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Abstract
Aim: To investigate the impact of chronic apical periodontitis (CAP) on atheroscle-
rosis and gut microbiota by establishing a Porphyromonas gingivalis (P. gingivalis)- 
induced CAP in an apolipoprotein E- deficient (apoE−/−) mice model.
Methodology: Twenty- eight male apoE−/− mice were divided into two groups with 
14  in  each:  CAP  group  and  control  group.  In  the  CAP  group,  sterile  cotton  wool 
containing 108 colony- forming units of P. gingivalis was placed into the pulp cham-
ber after pulp exposure followed by coronal resin filling in bilateral maxillary first 
and second molars. The mice were fed with a chow diet to induce atherosclerosis. 
Animals were euthanized 16 weeks after the operation, and the periapical lesions of 
bilateral maxillary first and second molars were assessed by micro- CT. After collec-
tion of aortic arches, atherosclerotic lesions were measured by Oil Red O staining. 
Serum levels of high- density lipoprotein cholesterol (HDL- C), low- density lipopro-
tein cholesterol (LDL- C), total cholesterol (TC), and triglycerides (TG) were meas-
ured. Stools were collected to detect alterations in gut microbiota by 16S rRNA gene 
sequencing. Independent samples t- test was used to calculate the difference between 
the two groups.
Results: CAP  was  observed  in  98.2%  of  molars.  A  significant  increase  in  athero-
sclerotic plaque formation in the aortic arches was found in the CAP groups (CAP: 
2.001% ± 0.27%, control: 0.927% ± 0.22%, p = .005). No significant difference was 
observed between sevum level of HDL- C (CAP: 2.295 ± 0.31 mmol/L, Control: 3.037 
± 0.55 mmol/L, p = .264) or LDL- C (CAP: 17.066 ± 3.95 mmol/L, Control: 10.948 
± 1.69 mmol/L, p = .177) in CAP group and Control group. There were no signifi-
cant differences in TG (CAP: 1.076 ± 0.08 mmol/L, control: 1.034 ± 0.13 mmol/L, 
p = .794) or TC (CAP: 6.372 ± 0.98 mmol/L, control: 6.679 ± 0.75 mmol/L, p = .72) 
levels between the two groups (p > .05). The alpha diversity was elevated in the CAP 
group.  In  terms of beta diversity,  the CAP and control groups were clearly distin-
guished by the microbial community.
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INTRODUCTION

Cardiovascular disease (CVD) is the main cause of death 
worldwide (Tymchuk et al., 2006) and encompasses many 
risk  factors,  such  as  hypertension,  diabetes  and  chronic 
inflammation.  The  major  risk  factor  for  CVD  is  athero-
sclerosis, which is characterized by a slow accumulation 
of lipid- laden plaques and macrophages in medium-  and 
large- sized arteries (Gistera & Hansson, 2017). Of note, a 
substantial  proportion  of  atherosclerotic  patients  do  not 
have significant hyperlipidaemia (Shapiro & Fazio, 2016). 
Infection  may  contribute  to  the  development  of  athero-
sclerosis.  Interventions  that  regulate  systemic  or  local 
inflammatory  responses  have  become  attractive  means 
to lower the risk of CVD (Shapiro & Fazio, 2016). It may 
be  the direct effect of  infecting vascular cells and/or  the 
indirect effect of cytokines and acute- phase reactive pro-
teins  caused  by  an  infection  in  other  sites  (Campbell  & 
Rosenfeld,  2015).  Oral  pathogens  have  been  identified 
in  atherosclerotic  plaques,  including  Prevotella interme-
dia,  Tannerella forsythia  and  Porphyromonas gingivalis 
(Aimetti et al., 2007). Chronic apical periodontitis (CAP) 
is considered a potential risk for systemic diseases, includ-
ing CVD (Bui et al., 2019; Segura- Egea et al., 2015).

CAP is an inflammatory response of periapical  tissue 
to an infected root canal system. The infected root canal 
and  the  host's  immune  response  cause  the  removal  of 
calcified  periapical  tissue  (Persoon  &  Ozok,  2017).  This 
infection  is  similar  to  periodontal  disease  and  Gram- 
negative anaerobes play an important role (Berlin- Broner 
et al., 2017). P. gingivalis, a Gram- negative anaerobe that 
is  involved  in  infecting  the pulp chamber  in apical peri-
odontitis, has been reported to be closely correlated with 
the development of atherosclerosis  (Gibson et al., 2004). 
CAP can be detected radiographically as a radiolucent le-
sion in the surrounding alveolar bone adjacent to the apex 
of  the infected tooth, which is very common and occurs 
in 34% of patients (Lopez- Lopez et al., 2012). Given that 
periapical lesions are usually painless, that may not be de-
tected for many years and it may become chronic (Sullivan 
et al., 2016; Yu et al., 2012). More and more evidence indi-
cates that CAP may not be restricted locally (Zhang et al., 
2016). A retrospective evaluation of  the CT scans of 531 
patients reported that CAP was positively correlated with 

