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Abstract

Aim: To investigate serum biomarkers of inflammation 2years following non-
surgical root canal re-treatment (Re-RCT) and peri-apical surgery (PS). The results
were correlated with signs and symptoms, treatment outcome, metabolic syndrome
factors, infection with severe acute respiratory syndrome coronavirus 2 SARS-CoV-2
(COVID-19) infection and COVID-19 vaccination.

Methodology: Subjects from our previous study were recalled for 2years post-
treatment follow-up. Changes to the patient's history (medical, dental, social) were
noted. Periapical health of the treated teeth was examined both clinically and ra-
diographically. Blood pressure, fasting HbA1C and low-density lipoprotein (LDL),
high-density lipoprotein (HDL), triglycerides and total cholesterol (TC) levels were
measured. Serum inflammatory marker levels were assayed using a Bio-Rad Bio-
Plex 200 analyser and values at different time points within the same group were
compared using a Wilcoxon signed-rank test and differences between groups with
a Mann-Whitney test. Linear associations were tested using Pearson's correlations.
Results: The recall percentage at 2years was 56.9% (n=37), with a 100% radio-
graphic success rate using periapical radiographs. In total, 21 cases (56.8%) were
completely healed, and 16 cases (43.2%) were healing. Higher matrix metallopro-
tease 2 (MMP2) levels were present in the healing group compared to the healed
group. Serum levels of high-sensitivity C-reactive protein (hs-CRP), asymmetric di-
methylarginine (ADMA) and MMP-2 were significantly reduced (p<.001) whereas
other biomarkers showed significant increases at 2 year compared to pre-operative
levels, while FGF-23 and ICAM-1 were not significantly increased. HbA1C (p=.015),
TC (p=.003), LDL (p=.003) and HDL (p=.003) reduced significantly at 2 years post-
treatment compared to their preoperative levels. COVID infection showed a signifi-
cant association with MMP-9 (p=.048).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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INTRODUCTION

Apical periodontitis (AP) is a chronic inflammatory disease
of the periradicular tissues (Figdor, 2002). It is caused by
complex interactions between root canal microbiota, micro-
bial virulence factors such as toxins, and the host immune
response (Kakehashi et al., 1965; Marton et al., 1988; Marton
& Kiss, 2014). AP manifests itself in different ways, ranging
from completely asymptomatic and detected as a periapi-
cal radiolucency on a radiograph, to being symptomatic
presenting with pain and abscess (Nair, 2004, 2006). The
global prevalence of AP and root canal treatments in adults
is high (one periapical lesion per patient and two root canal
treatments per patient) (Dos Santos Tiburcio-Machado
etal., 2021). Moreover, by contributing to a chronic systemic
inflammation AP might have a negative impact on a pa-
tient's overall health (Georgiou et al., 2019; Khalighinejad
et al., 2016; Niazi & Bakhsh, 2022).

Many studies have investigated the associations be-
tween AP and conditions such as diabetes and cardio-
vascular diseases (CVDs) (Berlin-Broner et al., 2017,
Garrido et al., 2019; Jakovljevic et al., 2020; Jimenez-
Sanchez et al., 2020; Nagendrababu et al., 2020; Pérez-
Losada et al., 2020). CVDs are a complex group of
disorders (Myers & Mendis, 2014) that are the primary
cause of death worldwide, accounting for 30% of total
global mortality (Bhatnagar et al., 2015; Vasan & Benja-
min, 2016) and affecting more than 17.9 million people
annually (Mendis et al., 2011). Most CVDs are caused
by atherosclerosis, a chronic inflammatory condition
characterized by the formation of a lipid-rich plaque in
the innermost layers of arteries (Milutinovi¢ et al., 2020;
Wolf & Ley, 2019).

There are several potential pathways by which AP
can impact the initiation and advancement of athero-
sclerosis. For example, locally produced inflammatory
mediators associated with AP can potentiate endothe-
lial dysfunction leading to the progression of athero-
sclerosis (Jimenez-Sanchez et al., 2020). Inflammatory
markers induced in AP are similar to those involved

Conclusions: hs-CRP, ADMA and MMP-2 can be regarded as prognostic biomarkers
of successful Re-RCT and PS as they reduced at 2year recall in cases which showed
evidence of clinical and radiographic success. The successful treatment of chronic
apical periodontitis is correlated with improvements in metabolic syndrome indica-
tors, better glycemic control, and reduction at 2 year of some systemic inflammatory
markers which are related to risks of cardiovascular disease events.

apical periodontitis, asymmetric dimethylarginine (ADMA), cardiovascular diseases, high-
sensitivity C-reactive protein (hs-CRP), matrix metalloprotease-2 (MMP-2), metabolic syndrome
enzyme-linked immunosorbent assay

in atherosclerosis. Georgiou et al. (2019) in a system-
atic review and meta-analysis reported that AP can in-
crease the levels of high-sensitivity C-reactive protein
(hs-CRP), Interleukin-6 (IL-6), asymmetric dimeth-
ylarginine (ADMA), and complement-C3 (Georgiou
et al., 2019). However, the authors indicated the need
for further longitudinal studies to provide critical evi-
dence to support the proposed link with atherosclero-
sis. Furthermore, some interventional studies showed
reductions in levels of inflammatory marker including
hs-CRP, C3 and ADMA, between baseline and follow-up
(Cotti et al., 2015; Poornima et al., 2021).

