR RIN 968G€JD1Y urens SO
30[q UIISAIM ‘Sd18d ‘LIXY) sueinw
“4dd-M eLIqUIY ‘€Ddd SueInwW exiquiy ‘viy ‘89 [¥¥] s10T
LLdONY [S14 ‘ZLdONY ‘TLAONY ‘Resse LN ‘OSMI8E LM ‘LLZEE DJLV LM suterels  sypasuisd - SDINSOY “Ie 19 Bueyz
lov]
AIN VDI “TINY DI 101q UIR3IsIM “4d-Lyb ‘vSITa LLTEEDDLY utenS  syvaiduld g 9z6AY'VA 810C “[e 39 nX
TINYV “TINYY Anawoifd moyy SOINSYH
€44d ‘2¥44d ‘1¥4d ‘TALIN ‘LALIN LIVDA “AT4S ‘TIAVDI ‘LAVIL 10[q UI)SaM YDd-M [e1]
‘ZAMD ‘TAYD 01D FEAD ‘TID IINYY  ANL ‘g7 ‘VIDAN ‘AVAI ‘9-T1 ‘d1-T1 ‘€ASYdSYD ‘Xvd “42d-1b ‘ySITd geM urens  sypasuis d SJ4VH 0Z0Z “[e 32 AX
LAIYDI ‘TINYDI ‘P¥DXD ¥Dd-1¥b J01q uIRIsAM LLZ€E DDV utens  sypaiduid §  9Z6AY'VA [£9] 610 “T8 32 NM\
745 ‘(21w O 95e8)V Iy q714S V13 10[q UIBISAM YDd-H
‘9SyD ‘(201U O] 9ses) LIV ‘LNVDI “LIAVOI ‘LIDXD ‘T¥IXD ‘2100 ‘210D ‘LY “42d-11b ‘ySITd Sd1  sypmswisd  SDIANH  [6€] 0Z0T “Te 32 Suem
(TA1L YNYIS yam
10 ZAON VNYIS YIIM S[[ad pajdajsuel)
ur) 914 ‘9745 VIS ‘DIdYIN V194 LM urens
YL IY1L 319 V144 ZAON LAON 10[q UId3ISAIM €8M ulens
YL ‘IT4S ‘ZAON ‘TAON “40d-M Wdd sayduos  sypalswis d  SDIANH  [09] S10T “Te 30 uepm
1¥DXD ‘2dSD ‘710D AL DUY+SdT
DIVIN/EXdVIN “TIAVII ‘TI0XD ‘24SD ‘2100 10[q UId)SIM SdT  SuapoLIod g [os] s10z
S100 LIAVOI ‘TDXD ‘2dSD ‘Anpwoifd mold ‘ySITd P4:1110 D1V Sd1 103 °g SJdVH “[e 19 eldIeD-eIRJRIA
9~ ANL ‘1~ Sd1 [-dHL
LAVOA ‘LLSIML ‘TINVDEd ‘TINVII NIV 10[q UIdISAIM
LISIML ‘ZIVNS ‘LINVOAd ‘PYLVD ‘TNAIY ‘2duadsaIonounwwl ‘ysIa ST sypasuis g SOIANH  [z€] 610 “Te 32 Uuns
[evl]
L9YVIS 1904V ‘1909V LIVDV ‘1LVDV 10[q UIAISIM YId-M Sd1  sypaisuis d [-dHL 9102 “Te 39 NI
VI9Y ‘V19d
‘1470 ‘1YT10 ‘ZdD1I ‘29D1I ‘dZvOLI ‘dTyOLI ‘240D ‘THDD [-dHL
q14S ‘AT4S 10[g UIISIM
‘VIZY ‘Y3 ‘IXOT ‘TXOT ‘TAVII ‘TINYII ‘210D ‘210D ¥Dd-H egmurens  sypaisuis d  SOIANH [zv] 0zoZ "R 39 1T
[v9] L10T
ANL ‘T¥OXD ‘9-11 ‘OL-T1 ‘d1-T1 Anawoyf> moyg urediguIs-auuidly Sd1  SypAISuIS +¥@ “[e 32 pIees[ioy]
VSITd
ANL ‘6dAN ‘6dININ AydeidowAz unepn LLTEEDDLY UtenS  syvaiduid g [-dHL  [£9] 810Z “[e 32 Wiy
Zy1L 0SM Uurens
MYF'PLN ‘8ed jo
q1-1 uonIqIyuI + 0SM 3d ‘VIM3d ‘84 8d :surengs
6Y1L ‘9UTL ‘PH1L ‘TH1L J0[g UIRISIM [6¥] L10T
‘€aYVd ‘ZAON ‘LAON ‘IIVN ‘ITIZd ‘810XD ‘LASYISYD Ydd-M BIMSJ ‘843d ‘0GM Bd surens  sypaisus d [-dHL “Ie 39 ysexeidede[
LINVDA ‘TT4S ‘TINVOI [-dHL [sv] 9t0z
1L 9€ddZ ‘PY1L ‘P1L Y10 ‘AdNYNH ‘TTAVIE 10]q UIA1SIM YId-M [p010  sypaIuIs SJAVH “Ie 39 Sueny
J0[q UI9}som
‘4OVd @s “¥Dd-11 ‘Aessy asedse) 9ELdMI urens  syvaiBuis ¢ SOAANH
4EDTIdYIN ‘dEXTLAYIN
‘VEITLAYIN ‘SVISH ‘SVASH ‘€LIad ‘€11ad ‘6ASVYdSYD 10[q UIa)SIM [o¥] 810T “Te1yo0
‘ASYASYD ‘€ASVASYD ‘TLASYASYD ‘TASVASYD ‘INDTd  ‘IDVd as “4Dd-} ‘Aessy asedse) 186004 urens  sypaiduid d  SOIANH -BJLINY] B BMESBIIH
urjoid 1o suag pajengaiumo(q uroad 1o suad pajendaidn POUIRIN 10)0B) DUI[NIIA/UIRNIS eueg  adAy (9D Jedj ‘Ioyiny
‘(3duds ur surajoxd ‘SI[eIl Ul SAUIN) "SI0 UI[NIIA 1133 J0 suddoyied [ejuoporiad (IIm JUSUWILII] 193Je SINSSI) 10 S[[3D uewny ul uoIssatdxa Juatayip Appuedyrusis yiim surajold pue sauan