atherosclerotic lesions (Petersen et al., 2014). The number 
of  teeth  affected  by  CAP  is  significantly  associated  with 
cardiovascular events (Gonzalez- Navarro et al., 2020). In a 
cross- sectional study that included 120 men between the 
ages of 20 and 40 who did not have CVD, periodontal dis-
ease, traditional cardiovascular risk factors and impaired 
flow- mediated  dilatation,  elevated  carotid  intima- media 
thickness  was  found  in  subjects  with  CAP,  which  indi-
cates a possible association between dental pulp infection 
and  CVD  (Chauhan  et  al.,  2019).  A  logistic  regression 
model revealed a significant positive correlation between 
CAP and CVD (odds ratio, 5.3; An et al., 2016). CAP can 
also affect total cholesterol (TC) levels and influences the 
increase in carotid endothelial  thickness in the presence 
of atherosclerosis (Conti et al., 2020).

Although many epidemiological studies have reported 
a  connection  between  CAP  and  CVD,  the  causal  rela-
tionship  between  CAP  and  atherosclerosis  has  not  been 
confirmed  (Jimenez- Sanchez  et  al.,  2020). The  difficulty 
of controlling potential confounding factors and the com-
plexity  of  systemic  disease  make  it  challenging  to  con-
duct longitudinal studies in humans to confirm causality. 
Meanwhile, animal experiments are advantageous in pro-
viding  data  to  support  the  causal  relationship  between 
CAP and atherosclerosis. The lack of animal studies may 
be due to the complexity of microsurgical techniques and 
the long experimental period (Berlin- Broner et al., 2020). 
In a previous study, the pulp cavity of C57BL/6J mice was 
infected with  P.  gingivalis,  and mice  in  the high- fat diet 
group  had  P.  gingivalis  bacteria  in  the  arterial  smooth 
muscle and had endothelial damage in arteries; however, 
typical  atherosclerotic  plaques  were  not  detected  (Ao 
et al., 2014). Recently,  in a CAP model  induced in LDLr 
knockout  (LDLr−/−)  mice,  the  pulp  cavities  of  four  first 
molars were opened, the percentage of periapical lesions 
(PALs) found in all four molars was 27.7%, and the degree 
of  atherosclerosis  was  similar  in  the  CAP  and  Control 
groups (Berlin- Broner et al., 2020). Combining induction 
of CAP by of P. gingivalis dental infection and genetically 
engineered mouse models of atherosclerosis is a new ap-
proach to investigate the causal relationship between CAP 
and atherosclerosis.

The  gut  microbiota  consists  of  trillions  of  microor-
ganisms  that  play  an  important  role  in  dietary  energy 

Conclusion: In  a  mouse  experimental  model,  pulp  infection  with  P.  gingivalis 
- induced  CAP,  thus  aggravating  the  development  of  atherosclerosis.  Meanwhile, 
CAP increased alpha diversity and altered the beta diversity of the gut microbiota.
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harvesting.  More  and  more  evidences  suggest  that  al-
terations  in  the  gut  microbiota  and  its  metabolites  ex-
acerbate  the  development  of  atherosclerosis  (Koeth 
et  al.,  2013;  Tang  et  al.,  2013;  Wang  et  al.,  2011).  Pro- 
inflammatory flora can increase systemic inflammation 
in  Ldlr−/−  mice  and  accelerate  the  formation  of  ath-
erosclerosis  (Brandsma  et  al.,  2019).  In  apolipoprotein 
E- deficient  (apoE−/−)  mice  with  P.  gingivalis- induced 
periodontitis, the degree of atherosclerosis is aggravated 
(Suh et al., 2019). Bacteria from the mouth or gut may 
be  associated  with  disease  markers  of  atherosclerosis 
(Koren et al., 2011). However, few studies have investi-
gated the role of gut microbiota in the relationship be-
tween CAP and atherosclerosis.

Therefore,  it  was  hypothesized  that  P.  gingivalis- 
induced  CAP  could  alter  the  composition  and  diversity 
of gut microbiota and exacerbate atherosclerosis. To  tes-
tify this, in the present study, a P. gingivalis- nduced CAP 
apoE−/−  mouse  model  was  established.  Atherosclerotic 
lesions  of  aortic  arches,  serum  levels  of  high- density  li-
poprotein  cholesterol  (HDL- C),  low- density  lipoprotein 
cholesterol (LDL- C), TC, and triglycerides (TG) were mea-
sured.  Alteration  in  gut  microbiota  was  detected  by  16S 
rRNA gene sequencing.