In our longitudinal interventional cohort study, we
showed that the pre-operative serum levels of Interleu-
kin-1p (IL-1p), high-sensitivity C-reactive protein (hs-
CRP), fibroblast growth factor (FGF-23), and ADMA were
significantly raised in AP subjects compared to controls,
indicating an increased systemic inflammatory burden
in AP (Bakhsh et al., 2022). Furthermore, 1-year post-
treatment, the levels of most of the investigated markers
generally reduced, indicating the effectiveness of non-
surgical root canal re-treatment (Re-RCT) and peri-apical
surgery (PS) in reducing this systemic inflammation
(Bakhsh et al., 2022).

A large number of periapical radiolucencies (54%)
were still in the healing phase at 1-year post-treatment, so
the aim of the present longitudinal study was to examine
serum inflammatory biomarkers at a 2years follow-up.
The findings of the present study were correlated with
clinical signs and symptoms, outcome of treatment, meta-
bolic syndrome factors, infection with severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2; COVID-19)
infection and COVID-19 vaccination.

MATERIALS AND METHODS

This longitudinal cohort study complied with the strength-
ening the reporting of observational studies in epidemiol-
ogy (STROBE) guidelines (von Elm et al., 2014) (Figure 1).
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FIGURE 1 STROBE flow diagram for
recruited subjects.

*  Subjects recruited (n=115)

Ethical approval

This study was approved by the London-Hampstead
Research Ethics Committee (IRAS project ID 207795).
Written consent was obtained from the participants in
agreement with the Declaration of Helsinki.

Patient recruitment

Subjects who had been treated with non-surgical root
canal re-treatment (Re-RCT) and peri-apical sur-
gery (PS) in our previous prospective longitudinal co-
hort study (Bakhsh et al., 2022) were reviewed 2years
post-treatment.

Clinical examination

Any changes to the patient's medical, dental, and social
histories including SARS-CoV-2 infection and vaccination
status were noted. Extraoral and Intraoral examinations
were performed. Basic Periodontal Examination (BPE)
was undertaken in all recalled subjects. The periapical
health of the endodontically treated tooth was investi-
gated by tenderness to palpation/percussion, mobility
and presence of swelling or sinus tracts. Periapical ra-
diograph of the teeth under investigation was also taken
using a beam-aiming device x-ray unit at 65kV and 7mAs
(Heliodent; Sirona) and photostimulable phosphor plates
(Digora Optime, Soredex). Two readings of subjects’ blood
pressure were recorded using an upper arm blood pres-
sure monitor (A&D Medical). The average reading was
recorded according to previous recommendations (Cho-
banian et al., 2003).

Subjects were advised to have an overnight fast prior
to the 2-year review appointment. Their HbA1C (Alc-
Now+BHR Pharmaceuticals Ltd.); low-density lipopro-
tein (LDL), high-density lipoprotein (HDL), triglycerides
(TRG), total cholesterol (TC) and TC/HDL levels were
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*  Subjects received root
canal retreatment (n=35)

*  Subjects received
periapical surgery (n=30)

* Control (n=50)

*  Treatment (n=65)
*  Control (n=50)

1-year recall from the
treatment group (n=50)

2-year recall from the
treatment group (n=37)

measured with CardioChek PA blood analyser (BHR
Pharmaceuticals Ltd.) using testing strips (CHO +HDL
strips, BHR Pharmaceuticals Ltd.).

Radiographic outcome analysis

Radiographic outcomes were classified as described by
Patel et al. (2012). Two endodontic specialists evaluated
the periapical radiographs. Following consensus agree-
ment between the two examiners, the outcome scores
were recorded with a six-point categorization according
to Patel et al. (2012). Cases were classified as successful if
they showed incomplete healing (reduction in the size of
the periapical radiolucency) or complete healing (resolved
or absence of periapical radiolucency) using periapical
radiographs.

Blood samples processing

Subjects’ blood samples were collected in the BD Vacu-
tainer SST II Advance 8.5mL tube (Becton Dickinson).

For serum collection, the tubes were centrifuged at
2000x g for 10min at 4°C using Eppendorf centrifuge
5810R (Eppendorf). The serum samples collected were al-
iquoted and kept in a —80°C freezer.

Multiplex microbead assay

The Magnetic Assay human premixed multi-analyte kit
(R&D Systems, Bio-Techne) was used to analyse the serum
according to manufacturer's instructions to determine the
inflammatory mediators' levels (tumour necrosis factor
[TNF-«], IL-1pB, IL-8, IL-6, hs-CRP, ADMA, pentraxin-3,
vascular cell adhesion molecule [VCAM-1], E-selectin,
intercellular adhesion molecule [ICAM-1], matrix met-
alloprotease [MMP-2], MMP-8, MMP-9) using a Bio-Rad
Bio-Plex 200 analyser (Bio-rad).
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Elisa

Enzyme-linked immunosorbent assay (ELISA) and iMark
microplate absorbance reader (Bio-Rad) were used to de-
tect serum levels of ADMA in accordance with the manu-
facturer's instructions.

Statistical analysis

The results were statistically analysed using IBM® SPSS®
(Version 15.0). Normality was tested using histogram,
Kolmogorov-Smirnov and Shapiro-Wilk's tests. Since the
data were not normally distributed, therefore, the compari-
son of the difference in distributions between different time
points within the same group was carried out using the Wil-
coxon signed-rank test. Whereas, to identify the significant
difference between groups, the Mann-Whitney test was
used. The level of significance was agreed to p <.05 and 95%
confidence interval was made using a one-sample ¢-test.

The values were converted to a logarithmic scale due
to the lack of normality in biomarker levels and the dif-
ference between the means of the groups was determined
using a two-sample t-test. Linear associations were calcu-
lated using Pearson's correlations. Moreover, regression
models were conducted to estimate beta coefficients in-
volved in those significant correlations.