1 dlqel



Japanese Dental Science Review 59 (2023) 8-22

TY. Marroquin and S. Guauque-Olarte

(a8pd 3xau uo panuiauod)

L¥10 ‘PXON ‘TSON elI0Y 10[q UIR3ISaM Y4Dd-M ‘VSITd 186204 sypaiduis d (9/14£8D) ., gody  asno  [g¢] £10T “Te 32 ueny
8EM uw.IS 3
TINYY e1I0Y 10[q U12ISIM ‘VSITA “¥YDd-L3b ‘Sd1 sypaisuis g _-dody paggaj-1af
ANL ‘9-T1 ‘d1-T1 ‘91 ‘gL-T1 wniag A19wo1fd moly 8EM UIBL3S SIDAISUIS -dody_ 1jewg asnojN  [€1] 020T “Te 32 31X
110X ‘84S¥ANL
‘TANLL ‘P11 1-T1 ‘€L ‘LTl
ANL ‘9-T1 ‘GILLTI ‘'GTOXD  “OL-TI ‘NI “DDI “DANI ‘SVH ‘61IXD ‘TL'TIXD o1 [founwisody l9¢] s102
‘€ITOXD ‘IITDD PSGHL  ‘TTDEXD ‘TdSD ‘€4SD ‘€10D ‘710D ‘194DHaAY poojq derpie) ¥Ddb ‘vSITd ‘Aeire aunjoifd '95¢6F JJLY wnpapnu -2d6e1'9d .ody  asno “Ie 39 OYS[PA
19401 S-T1 %=1 ‘2T ‘01-T1 Im
ANL ‘19
=491 ‘VEZ-TI ‘QILL-TL *d ZL-T1 ‘0L~ ‘9T '9GZ6% JDLV wnjespnu
‘SET1 P21 9111 € INAT “ONAT ‘TAYOLL d ‘LE0EY DLV pujifsiof | [8z] s10z
‘T4140 ‘€dYIN ‘IdYIN AN ‘TASVISYD wnisg 101q u12IsoM ‘Aerre dunjoIA)  HORSE DDV PL ‘18€ DA 8d --998) ‘LM 3snoy “[e 39 OYS[PA
anbejd
LINVOA ‘TINVDI O1013[25013IY
LIYNS ‘TIAVIdd elI0y ‘YSITd “101q
ANL ‘911 *91-T1 ‘D wnisg U12)S9M ‘9DUISIIONJoUnUILLT Sd1 sypauis _-dody d[e]N  3asnoN  [z€] 610T “e 32 yns
dsdl ‘IddS ‘ZXNNY ddTv SDINSA ¥d-N Sd1 sypaBuis S1el IeISIM Y [8¥] 910z “Te 39 nIT
ANL ‘YL ‘TN ‘9-T1 d¥D ‘T1ID 301q UIRISAIM ¥4d
ANL ‘PATL TIMAN ‘6NN ‘9-T ‘d¥D “‘Z10D pooiq [eraydiiag -} 'YSITd ‘sisA[eue [ed1uaydorg Sd1T stpaLsuis s)iqqel pueeazmaN  1qqey  [19] 10T “Te 39 UIT
ANL ‘TY1L ‘TN ‘DIAVIN ‘9
=11 'd¥D ‘T10D ‘PATL ‘6dINN ‘9-T1 d¥D ‘T10D poojq [e1aydiiag 10]q UIA1SaM ¥d-M ‘VSITd spALsuIS o s)qqer pue[eazmaN  Jqqey  [GE] SLOT “Te 32 Ul
OdINl ‘PY1L Sd1 syvayuis [1] L162
‘2Y1L ‘IXOT ‘IAON ‘LADN ‘1¥24d ‘A elI0y ¥Dd-M “Ansiwaydoisiyounuwy d ‘1820 sypasuis dody  3snoiN  '[e 39 “IeIydQ-BILINY
[sv] 910¢