MATERIALS AND METHODS

Mice and operation

Care  and  handling  of  laboratory  animals  followed  the 
guidelines  of  the  Laboratory  Animal  Care  Institute  of 
Fujian  Medical  University.  The  Animal  Care  and  Use 
Committee  of  Fujian  Medical  University  approved  all 
animal  procedures  before  the  start  of  the  study  (pro-
tocol  number  2020- 0041).  The  experiments  were  con-
ducted  in  compliance  with  Preferred  Reporting  Items 
for Animal Studies  in Endodontology  (PRIASE) guide-
lines (Nagendrababu et al., 2021). The sample size was 
calculated referring to a power calculation from a previ-
ous  study  using  G*power  version  3.1.9.7  (https://stats.
idre.ucla.edu/other/ gpowe r/, UCLA, USA). The sample 
size was 12 mice per group in order to achieve a p- value 
<.05 with 80% power. Considering the long period of the 
study and establishment of the CAP model, the number 
of  mice  was  increased  to  14  in  each  group.  This  sam-
ple size also complied with the recommendation of the 
American  Heart  Association  (Daugherty  et  al.,  2017). 
The qualifications of animal caretakers met the require-
ments (Fujian Laboratory Animal Committee No. 2019- 
0080).  The  mice  were  kept  in  a  specific  pathogen- free 
environment with a 12- h  light/dark cycle and had free 
access to food and water. Twenty- eight 5- week- old male 

mice  (Cyagen  Biological  Technology  Co.,  Ltd.)  were 
randomly  divided  into  two  groups  after  1  week  of  ac-
climatization  and  fed  a  chow  diet  (Beijing  Keao  Xieli 
Feed  Co.,  Ltd.)  to  induce  atherosclerosis.  The  root  ca-
nals  of  bilateral  first  and  second  molar  of  mice  in  the 
CAP  group  were  infected  with  P.  gingivalis  after  pulp 
chamber  exposure  under  anaesthesia,  whilst  those  in 
the control group were only anaesthetized without fur-
ther operation, both groups waked up in a warm blan-
ket after anaesthesia. In the CAP group, intramuscular 
injection of pethidine (2 mg kg−1) was used to minimize 
pain.  In  all  operations,  mice  were  anesthetized  by  1% 
sodium  pentobarbital  (0.1  ml/10  g;  Sigma- Aldrich)  by 
intramuscular injection. A FG 1/4 round bur (Dianfeng 
Abrasive  Materials  Co.,  Ltd.)  was  used  to  expose  the 
pulp cavity of the bilateral maxillary first molars, and a 
Tc- 21EF needle shape diamond bur (Haixiang Medical 
Equipment  Co.,  Ltd.)  was  used  for  bilateral  maxillary 
second  molars  (Figure  1a– b).  After  opening  the  pulp 
cavity,  a  small  piece  of  sterile  cotton  wool,  containing 
0.2 μl of 108 colony- forming units (CFU) of P. gingivalis 
(ATCC33277 strain), was  inserted  into the pulp cavity. 

F I G U R E  1  The left maxillary first and second molars in 
the CAP group under stereomicroscope (a) and micro- CT (b) 
(scale bar: 500 μm). The white arrow indicates the pulp exposure 
site. No significant difference was observed in the body weight 
at different time points between CAP and control group (c). 
(p > .05).

(c)

(a) (b)

https://stats.idre.ucla.edu/other/gpower/
https://stats.idre.ucla.edu/other/gpower/
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After  etching  and  bonding,  the  cavity  was  sealed  with 
flowable resin (3 M, Sao Paulo, Minnesota, USA).

Bacterial culture

In  an  anaerobic  chamber  (YAX- II  anaerobic  chamber, 
Shanghai Xinmiao Medical Equipment Manufacture Co., 
Ltd), the P. gingivalis strain ATCC33277 was cultured in 
Brian Heart Infusion medium at 37°C for 48 h. Bacterial 
suspensions were prepared  in phosphate- buffered saline 
using an established standard curve and spectral analysis. 
The number of CFUs was normalized by measuring  the 
optical density (OD; 630 nm). It was determined that an 
OD of 1 was equal to 108 CFU.

Micro- CT analysis

After euthanasia by an overdose of anaesthesia 16 weeks 
after  surgery,  the  heads  of  the  mice  were  collected,  the 
bilateral maxillae were excised, and the soft tissues were 
removed, fixed in 4% neutral paraformaldehyde for 24 h, 
and preserved in 70% ethanol. Micro- CT scans of mouse 
maxillary  tissues  were  taken  at  15  μm.  Images  were 
scanned with a resolution of 1024*1024 and a pixel ruler 
of 15*15 μm (μCT100, Seanco Medical). The samples were 
placed in a test tube and scanned along the axis. Mimics 
software  (Materialise)  was  used  to  reconstruct  the  peri-
apical  bone  resorption  region.  Two  dentists  who  were 
blinded to the experiment evaluated the results of micro-
 CT and counted teeth with PALs.