Multiple linear regression models were conducted to
assess the correlation between each (log) biomarker and
independent factors and covariates (age, gender, COVID,
HbAlc, TC, HDL, LDL, TRG and TC/HDL). In order to
avoid multicollinearity, a mixed method of entry of vari-
ables into the model was considered (fixed and stepwise).
Beta coefficients and 95% CI were provided for significant
findings.

Inter-examiner reliability for periapical radiographs
(PA) was determined using linearly weighted Kappa's
index to assess the concordance.

RESULTS

The recall percentage at 2years (R4) (T0) was 56.9%
(n=137). Out of these 37 subjects (18 males, mean age:
48.2 [27-69]; 19 females, mean age: 48.15 [28-76]), 20
subjects were from the root canal retreatment (Re-RCT)
group and 17 subjects from the periapical surgery (PS)
group.

None of the subjects had symptoms from the treated
tooth. The treated teeth were functional with intact coro-
nal restorations.

Of the 37 subjects reviewed at 2-years (R4), only
three reported changes in medical history since their

1-year post-operative review (R3). One subject reported
a history of lung fibrosis, taking a budesonide inhaler;
another subject reported neurological pain in finger,
taking pregabalin; and the third subject had been diag-
nosed with glaucoma and was taking Timolol eye drops.
Median levels of metabolic syndrome indicators were;
Systolic blood pressure (mmHg) (120 [99-160]), Dia-
stolic blood pressure (mmHg) (82 [60-100]), HbA1C (%)
(4.7 [3.5-6.4]), TC (mmol/L) (5.10 [0.20-8.38]), HDL
(mmol/L) (1.65 [0.50-3.01]), LDL (mmol/L) (2.93 [0.60-
5.31]) and TRG (mmol/L) (1.00 [0.55-4.15]). Four sub-
jects showed an increase in the BPE score of 3 or 4 in
one of the sextants with a diagnosis of localized peri-
odontitis with periodontal pockets >4 mm, as compared
with those recorded at baseline and 1 year review. There
was no change in the smoking history and all reviewed
subjects were non-smokers.

Radiographic treatment outcome

Linear Kappa (x) index of inter-examiner reliability of the
outcome showed a good agreement between the readings
of examiners for PA (0.72 [0.50-0.94]).

Comparison of the outcome based on
periapical radiographs in total subjects
(Re-RCT and PS groups) between 1-year
post-treatment (R3) and 2-year post-treatment
follow-up (R4)

Out of 37 subjects, at 2-year follow-up (R4), based on PA
radiographs, 21 cases (56.8%) had completely healed, and
16 cases (43.2%) were healing. When the same cases were
reviewed at 1-year post-treatment (R3), only 13 of them
(35%) were completely healed, 23 cases (62%) were still
healing and 1 case (2.7%) had failed. Out of the 23 cases
that were healing at R3, when reviewed at R4, 14 cases
(60.9%) were still healing whereas 9 cases (39.1%) had
completely healed. Moreover, out of 13 healed cases at
R3, 1 case (7.7%) was now healing at R4. Moreover, the
one failed case at R3 was now classified as ‘healing’ at R4
(Table 1).

Comparison of the outcome based on periapical
radiographs in Re-RCT group between 1-year
post-treatment (R3) and 2years post-treatment
follow-up (R4)

Out of 20 subjects at R4, based on PA radiographs, 10 cases
(50%) had completely healed, and 10 cases (50%) were still
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TABLE 1 Comparison of the outcome
based on PA radiographs in total subjects,

Re-RCT and PS groups at 1-year (R3) and- PA outcome R4

Total Failure Healing Healed

N %o N %o N % N %

2-year follow-up (R4).

Total
Healing
Healed

PA outcome total subjects AT R3

37 100.0 1 100.0 23 100.0 13 100.0
16 43.2 1 100.0 14 60.9 1 7.7
21 56.8 0 .0 9 39.1 12 92.3

PA outcome Re-RCT AT R3

Total
Healing
Healed

PA outcome PS at R3

Total
Healing
Healed

20 100.0 1 100.0 12 100.0 7 100.0
10 50.0 1 100.0 8 66.7 1 14.3
10 50.0 0 0.0 4 33.3 6 85.7

17 100.0 11 100.0 6 100.0
6 35.3 6 54.5 0 0.0
11 64.7 5 45.5 6 100.0

healing. Comparing the same subjects' outcome at R3, 7
cases (35%) were classified as healed, 12 cases (60%) were
healing and 1 case (5%) had failed. When reviewed at R4,
out of the 12 cases that were healing at R3, 8 cases (66.7%)
were still healing at R4, and 4 cases (33.3%) had healed.
However, out of the 7 cases that had healed at R3, 1 case
(14.3%) was classified as healing at R4. The 1 failed case at
R3 was now classified as healing at R4 (Table 1).

Comparison of the outcome based on PA
radiographs in the PS group between 1-year
post-treatment (R3) and 2-year post-treatment
review follow-up (R4)

Out of 17 cases at R4, 11 cases (64.7%) had healed, 6 cases
(35.3%) were healing whereas at R3 6 cases (35.2%) had
healed, and 11 cases (55%) were healing. At R3, out of
the 11 cases that were healing, 6 cases (54.5%) continued
to heal, and 5 cases (45.5%) had completely healed at R4
(Table 1).