LAIVOA ‘110 ‘TIAVII ‘890D elI0Y Ansiwaypolsijounuiw]  [2019 £LZEE IILV SHPAISUIS 9/14,8D  9sno “e 32 Sueny
S6ECL DDLY snsoutsun [€] 6102
2494 ‘14D ‘111D ‘VI-TI wniag 10]q uIAIsAM 'S ‘9SS0L DLV suinsuns “e 32 BMeZDEL
AVIL INL ‘PATL ‘VOPLIIN ‘VI-TI e1I0y “4Dd-1 ‘Aetre aunjoih) 'S ‘LLTEE DDV SHpALSuIS -40dY  9snoiN -awnziysey
[17] 6102
PADYL ANL ‘9-1T1 ‘J1-1T1 SINIIN ¥Dd-1¥b ‘J0]qounuuty] Sd1 stpaL8uis -PAQYL LM 3snoiN “Ie 32 e3dny
95Z6Y DDLV wnivapnu
o ‘LE0EY DILV piyIfsiof Pl QYL
L *¥0%S€ JDLV Djoonuap P TL [1€] 810z
991 pooig VSITd L 'LL6ES DDV SHpALSULS L P¥1L AL 9snop “[e 32 1[redexyny)
9526V DDLY wnyvapnu
o ‘LEOEY DDLV DyIfsiof
9T NN ‘Z-T1 ‘1addSH “4Dd-M 1 'FO¥SE DDLV D]021IUIp _-PAIL [62] 102
7100 wnRs  “Yddb “¥4od ‘vSITaAerre aunjoif) L ‘LL6ES DDLV sypaBuis _-QY1L  snoN “Ie 39 Ijedexpny)
9GZ6¥ wnjnapdnu
€1-T1 'SV LTOX b=11 ‘-1 ‘1= 4 ‘LE0EY DOLY piijifsiof
‘TITOXD ‘TITOXD ‘14S] ‘494 “ONAI ‘ZdSD ‘10D ‘DI “D1 ‘T1X ‘P11 ‘€ 1 'P0¥SE DDLV D]021UIp o1 [/ounwisody loz] s10z
‘VOd ‘€214 ‘d0dV ‘IVodY =11 ‘91-T1 ‘NDI ‘DO “ONAI ‘2dSD ‘G1DD AdN wnIag Aeire sunj01hd> Ydd-1¥b ‘VSITA L ‘LL6ES DDLV SHpaLSuls -2d6e1'9d .3ody  asno “Te 39 Ijedexpny)
DI ‘DO ‘TTOX ‘84SYANL ANL
‘TANIL ‘TdINILL ‘99T ‘6-T1 ‘7= ‘€11 ‘91T
9-T1 '€ITOXD  ‘€LL-TI ‘0.d/0vdZL-T1 *d 21-T1 ‘0L-TI ‘DI
TII0XD ‘LLTD D0LAI¥IY  “DDI 'SV ‘TTDEXD ‘24SD ‘S1D ‘ST10D ‘T10D wniasg ([puniungody
qT4S dAN ‘J1-11 ‘994 ‘vod LANIdYAS ‘ZANIdYAS -2d621°94) 1w [o1] s10T
‘S100 ‘IVZ1D4 ‘90dV ‘1VOdV VIXY VIV ‘SYOLI ‘G-I ‘VI-TI ‘€019 elI0y YDd-M ‘YSITd ‘Aetre aunjoih) LE0EY DOLV vAynsiof L [nugody drwapidipadAy - asnopy “[e 32 1[edexyny)
J1-T sogeydonen _-TI1L LM “.9€PD [v€l s10z
9-T1 “DANI wnisg VSITd Sd1 stpaLsuis o -IPT ) IPT/-9€PD  9sno ‘[e 32 umolg
urajoxd 10308}
10 9ud8 paje[n3aiumoq uraoad 10 2uad pajendaidn anssi] SPOYIRN dUI[NIIA/UIRIIS [eLIdIdRY [opow 333[fqns  aads 1e34 Joyiny