Staining and quantification of 
atherosclerotic lesions in aortic arch

The aortic arch was opened along the  inward and out-
ward  bends  under  a  stereomicroscope  (Leica  Camera 
AG). In atherosclerotic lesions analysis, the aortic arch 
was  stained  with  Oil  Red  O  (Sigma- Aldrich)  as  previ-
ously described (Centa et al., 2019). Aortic arch images 
were captured with a stereoscopic microscope and ana-
lysed using ImageJ (NIH; http://imagej.nih.gov/ij). Two 
researchers who were blind to the experiment indepen-
dently  used  the  image- Adjust- Colour  threshold  func-
tion  in ImageJ to count  the plaque area with the same 
parameters and used the wand tool to select the overall 
area of the aortic arch. The percentage of lesion area was 
calculated  as  the  total  lesion  area  divided  by  the  total 
area of  the aortic arch. An average value was obtained 
after  repeating  it  three  times.  Inter- rater  reliability be-
tween  the  two  observes  was  obtained  (>0.90).  In  the 

formal study, the value of each sample was obtained by 
calculating the average of the measurements by the two 
researchers.

Serum lipid evaluation

At 16 weeks post- surgery, mice were operated under an-
aesthesia. Blood was collected after removal of the eyeball, 
and  then  stored  at  room  temperature  for  2  h  for  serum 
separation.  After  centrifugation  at  4°C  and  1000  g  for 
10 min, serum was extracted and stored at −80°C for freez-
ing. HDL- C, LDL- C, TC, and TG were measured using a 
kit (Nanjing Jiancheng Institute of Biological Engineering 
Co., Ltd.).

Microbiota DNA sequencing

Fresh  faecal  samples  from  the  mice  were  collected 
16 weeks after  treatment. The samples were placed  into 
containers with dry ice during transportation and stored 
at  −80°C  in  10  min.  The  total  DNA  was  extracted  ac-
cording to the instructions of the EZNA® soil kit (Omega 
Bio- Tek). The quantity and quality of the extracted DNA 
were  measured  using  a  NanoDrop  ND- 2000  UV- Vis 
spectrophotometer  (Thermo  Fisher  Scientific)  and  aga-
rose gel electrophoresis. PCR amplification of the V3– V4 
variable  region  was  conducted  with  the  following  prim-
ers:  338F  (5′- ACTCCTACGGGAGGCAGCAG- 3′)  and 
806R  (5′- GGACTACHVGGGTWTCTAAT- 3′)  primers. 
The  amplification  procedure  was  as  follows:  95℃  pre- 
denaturation for 3 min, 27 cycles (95°C denaturation for 
30  s,  55°C  annealing  for  30  s,  72°C  extension  for  30  s), 
and finally 72°C extensions for 10 min (PCR instrument: 
ABI  GeneAmp®).  The  amplification  system  comprised 
20 μl:4 μl of 5*FastPfu buffer, 2 μl of 2.5 mmol L−1 dNTPs, 
0.8 μl of primer (5 μmol L−1), 0.4 μl of FastPfu polymerase 
and10 ng of DNA template. PCR products were extracted 
from  2%  agarose  gels  and  extracted  using  the  AxyPrep 
DNA Gel Extraction Kit (Axygen Biosciences) for further 
purification  and  quantification  using  QuantiFluor™- ST 
(Promega) according to the manufacturer's protocol. After 
a separate quantification step, the purified amplicons were 
pooled in equimolar and double- end sequencing (2 × 300) 
on  an  Illumina  MiSeq  platform  (Illumina)  according  to 
standard protocols.

Bioinformatic analysis

The  analysis  was  performed  using  QIIME2  (https://docs.
qiime2.org/2019.1/).  Briefly,  raw  data  FASTQ  raw  data 