SERUM INFLAMMATORY
BIOMARKERS LEVELS

Comparison between serum inflammatory
biomarker levels at TO (pre-operative) and
R4 (2-year post-treatment) based on PA
radiographic outcome (‘healed’/’healing’)

The inflammatory markers level comparison between
pre-operative (TO) and 2-year review (R4) in all samples
showed that there was a significant reduction in the lev-
els of hs-CRP, ADMA and MMP-2 at R4 compared to TO

(p=.001; p<.001; p<.001 respectively). All other bio-
markers except FGF-23 and ICAM-1 showed a significant
increase in their levels from TO to R4 (Table 2).

In the Re-RCT group, R4 serum levels of hs-CRP
(p=.036) and MMP-2 (p=.012) decreased significantly
more in healed cases compared to the healing ones
(p=.043; p=.017, respectively) whereas there was more
reduction of ADMA (p=.005) in healing as compared
to healed Re-RCT cases (p=.036). In Re-RCT group, the
ICAM-1 levels were also reduced at R4, however, this
reduction was not significant (Table S1-S4). In the PS
group, the reduction of ADMA and MMP-2 was more
evident in healed (p=.012; p=.018 respectively) than in
healing cases (p =.028; p=.068, respectively) (Table S2).
However, contrary to the findings of the Re-RCT group
ICAM-1 levels at R4 were increased compared to TO lev-
els, (Figure 2).

Comparison between serum inflammatory
biomarker levels at R3 (1-year

post-treatment) and R4 (2-year post-treatment)
based on PA radiographic outcome (‘healed’/
‘healing’)

Levels of the inflammatory markers hs-CRP, ADMA and
MMP-2 were significantly reduced at R4 compared to
R3 (p<.001; p<.001; p <.001, respectively). In contrast,
there were significant increases in levels of all other
biomarkers (Table 3). MMP-2 was significantly higher
in the healing compared to the healed group (p=.041)
(Figure 3). In the Re-RCT group from R3 to R4, hs-CRP,
ADMA and MMP-2 levels significantly reduced (p = .001;
p=.002; p<.001, respectively), with more hs-CRP and
ADMA reduction seen in the healed cases in (p=.002,
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TABLE 2 Comparison of serum inflammatory biomarker levels between pre-operative (T0) and 2-year post-treatment follow-up (R4)

based on PA radiographic outcome.

Total

Healing

Median (min-max)

Median (min-max)

TO R4 p-Value TO
hs-CRP 54725.76 (1330.48-470330.34) 24283.22 (6394.72-79057.88) .001** 65869.14 (1330.48-470330.34)
ADMA 6850.46 (104.19-555164.61) 1073.94 (138.91-2446.04) <.001#** 6836.71 (1467.78-555164.61)
MMP-2 17167.21 (7465.01-40088.94) 7585.02 (2289.15-11637.36) <.001#** 14182.18 (7465.01-40088.94)
FGF-23 49.49 (23.32-2325.92) 75.10 (16.03-106.33) 213 40.26 (23.32-358.44)
ICAM-1 369245.19 (600.76-1288559.50) 370422.42 (21853.65-2978502.73) .050 347645.91 (99434.69-1077122.50)
IL-8 9.94 (4.27-59.47) 34.38 (10.17-225.91) <.001#** 11.21 (4.27-42.79)
Pentraxin 3 1220.05 (170.36-8838.34) 2480.43 (1025.58-7054.81) <.001%*** 1291.44 (579.48-6160.28)
TNF- 13.46 (4.90-72.59) 35.17 (8.19-55.58) <0017 10.52 (5.40-44.50)
IL-1B 13.21 (1.47-44.60) 54.82(19.83-72.31) <.001%** 14.89 (1.47-44.60)
IL-6 5.68 (1.93-54.76) 28.46 (8.24-34.69) <.001#** 5.59 (1.93-54.76)
MMP-8 1665.84 (180.50-14879.36) 5517.70 (2161.64-23805.90) <.001%*** 1806.50 (681.11-14879.36)
E-Selectin 24935.13 (9784.72-60580.21) 30583.12 (13574.41-94895.98) .034* 23094.21 (10797.25-59282.24)
VCAM-1 635225.96 (131680.40-1614700.00) 1702051.78 (278043.62-3668931.12)  <.001*** 717514.80 (131.680.40-1614700.00)
MMP-9 15590.07 (2529.10 -51066.38) 24717.51 (11512.12-33950.52) .009** 14817.26 (2960.72-51066.38)

Note: The values are given as median (minimum-maximum); p-value—difference between Median of pre-operative (T0) and 2-year post-treatment follow-up

(R4) using Wilcoxon's test; *(p <.05); **(p <.01); ***(p <.001).

Abbreviations: ADMA, asymmetric dimethylarginine; FGF, fibroblast growth factor; hs-CRP, high-sensitivity C-reactive protein; ICAM, intercellular adhesion
molecule; IL, Interleukin; MMP, matrix metalloprotease; TNF, tumour necrosis factor; VCAM-1, vascular cell adhesion molecule.

p=.002, respectively) than in the healing ones (p =.080,
p=.037 respectively) (Table S3). Similarly in the PS
group, the reduction of hs-CRP, ADMA, and MMP-2
was also significant (p=.036; p=.001; p=.005 respec-
tively) with higher reduction in ADMA and MMP-2 lev-
els in healed cases (p=.018; p=.028, respectively) than
healing ones (p=.028; p=.068, respectively) (Figure 2,
Table 4, Table S4). None of the teeth reviewed at R4 was
classified as failed radiographically.