*(3d11s ur surajoxd ‘sdI[eIl Ul SAUID) *S1038J DUINIIA 113Y3 Jo sudSoyied [ejuoporiad YIIm JUIWIEI] 193JE SINSSI) [EWIUE Ul UOISSAIAXD JUIYIP A[3uedyiusis yiim suidjold pue sauan

ClqeL

13



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

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 «f (NF-xf) and NF-kappa-p inhibitor alpha (Ixpa) 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-a 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-xp 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).

Downregulated gene or

protein
ASMA, TAGLN

CASPASE], IL-18, IL-15,NLRP3, Pro-caspasel,

Upregulated gene or protein
Pro-IL-18, Pro IL-1p.
IL-18, IL-1p, TNF

ALPP, BGLAP, COL21A1, RUNX2, ALPP, BGLAP,
COL21A1, RUNX

Tissue

Aorta
Peritoneal
macrophages
VSMCs

Methods
ELISA
rt-PCR

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 TLR27"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].

mutant) P. gingivalis ATCC
P. gingivalis ATCC 33277 OVM  Western blot, rt-PCR,

Bacteria/ Strain/virulence
33277

factor
KDP150 (FimA-deficient

P. gingivalis KDP136
(gingipain-null mutant)

Subject model
Apoe™
C57BL/6

Specie
Mouse
Mouse

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

2015 [33]
Yang et al., 2016 [42]

Author Year
Yamaguchi et al.,

Table 2 (continued)
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Extracellular
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Fig. 3. Overrepresentation analysis humans. Reactome.