http://imagej.nih.gov/ij
https://docs.qiime2.org/2019.1/
https://docs.qiime2.org/2019.1/
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files were imported into the format that could be operated 
by the QIIME2 system using Qiime tools import program. 
Demultiplexed  sequences  from each  sample were quality 
filtered  and  trimmed,  de- noised  and  merged.  Then,  the 
chimeric sequences were identified and removed using the 
QIIME2 DADA2 plugin to obtain the feature table of am-
plicon sequence variant (ASV; Callahan et al., 2016). Next, 
the QIIME2 feature- classifier plugin was applied to match 
the representative sequences of ASV to the pre- trained ver-
sion  13_8,  99%  similarity  GREENGENES  database  (the 
database was pruned to the region of V3– V4 on the basis 
of  338F/806R  primer  pairs),  and  the  matching  threshold 
was set to 70% to obtain the taxonomic information table 
of species (Bokulich et al., 2018). Any contaminating mito-
chondrial and chloroplast sequences were filtered using the 
QIIME2 feature- table plugin. Appropriate methods includ-
ing  analysis  of  composition  of  microbiomes  (ANCOM), 
analysis  of  variance  (anova),  Kruskal– Wallis,  linear  dis-
criminant  analysis  effect  size  (LEfSe),  and  DEseq2  were 
employed  to  identify  bacteria  with  different  abundance 
amongst  samples  and  groups  (Love  et  al.,  2014;  Mandal 
et al., 2015; Segata et al., 2011). Diversity metrics were cal-
culated  using  the  core- diversity  plugin  within  QIIME2. 
Feature level alpha diversity indices, such as observed oper-
ational taxonomic units (OTUs), Chao1 richness estimator, 
Shannon diversity index, and Faith's phylogenetic diversity 
index, were calculated to estimate  the microbial diversity 
within  an  individual  sample.  The  beta  diversity  distance 
measurements,  including  Bray– Curtis,  unweighted 
UniFrac, and weighted UniFrac, were performed to inves-
tigate  the  structural  variation  of  microbial  communities 
across samples and then visualized via principal coordinate 
analysis  (PCoA)  and  nonmetric  multidimensional  scal-
ing (Vazquez- Baeza et al., 2013). Applying the R package 
‘vegan’, the redundancy analysis approach was used to re-
veal potential associations between microbial communities 
and relevant environmental factors. Co- occurrence analysis 
was performed by calculating Spearman's rank correlations 
between predominant taxa and the network plot was used 
to display the associations amongst taxa. Unless specified 
above, parameters used in the analysis were set as default.

Data analysis

Graphs were created and statistical analyses were calcu-
lated using GraphPad Prism 9 (GraphPad Prism software, 
San Diego, CA, USA). For comparison of the two groups, 
independent  samples  t- test  was  used  after  determining 
data  normality  and  homogeneity  of  variance  test.  A  p- 
value  of  less  than  .05  was  considered  significant.  Error 
bars represent mean ± SEM.

RESULTS

Evaluation of the physical condition of 
apoE−/− mice after dental infection of 
P. gingivalis

No significant difference was observed in the body weight 
at different time points (0, 2, 4, 6, 8, 10, 12, 14, 16 weeks after 
operation)  between  CAP  and  control  group  (Figure  1c;  
p >  .05). At  the 16 week time point,  the average weight 
and  weight  gain  percentage  in  the  CAP  group  was: 
28.40 ± 0.61 g, 35.62% ± 2.69%, whilst those in the control 
group  was  28.35  ±  0.73  g,  and  36.20%  ±  3.91%,  respec-
tively (p > .05).

Micro- CT evaluation of the apical region 
after dental infection of P. gingivalis

The micro- CT scan confirmed that, except for the second 
molar of one mouse, PALs were found in the rest of the 
teeth. A representative micro- CT image and matching tis-
sue section are shown in Figure 2a– b.

Percentage increase in atherosclerotic 
lesion area in apoE−/− mice after dental 
infection of P. gingivalis

To clarify whether CAP can exacerbate atherosclerosis, 
the protocol for detecting lesions at the aortic arch was 
referenced  using  Oil  Red  O  staining  with  a  chow  diet 
was used (Centa et al., 2019). The percentage of  lesion 
area  at  the  aortic  arch  was  significantly  increased  in 
the CAP group compared with the Control group (CAP: 
2.001%  ±  0.27%,  Control:  0.927%  ±  0.22%,  p  =  .005) 
(Figure 3a– b).

Assessment of serum lipids after dental 
infection of P. gingivalis in apoE−/− mice

The  results  of  serum  lipid  profiles  (HDL- C,  LDL- 
C,  TC,  TG)  are  shown  in  Figure  4a– d.  The  level  of 
HDL- C  was  decreased  (CAP:  2.382  ±  0.25  mmol/L, 
Control:  3.171  ±  0.44  mmol/L,  p  =  .126)  in  the  CAP 
group,  and  the  level  of  LDL- C  was  increased  (CAP: 
17.066 ± 3.95 mmol/L, Control: 10.948 ± 1.69 mmol/L, 
p  =  .177).  However,  the  difference  was  not  significant 
(p > .05). The changes in TG (CAP: 1.076 ± 0.08 mmol/L, 
Control: 1.034 ± 0.13 mmol/L, p = .794) and TC (CAP: 
6.372  ±  0.98  mmol/L,  Control:  6.679  ±  0.75  mmol/L, 
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p = .72) levels were similar in both groups and not sig-
nificant (p > .05).