Comparison between serum
inflammatory biomarker levels at R3
(1-year post-treatment) and R4 (2-
year post-treatment) in relation to
COVID-19 infection

At R4, out of the 37 subjects, 9 subjects had a history of
COVID-19 infection and 28 reported no known COVID-
19 infection. Thirty-three subjects had COVID-19 vaccina-
tions (21 had three doses, 12 had two doses), three subjects
did not receive the vaccine, while one patient did not re-
port data about the vaccination status.

All inflammatory markers showed significant changes
from the R3 to R4 timepoints in both COVID-19 and non-
COVID-19 groups. Although the median of difference of
FGF-23,1L-1,IL-8, Pentraxin 3, IL-6, MMP-8, and E-selectin

in the COVID-19 group was slightly higher compared to
non-COVID-19 group, the difference was not statistically
significant (p=.643, p=.476, p=.798, p=.316, p=.806,
0.629 and p=.977 respectively). Only ICAM-1 showed a
weak tendency (p=.097), where the median of difference
was stronger in the Covid group (median 709.3) compared
to non-covid group (median 19.0). Overall, the biomarker
level variations were similar between subjects with and
without a history of COVID-19 infection (Figure S1).

Comparison of HbA1C, LDL, HDL, TRG, TC,
TC/HDL levels between pre-operative and 2-
year post-treatment

Median levels of metabolic syndrome indicators includ-
ing HbA1C, TC, LDL, TRG and HDL were lower at 2 years
post-treatment (R4) compared to (TO0), with statistically
significant differences in levels of HbA1C (p=.015), TC
(p=.003), LDL (p=.003) and HDL (p=.003). A signifi-
cant reduction was seen in the levels of HbA1C (p=.004),
TC (p=.006), HDL (p=.039) and LDL (p=.001) in the
Re-RCT group from TO to R4, whereas in PS group, there
was a significant reduction in the levels of HDL (p=.019)
(Figure 4).

Furthermore, a significant reduction was also found
in the levels of HbAlc (p=.009), TRG (p=.011) and
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Healed
Median (min-max)
R4 p-Value TO R4 p-Value
27057.99 (16101.72-52252.55) .017* 50164.40 (5868.02-254.419.38) 22320.41 (6394.72-79057.88) .019*
1109.00 (138.91-2446.04) <.001%*** 6876.93 (104.19-7101.90) 1061.22 (435.47-1709.52) .001**
8731.74 (4648.39-11637.36) .003* 18686.72 (8293.51-29434.75) 6735.65 (2289.15-10556.08) .001**
76.75 (27.10-106.33) 279 52.43 (30.16-2325.92) 74.44 (16.03-94.35) .609
316663.11 (100764.53-2467275.77) 117 402029.97 (600.76-1288559.50) 426926.04 (21853.65-2978502.73) 158
34.38 (10.17-157.94) .008** 9.10 (4.39-59.47) 33.82(18.12-225.91) .002**
2196.21 (1025.58-5066.43) .028* 1098.19 (170.36-8838.34) 2495.09 (1526.93-7054.81) .011*
36.17 (10.09-48.84) 0047 15.33 (4.90-72.59) 34.95 (8.19-55.58) .006%*
58.85(19.83-72.31) .005%* 12.41 (2.68-41.08) 52.47 (21.85-63.72) .001**
28.54 (8.24-32.69) .028* 5.78 (2.81-14.22) 27.53 (11.03-34.69) .001**
4825.86 (3453.37-16211.99) .008** 1665.84 (180.50-9737.18) 5933.85(2161.64-23805.90) .003**
35166.10 (13574.41-94895.98) .060 25370.12 (9784.72-60580.21) 27849.65 (17733.91-54734.28) 221
1603026.69 (278043.62-3668931.12) .002%* 626333.02 (284815.96-1446300.00) 1724710.31 (599472.16-2188442.82) .001**
20886.00 (12444.24-30400.26) 272 16395.44 (2529.10-50787.52) 27539.68 (11512.12-33950.52) .056

TC/HDL (p=.022) from the 1-year post-treatment re-
view (R3) to R4. Following Re-RCT treatment, HbA1C,
LDL, TRG, TC, and TC/HDL were further reduced from
R3 to R4 with a significant reduction in HbA1C levels
(p=.017) whilst there was an increase in HDL levels. In
the PS group, there was a significant reduction in TRG
(p=.018) whilst HDL levels increased between R3 and
R4.

With respect to radiographic outcome clustering, in the
healing group, there was a significant reduction between
TO and R4 in the levels of HbA1C and HDL (p<.001;
p=.030, respectively), whereas in the healed group, TC
and LDL levels (p=.016; p=.008, respectively) were sig-
nificantly reduced.

HbA1C levels at 2 years (R4) were positively correlated
with IL-8 (r=0.392, p=.039) and MMP-8 levels (r=0.388,
p=.041) (Figure 5). Correlations were weak in magnitude
but reached statistical significance.

Relationship between biomarkers at R4 and
independent factors and covariates.

After adjusting the data for age, gender, HbA1C, LDL,
HDL, TRG, TC, TC/HDL, and COVID-19 status using
a multiple linear regression model, the results showed
that higher HbA1C values increased mean levels of IL-8

(#=0.61, t=3.01, p=.007), whereas higher HDL val-
ues reduced mean levels of hs-CRP (f=-0.53, t=-2.30,
p=.035) and higher TRG values reduced mean levels of
VCAM-1 (=-0.48, t=—2.23, p=.038). It was also found
that COVID-19 infection increased MMP-9 levels (=0.42,
t=2.09, p=.048) since subjects with a previous COVID-19
infection had higher serum levels of MMP-9. Moreover,
there was a reduction in ADMA levels in older subjects
(p=-0.47, t=-2.68, p=.013) (Table 5). Medical history/
medication and periodontitis history were irrelevant be-
cause of very few positive cases.