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

gingipains. The effect of these periodontal pathogens in the different

4.1. Endothelial dysfunction and inflammatory cell recruitment

stages and molecular mechanisms linked to atherosclerosis will be

discussed as follow.

| LPID AND ATHEROSCLEROSIS |

Macrophage

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

Red: significant increase, Blue: significant decrease (p<0.05).
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Fig. 7. KEGG hsa05417 representation of the genes modulated by periodontopathogens integrating the data for humans in vascular smooth muscle cells.

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-xp, elevating de concentration of adhesion molecules in
endothelial cells, TNF-a 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-xf [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-a 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-a when HAECs were exposed to P. gingivalis [13]. P.
gingivalis also increased the expression of TNF-a in THP-1 [32,63]
and monocytes [64] (Fig. 4 and Fig. 6). In animal models, the serum
levels of TNF-a 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
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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 0x-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-xf and IxBa,
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



TY. Marroquin and S. Guauque-Olarte

Japanese Dental Science Review 59 (2023) 8-22

FLUID SHEAR STRESS AND ATHEROSCLEROSIS | Blue: significant decrease. Red: significant increase. Yellow: non-significant change in expression. p<0.05.

Stable blood flow
Laminar Shear

Endothelial cell
BH4

——— e e e e e e e e e e | » Vasodilation | Vascularsmooth
/ muscle contraction

Anh oxidant

-~

© ——— ROS productios
i NO N [Hox1] [ost ] [NQot] |
|
/ - -
/ Cacaz+deenden > b :
/ o,_.——)’_ Sy Vasodilato: |
Cell adhe, / e MSN [cnp | — —» Anii. Atherogenesi
(Cage )/ AT & _owm o EE - Sl I -
// 4 Anti-inflaramatory |
PIBK AKT
I.ArmmrSheu——b il mK _, i mlu@ o :
W N Anti-thrombotic |
N\ oy /S /) EEER———- Iy
WA N / -
WA \\
R
SR 5 /
A (e R ] ] »
VA
Disturbed bbod flow Endothelial cell
Low & Oscillatory Shear
QUESFR] ~
// -l Matrix degemeration —_
F A — e (e ] |
I o e Inflaramation i
// // NFxB [mer1] I
'y signaling pathvay O - |
. ——= i
/) ] ——— O— [ N [y | !
S/ BT e _ " Angiogenesis |
;7 WL 4 YSMCs migton, : :
4‘p ere ni T, prolueraton
Distubed flow— — + — & — —e—— - [BNPA |-~ MAPK haacud———» ] |
Low shear stress | signaling pathvay K (roor. | I (v I L —wPro. Atherogenesis
________ S| P i -Atherogenes
p
[ T Y | [ T —— —-» EI:%S Dtem__b Inflarmation | I
] (5486 - ¢ I
i [Piasy] &
> [EFd S S S oSy | P
PKC | I
|
N
I N
Adhesionoflewkocytes [N @000 N’ T T T T T T T T T T T — EC apoptosis __| )
1o the endothelium |
Leuko transendothelial
—————— —» Proteasome

05418 109119
(c) Kanehusa Laboratonies

Fig. 8. Humans KEGG. Fluid shear and atherosclerosis pathway (hsa05418).

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
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chemokine 11 (CXCL11) and C-X-C motif chemokine 13 (CXCL13) in
Apoe™ mouse [10]. . 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
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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 ItgB67 mice [28,33].

The activation of NLRP3 leads to the activation of caspase 1
(CASPASE1) that performs the proteolytic cleavage of pro-IL-1p and
pro-IL-18, to produce the pro-inflammatory cytokines IL-1 § 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 FE. nucleatum, P. gingivalis, T. denticola
and T. forsythia, the interleukins IL-1p 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].
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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
(Angptl), 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-”, “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-a 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 TLR27/"TLR-47~ 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 E. 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 LdIr’- 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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