Dental infection of P. gingivalis in apoE−/− 
mice alters gut microbiota composition

After  16  weeks  of  dental  infection  with  P.  gingivalis, 
the  fresh  stool  was  collected  for  the  16S  rRNA  gene 
sequence  to  define  the  microbiota  composition.  At 
the  genus  level,  the  proportions  of  Allobaculum,  and 
Sutterella were  elevated,  whilst  those  of  Lactobacillus 
and Helicobacter were  lower  in the CAP group than in 

the Control group (Figure 5a). LEfSe was applied to the 
microbiota data of both groups and identified 37 differ-
entially abundant taxa (alpha = 0.05) with an LDA score 
higher  than 2.0,  respectively  (Figure 5b). At  the genus 
level, Akkermansia was the most abundant in the CAP 
group, whilst Ruminococcus was  the most abundant  in 
the Control group (Figure 5b). The Faith's phylogenetic 
diversity,  Shannon  index,  and  Simpson  index  of  the 
CAP group were higher than those of the Control group, 
and  the  Shannon  index  (p  =  .052).  The  difference  be-
tween Faith's phylogenetic diversity and Simpson index 
was significant, with p < .01 (Figure 6a– c). Beta diver-
sity analysis compared bacterial communities according 

F I G U R E  3  P. gingivalis induced CAP 
increased plaque formation in the aortic 
arch. Oil Red O- stained aortic arches from 
mice in the CAP (a) and the control (b) 
group (scale bar: 1 mm). A significantly 
higher percentage of Oil Red O- stained 
area of aortic arches was observed in 
the CAP group than the control group 
(n = 14 in each group) (c). (** means 
p < .01).

(b)

(a)

(c)

F I G U R E  2  Sagittal sections of the 
micro- CT images of the left maxillary first 
and second molars in the CAP (a) and 
control (b) groups (scale bar: 500 μm). The 
white triangle indicates periapical lesions 
(PALs).

(a)

(b)
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to  their  compositional  structure  and  generates  PCoA 
(distance  matrix  calculated  by  Bray- Curtis  distance) 
revealed  the  spatial  separation  of  samples  with  differ-
ent colours indicating groups (Figure 6d). Axis1 was the 
most contributing axis, accounting for 41.7% of the vari-
ance found in the microbiota, and axis2 explained 20.8% 
of the inter- sample variation (Figure 6d). The CAP and 
Control groups could be clearly distinguished by the mi-
crobial community (p = .003 in the PERMANOVA test). 
To  explore  whether  the  gut  microbiota  alteration  cor-
related with exacerbation of atherosclerosis in the CAP 
group,  a  correlation  analysis  was  performed  between 
the percentage of atherosclerotic lesions and the relative 

abundance  of  gut  microbiota  at  the  phylum  level.  The 
results revealed that an increase  in relative abundance 
of  Firmicutes,  Chloroflexi  and  Cyanobacteria  together 
with a decrease  in Bacteroidetes correlated  to progress 
of atherosclerosis (p < .05; Figure 6e).

DISCUSSION

Epidemiological  evidence  suggests  that  CAP  is  asso-
ciated  with  the  development  of  atherosclerosis,  but 
association  does  not  always  imply  causality  (Jimenez- 
Sanchez  et  al.,  2020).  There  is  a  gap  in  the  causality 

F I G U R E  4  No significant difference was found in serum levels of either HDL- C (a), LDL- C (b), TC (c), or TG (d) between CAP and 
control group (n = 8 in each group). (* means p < .05).

(d)(c)(b)(a)

F I G U R E  5  Comparison of the gut microbiota between CAP and control group by 16S rRNA gene sequencing. The bar chart shows the 
percentage of the top 20 most abundant gut microbiota in the two groups of mice (a). Linear discriminant analysis effect size (LEfSe) method 
was performed to compare taxa between the CAP and control groups (b). The bar plot lists the significantly different taxa (p < .05) based on 
effect size (LDA score (log 10) > ± 2).
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relationship  between  CAP  and  atherosclerosis,  and 
animal  studies  are  the  key  to  investigating  the  role  of 
CAP  as  a  risk  factor  of  atherosclerosis.  Rabbits,  pigs, 
and  non- human  primates  are  used  for  atherosclerosis 
research; each animal model has its advantages and dis-
advantages (Getz & Reardon, 2012). Mice have relatively 
low maintenance costs, but they are resistant to athero-
sclerosis in nature; genetic mouse models were created 
in  the  1990s  (Ishibashi  et  al.,  1994;  Nakashima  et  al., 
1994).  ApoE−/−  and  LDLr−/−  mice  are  the  most  com-
monly  used  models  for  atherosclerosis  research  (Getz 
& Reardon, 2015). ApoE−/− mouse can form plaques on 
a chow diet or a high- fat/cholesterol diet, but LDLr−/− 
mice need a high- fat/cholesterol diet (Getz & Reardon, 

2016). ApoE−/− mice were chosen and fed a normal diet 
to  avoid  the  effects  of  high- fat  diet  on  gut  microbiota 
and atherosclerosis.