DISCUSSION

In the follow-up analysis of this longitudinal cohort
study on serum biomarkers level in subjects with AP
treated with root canal retreatment and surgical en-
dodontics, the comparison between pre-operative and
2years follow-up values showed a significant reduction
in the levels of hs-CRP, ADMA and MMP-2, whereas all
other biomarkers except FGF-23 and ICAM-1 showed
a significant increase. Considering that more cases ra-
diographically healed at 2-year compared to the 1-year
follow-up, as expected from previous outcome stud-
ies (Molven et al., 2002; Orstavik, 1996), it is possible
that the increased levels of IL-8, Pentraxin 3, TNF-q,
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FIGURE 2 Serum levels of hs-CRP, MMP-2, ADMA and ICAM-1 in total, non-surgical root canal retreatment group (Re-RCT) and
periapical surgery group (PS) of 37 subjects who were recalled at 2year. Wilcoxon Signed-Rank test was used to compare the difference

between Medians between preoperative (T0); 3 months post-treatment follow-up (R1); 6 months post-treatment follow-up; 1-year post-
treatment follow-up (1 year) and 2-year post-treatment follow-up (2year). *(p <.05); **(p <.01); ***(p <.001); ****(p <.0001).

IL-1B, IL-6 reflect the progression of this healing pro-
cesses which entails complex host immune mechanisms
(Maruyama et al., 2020). Our overall radiographic suc-
cess rate was 100%, however, we still had 43.2% of cases
(n=16) that were healing. In the outcome study by Ng
et al. (2011) which showed 80% success based on peri-
apical health following re-RCT, the follow-up was for
2-4years (Nget al., 2011). Following ESE quality guide-
lines for endodontic treatment (European Society of
Endodontology, 2006) we will be reviewing these cases
annually up to 4years.

Local immune response associated with AP can
increase systemic inflammatory burden by activating
the chronic systemic inflammatory response (Bakhsh

et al., 2022; Gomes et al., 2013; Kimak et al., 2015;
Marton et al., 1988; Torabinejad et al., 1983). Our pre-
vious study showed higher serum levels of IL-1f, hs-
CRP, FGF-23 and ADMA in AP subjects compared with
control cases (Bakhsh et al., 2022). However, Geor-
giou et al. (2023), indicated that at the baseline, AP
cases with one asymptomatic tooth had lower levels of
blood inflammatory mediators including CRP and IL-
1§ compared to the control group, which is inconsis-
tent with our previous findings (Bakhsh et al., 2022).
The effect on these serum inflammatory mediators is
dose-dependent and can be affected by the increase
in the size of periapical lesions as shown in our pre-
vious study (Bakhsh et al., 2022), and/or due to the
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presence/absence of symptoms. Although both studies
included subjects with only one AP tooth, the inconsis-
tency could be attributed to the difference in the case
selection, since in Georgiou et al. (2023) the 27 cases
included were asymptomatic AP cases whereas in our
study, the 65 AP subjects also included symptomatic
AP cases. Such chronic low-grade inflammation can
increase the risk of initiating endothelial dysfunction
which can influence the onset, development, and sys-
temic consequences of atherosclerotic plaques (Libby
et al., 2002), a primary cause of mortality and morbidity
in many developed countries (Tibaut et al., 2019).

CRP is a non-specific systemic inflammatory marker
that can rise up to 1000-fold following tissue damage,
infections and inflammation (Devaraj et al., 2009). In
follow-up studies of apparently healthy individuals,
elevated CRP levels have been associated with athero-
sclerosis leading to vascular events including acute myo-
cardial infarction (MI), stroke, and peripheral artery
disease (Ridker et al., 2002). For this reason, serum hs-
CRP levels have been suggested as a screening marker
for coronary heart disease risk (Luan & Yao, 2018). In
our longitudinal study, hs-CRP levels were significantly
reduced 2years following Re-RCT and PS compared to
pre-treatment and 1-year post-treatment levels, suggest-
ing a long-term reduction of the systemic inflammatory
burden associated with this mediator. At 2years, more
cases healed compared to 1-year post-treatment, which
highlights hs-CRP as a potential biomarker of AP heal-
ing and indicates the potential significance of Re-RCT
and PS in reducing CVD risks. Poornima et al. (2021),
showed that the hs-CRP levels were significantly re-
duced at 6 months following the root canal treatment
in subjects with AP (Poornima et al., 2021), whereas in
our study reduction was slower and more significant at
2-year follow-up. Furthermore, our study included only
AP cases with failed root canal treatments. This might
be associated with a slower healing and hence slower
hs-CRP reduction as compared with Poornima'’s primary
treatments.

Raised serum levels of ADMA, an L-arginine analogue
that inhibits nitric oxide (NO) production, have emerged
as a significant risk predictor in cases of atherosclerosis,
CVD and renal disorders (Cooke, 2000; Diickelmann
et al., 2007; Fukuchi & Giaid, 1999; Kuvin et al., 2002;
Leone et al., 1992; McDermott, 1976; Moncada &
Higgs, 2006; Perticone et al., 2005; Schnabel et al., 2005;
Wetzel et al., 2020). High serum ADMA levels are as-
sociated with renal dysfunction which reduces ADMA
renal excretion leading to higher CVD risk in cases of
kidney failure (Lajer et al., 2008; Sapa et al., 2022). In our
previous study, the pre-operative levels of ADMA were
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significantly higher in AP subjects as compared to the
controls (Bakhsh et al., 2022), which is consistent with
other studies (Cotti et al., 2011; Georgiou et al., 2019).
ADMA inhibition of NOS enzymes decreased the num-
ber of osteoblasts, rate of mineralization and bone pro-
duction (Afzal et al., 2004; Aguirre et al., 2001). ADMA
remains stable until a hydrolytic enzyme expressed by
the osteoblasts—dimethylarginine dimethylamine hy-
drolase (DDAH) hydrolysed it (Lin et al., 2002). Recent
research indicates a substantial correlation between
plasma ADMA levels and DDAH1 Single Nucleotide
Polymorphisms. In AP, it is likely that chronic inflam-
mation reduced osteoblast DDAH1 activity resulting
in increased ADMA levels which subsequently in-
creases the risk of atherosclerosis, CVD and throm-
botic stroke (Ding et al., 2010; Schulze et al., 2006; van
der Zwan et al., 2011). Our previous study showed that
the post-Re-RCT and PS, serum levels of ADMA were
decreased at 3months, but increased significantly from
3 to 6 months. However, at 1-year post-treatment, the
ADMA levels were significantly reduced below baseline
(Bakhsh et al., 2022). In the current study, at 2-year post-
treatment follow-up, ADMA levels significantly reduced
further, reaching levels which were 6 times lower than
those at baseline. Rapone et al. (2022) did not see any
effect of intensive periodontal treatment on the plasma
ADMA levels in subjects without any risk factor for CVD
(Rapone et al., 2022). In our longitudinal study, reduced
serum concentration of ADMA after treatment indicates
the clinical relevance and long-term impact of endodon-
tic treatment (Re-RCT and PS) in reducing inflammatory
biomarker burden associated with high ADMA serum
levels and potential risk of CVD.

MMP-2 is a gelatinase that is involved in the physio-
logical and pathophysiological processes of extracellu-
lar matrix degeneration, remodelling and tissue repair
(Page-McCaw et al., 2007). In endodontic lesions, pulp
fibroblasts produce MMP-2 which in turn degrades the
extracellular matrix protein components of the pulp and
aids in the pulpal inflammation, tissue destruction and
periapical pathosis (Corotti et al., 2009; O'Boskey Jr. &
Panagakos, 1998; Orsini et al., 2011; Shin et al., 2002).
Pattamapun et al. (2017) demonstrated that MMP-2 lev-
els in root canal exudates were reduced after root canal
treatment, suggesting its role in the periapical healing
(Pattamapun et al., 2017). Furthermore, MMPs play a
crucial role in developing cardiovascular events includ-
ing atherosclerosis, increased blood pressure, vascular
dysfunction, arterial aneurysmal dilation and failure
of vein grafts (Galis & Khatri, 2002; Prado et al., 2021).
Increased MMP-2 proteolytic activity plays a significant
role in the rupture of atherosclerotic plaques resulting

95U8917 SUOWIWIOD SAITE81D 3|qeal|dde auy Ag peusenob afe sop e WO ‘8sN J0 S3|nJ oy Aleld1 U1IUO A1 UO (SUONIPUOD-PUE-SULIB) 0D AS 1M AReJq 1 ]BU1[UO//:SANY) SUONIPUOD pue SWis 1 8U) 385 *[£202/0T/E0] U0 Aid18uluo A1 591 Ad 6.6€T BITTTT OT/10p/wWod AS|Im Alelq 1 jpul|uo//:sdny wolj pspeojumod ‘0 ‘T65259€T



SUCCESSFUL ENDODONTIC TREATMENT REDUCES CVD RISK BIOMARKERS

10
WI LEY‘I INTERNATIONAL

ENDODONTIC JOURNAL |

TABLE 3 Comparison of serum inflammatory biomarker levels between 1-year post-treatment (R3) and 2-year post-treatment follow-up

(R4) based on PA radiographic outcome.

Total

Healing

Median (min-max)

Median (min-max)

T3 R4 p-Value T3
hs-CRP 61853.60 (11181.97-135433.96) 24283.22 (6394.72-79057.88) <.001%** 56547.88 (19293.46-135433.09)
ADMA 1851.36 (698.33-4152.19) 1073.94 (138.91-2446.04) <.001*** 1847.06 (1135.47-3519.09)
MMP-2 33490.66 (9907.22-45284.73) 7585.02 (2289.15-11637.36) <.001#** 33081.48 (13635.34-43553.09)
FGF-23 24.83 (25.99-45.48) 75.10 (16.03-106.33) <0017 25.30 (16.14-37.38)
IL-1p 17.05 (6.51-33.08) 54.82(19.83-72.31) <0017 19.03 (8.53-29.62)
IL-8 12.58 (7.45-52.39) 34.38 (10.17-225.91) <.001#** 13.92(9.11-52.39)
Pentraxin3 913.87 (35.28-3124.63) 2480.43 (1025.58-7054.81) <.001%** 975.62 (70.95-2361.16)
TNF-a 10.74 (4.91-19.80) 35.17 (8.19-55.58) <0017 9.75 (4.91-19.80)
ICAM-1 340761.89 (8331.98-1553783.89) 370422.42 (21853.65-2978502.73) <.001%*** 296828.90 (213522.78-1171427.91)
IL-6 5.43(2.12-64.52) 28.46 (8.24-34.69) <.001#** 5.39 (2.12-64.52)
MMP-8 2028.16 (592.24-9796.51) 5517.70 (2161.64-23805.90) <.001%*** 2060.85 (990/07-4339.06)
E-selectin 20840.14 (8839.09-53907.74) 30583.12 (13574.41-94895.98) <.001%** 21758.78 (11316.07-37751.49)
VCAM-1 542040.52 (208772.28-990571.40) 1702051.78 (278043.62-3668931.12) <.001%** 531997.97 (208772.28-694208.14)
MMP-9 17181.87 (4565.60-53604.39) 24717.51 (11512.12-33950.52) .008** 17181.87 (7518.58-53604.39)

Note: The values are given as Median (Minimum-Maximum); p-value—Difference between Median of 1-year post-treatment (R3) and 2-year post-treatment

follow-up (R4) using Wilcoxon's test; *(p <.05); **(p <.01); ***(p <.001).