To  determine  the  consistency  of  the  experiment, 
5- week- old apoE−/− male mice with a weight of 19 ± 2 g 
were used. After a week of adaptive feeding, the mice were 
randomly divided into the CAP group and Control group. 
FG  1/4  and  Tc- 21EF  were  used  to  explore  the  first  and 
second molars of the bilateral maxillae. The condition of 
the exposure  is  shown  in Figure 1a– b. The  shape of  the 
exposure facilitated the placement of cotton wool and the 
restoration of teeth with resin. The weight gain percentage 
and final weight of  the two groups of mice were similar 
(Figure 1c), which suggests that the physical condition of 

F I G U R E  6  Data analysis of the diversity and distribution of gut microbiota in apoE−/− mice after dental infection with P. gingivalis. 
Alpha diversity was measured by Faith's phylogenetic diversity (a), Shannon index (b), and Simpson index (c). (** means p < .01) CAP 
group (red dots) and control group (blue dots) samples are each combined into a cluster in principal coordinate analysis (PCoA) of Bray- 
Curtis distance between sample diversity (p = .003) (d). The significant difference was found in Spearman's rank correlation between CAP 
and control groups using mouse body weight and percentage of aortic arch lesion area as environmental factors at the phylum level in the 
heatmap of co- occurrence analysis (e). (p < .05).
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the CAP group was not affected by the surgery (Wang & 
Stashenko, 1991) and that the CAP group probably did not 
experience pain. Because of the comparison between this 
study and other studies using the CAP model, the moni-
toring data showed that apoE−/− mice can be used to study 
CAP and atherosclerosis.

Using  micro- CT  to  study  CAP  is  a  good  option,  but 
there  is no consistent protocol  for analysing CAP in ro-
dents  (Kalatzis- Sousa  et  al.,  2017).  Parameters  found 
in  similar  work  was  used  for  analysing  CAP  in  rodents 
(Chen et al., 2019). The results of the micro- CT revealed 
that  P.  gingivalis  dental  infection  after  pulp  exposure 
induced  CAP,  with  PALs  found  in  98.2%  of  the  molars. 
PALs were found in 92.8% of mice with all four molars. 
Compared with the CAP established by exposure of  the 
four  first molars  (Berlin- Broner et al., 2020),  the proba-
bility of PALs found in four molars was 27.7%. The low 
effectiveness of establishing CAP may be one of the rea-
sons why atherosclerosis has not worsened. Another rea-
son may be the absence of introduced foreign pathogens 
(natural infection of the exposed dental pulp by endoge-
nous oral flora). In another study that used P. gingivalis 
infection  in  the  bilateral  first  molars  to  induce  CAP  in 
C57BL/6J  mice,  injury  of  the  arterial  endothelium  was 
found,  but  not  atherosclerotic  lesions  (Ao  et  al.,  2014). 
The  reason  may  be  that  wild- type  mice  are  inherently 
resistant to atherosclerosis. In this study, gene knockout 
mice were used and pathogens introduced after pulp ex-
posure  to  induce  a  novel  mouse  model,  which  allowed 
the causal relationship between CAP and atherosclerosis 
to be studied. The positive rate of PALs also illustrates the 
stability of the CAP model established by dental infection 
of P. gingivalis.

The reason for using the aortic arch instead of the en-
tire aorta for Oil Red O staining is that lesions will initially 
develop in the aortic arch. The presence of sparse lesions 
in the thoracic and abdominal aorta may preclude the util-
ity  of  lesion  measurements  in  this  region  (Daugherty  & 
Rateri,  2005). This  is  consistent  with  the  distribution  of 
atherosclerotic  lesions  in  the  apoE−/−  mice  fed  with  the 
chow diet. The percentage of Oil Red O- stained areas at 
the aortic arch was increased in the CAP group compared 
with  that  in  the Control group, with a significant differ-
ence in independent sample t- test (CAP: 2.001% ± 0.27%, 
Control: 0.927% ± 0.22%, p = .005). This is similar to the 
significant  increase  in  atherosclerotic  lesion  area  in  the 
aorta of LDLr−/− mice infected with oral P. gingivalis; the 
lesion area was twice as large as that in the Control group 
(Brown  et  al.,  2015). The  results  suggest  that  root  canal 
infection of P. gingivalis in apoE−/− mice is feasible to es-
tablish the CAP to induce atherosclerosis in apoE−/− mice 
is feasible, which can be used to study the causal relation-
ship between atherosclerosis and CAP.

One  of  the  purposes  of  this  study  is  to  analyse  the 
changes  in  serum  lipids  after  dental  infection  of  P.  gin-
givalis.  Hyperlipidaemia  is  considered  a  risk  factor  for 
atherosclerosis  (Beverly  &  Budoff,  2020).  In  a  previous 
study, decreased serum level of HDL- C and increase level 
of  LDL- C  were  observed  in  rats  feed  with  high- fat  diet 
(Gobalakrishnan et al., 2016). A high level of HDL- C can 
prevent the formation of atherosclerotic plaques, thus re-
ducing the incidence of CVD. Conversely, a high level of 
LDL- C is associated with major complications of athero-
sclerosis, such as cerebrovascular disease, coronary artery 
disease, and peripheral vascular disease (Gobalakrishnan 
et al., 2016). But, no significant changes were found in the 
levels of either TC, TG, HDL- C, or LDL- C in the present 
study. This might be explained by the relatively small sam-
ple size in this experiment. Larger sample sizes need to be 
considered in future study designs.

At  the  genus  level,  Porphyromonas  was  not  found 
in the gut microbiota of either group of mice in the bar 
plot of  the  top 20 most abundant genera and the LEfse 
(Figure 5a– b). This is inconsistent with the experiments 
with oral P. gingivalis in C57BL/6N mice. After 5 weeks 
gavage of P. gingivalis, the gut microbiota composition of 
the mice was altered and the population of Bacteroidales 
was significantly increased (Arimatsu et al., 2014). This 
suggests  that  the altered composition of  the gut micro-
biota  in  the  CAP  group  was  not  caused  by  oral  P.  gin-
givalis.  LEfSe  was  applied  to  the  microbiota  data  from 
the two groups and identified 37 differentially abundant 
taxa,  Akkermansia  was  the  most  abundant  in  the  CAP 
group,  whilst  Ruminococcus  was  the  most  abundant  in 
the Control group (Figure 5b). A positive correlation was 
found  between  the  relative  abundance  of  Akkermansia 
and  the  level  of  TMAO  in  patients  with  retinal  artery 
occlusion  (Zysset- Burri  et  al.,  2019).  Elevated  levels  of 
Akkermansia may collaborate with TMAO to exacerbate 
atherosclerosis, and it would be interesting to study the 
metabolites in stool and serum in future experiments. It 
was  demonstrated  that  CAP  increased  the  alpha  diver-
sity of the gut microbiota. Similar to the present results, 
oral infection with P. gingivalis increased the diversity of 
oral microbiota and  the overgrowth of commensal  spe-
cies  in  the  oral  and  intestinal  microbiota  (Simas  et  al., 
2021). Given  that PCoA and hierarchical  clustering are 
unsupervised  methods,  they  are  suitable  for  this  study. 
This study is the first to compare the changes in the gut 
microbiome  of  apoE−/−  mice  in  response  to  CAP  treat-
ment, and 62.5% of the total variance in the sample was 
explained  by  the  two  main  axes.  As  expected,  the  CAP 
and Control groups are clearly distinguished by the mi-
crobial community (p = .003 in the PERMANOVA test). 
This study explored whether the gut microbiota has any 
association with atherosclerosis in the CAP groups. The 
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results  indicated  that  CAP  had  a  significant  effect  on 
community  composition  (Figure  6d). Thus,  the  gut  mi-
crobiota dysregulation induced by CAP may be related to 
atherosclerosis. These unique community profiles are as-
sociated with differences in percentages of lesion area. At 
the phylum level, the increase in members of Firmicutes, 
Chloroflexi  and  Cyanobacteria,  and  a  decrease  in 
Bacteroidetes  are  positively  correlated  with  the  lesion 
area  of  atherosclerosis  (Figure  6e). The  results  demon-
strate that the percentage of atherosclerotic lesion extent 
correlates with an increase in Firmicutes and a decrease 
in Bacteroidetes, which is similar to the altered gut mi-
crobiota  in high- fat diet- induced apoE−/− mice,  leading 
to  atherosclerosis  (Chan  et  al.,  2016;  Rom  et  al.,  2017). 
However,  this  is  in  contrast  to  the  results  of  apoE−/− 
mice  infected with oral P. gingivalis and  fed on a high- 
fat diet (Kramer et al., 2017), which revealed a decrease 
in Firmicutes and an increase in Bacteroidetes. This may 
be  due  to  the  direct  oral  administration  of  P.  gingivalis 
(phylum Bacteroidetes), resulting in a relative increase in 
Bacteroidetes. It also implies that periodontitis and api-
cal periodontitis, although the same oral infection, may 
affect the gut microbiota through different pathways. In 
future studies, it would be interesting to perform faecal 
microbial transplantation from CAP mice to unoperated 
mice to verify the causal relationship between altered gut 
microbiome and atherosclerosis.

CONCLUSION

This  study  is  the  first  to  use  an  apoE−/−  mouse  model 
to  investigate  the  effect  of  CAP  on  atherosclerosis.  This 
model can be used to study the relationship between the 
two diseases and the altered gut microbiota diversity dur-
ing this process whilst avoiding the effect of a high- fat diet 
on  the  gut  microbiota.  In  this  study,  dental  infection  of 
P. gingivalis- induced CAP with a high success rate, which 
aggravates the degree of atherosclerosis. Interestingly, the 
gut  microbiota  alpha  diversity  is  increased  in  the  CAP 
group  (Fig.  Graphical  abstract).  The  CAP  and  Control 
groups are clearly distinguished by the microbial commu-
nity. This study could be considered as a basis for future 
studies to investigate the alterations in serum inflamma-
tory markers induced by CAP and also to verify the role 
of gut microbiota in the atherosclerotic process by faecal 
microbiota transplantation.
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