Abbreviations: ADMA, asymmetric dimethylarginine; FGF, fibroblast growth factor; hs-CRP, high-sensitivity C-reactive protein; ICAM, intercellular adhesion
molecule; IL, Interleukin; MMP, matrix metalloprotease; TNF, tumour necrosis factor; VCAM-1, vascular cell adhesion molecule.

in cardiovascular events (Brown et al., 1995; Kramsch
et al., 1971; Newby, 2005; Rekhter, 1999). In our previ-
ous study, we found that MMP-2 levels fluctuated during
the initial 1-year follow-up period (Bakhsh et al., 2022).
Since there was an increased number of cases which
were still in the healing category at 1-year follow-up,
we found higher MMP-2 levels related to periapical tis-
sue repair and remodelling. However, at 2-year recall,
most of the cases healed completely, resulting in a sig-
nificant reduction in MMP2 levels compared to 1-year
post-treatment. The role of MMP-2 in periapical healing
is further supported by the significantly higher levels
found in the healing group as compared to the healed
group at 2-year post-treatment.

The findings of our previous study (Bakhsh
et al.,, 2022) suggested that AP potentiates metabolic
syndrome (MetS) indicators, including waist circumfer-
ence/BMI, triglycerides, HDL, HbA1C, and blood pres-
sure. MetS is a known risk factor for CVD development
(Expert Panel on Detection & Adults, 2001). At baseline,
although within the normal range, the AP subjects had
increased levels of these MetS indicators' compared to
the control group (Bakhsh et al., 2022). Our current study
clearly demonstrated a significant improvement in MetS
indicators’ levels at 2years follow-up compared to both,
their preoperative and 1-year recall levels, especially in

Re-RCT cases. Previous studies have positively correlated
AP with higher HbA1C levels (Arya et al., 2017; Gonzalez
Navarro et al., 2017; Segura-Egea et al., 2012, 2015). To
our knowledge, this study is the first longitudinal study
with a 2-year recall, which has demonstrated the posi-
tive impact of endodontic treatment (Re-RCT and PS) on
MetS factors, and potential reduction of the risk of CVD
development.

During the 2-year recall period, some of our subjects
reported a history of SARS-CoV-2 infections. In both the
COVID-19 and non-COVID-19 groups, all inflammatory
markers showed significant variations between 1-year
and 2-year recall. The COVID-19 group had a smaller
number of subjects (n=9) compared to non-COVID-19
group (n=28). Although the median of difference of
some inflammatory markers was slightly higher in sub-
jects who had COVID-19 infection, there was no sig-
nificant difference present in the median of difference
between the COVID-19 and non-COVID-19 groups.
Recent studies have shown that COVID-19 can lead to
inflammation, contributing to COVID-19-associated en-
dothelial dysfunction and inflammatory vasculopathy
(Jud et al., 2021), which might explain the slightly higher
median of difference seen in our study COVID-19 groups.
Moreover, although not statistically significant there
was a more obvious median of difference of ICAM-1 in
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Healed
Median (min-max)
R4 p-Value T3 R4 p-Value
27057.99 (16101.72-52252.55) .017* 65655.91 (11181.97-129544.44) 22320.41 (6394.72-79057.88) .003**
1109.00 (138.91-2446.04) .002%* 1908.79 (698.33-4152.19) 1061.22 (435.47-1709.52) .001**
8731.74 (4648.39-11637.36) .002** 33490.66 (9907.22-45284.73) 6735.65 (2289.15-10556.08) .001**
76.75 (27.10-106.33) .001** 24.57 (15.99-45.48) 74.44 (16.03-94.35) 001%*
58.85(19.83-72.31) L0027 15.26 (6.51-33.08) 52.47 (21.85-63.72) L0017
34.38 (10.17-157.94) .003** 11.65 (7.45-25.94) 33.82(18.12-225.91) .001**
2196.21 (1025.58-5066.43) .002** 908.04 (35.28-3124.63) 2495.09 (1526.93-7054.81) .001**
36.17 (10.09-48.84) 003 11.28 (6.36-19.34) 34.95 (8.19-55.58) .001%*
316663.11 (100764.53-2467275.77) 182 477715.82 (8331.98-1553783.89) 426926.04 (21853.65-2978502.73) .035%
28.54 (8.24-32.69) .034* 5.43(3.06-10.88) 27.53 (11.03-34.69) .001**
4825.86 (3453.37-16211.99) .002%* 1960.28 (592.24-9796.51) 5933.85(2161.64-23805.90) 004
35166.10 (13574.41-94895.98) .003** 20244.44 (8839.09-53907.74) 27849.65 (17733.91-54734.28) .048*
1603026.69 (278043.62-3668931.12) .002%* 585457.62 (214593.00-990571.40)  1724710.31 (599472.16-2188442.82) .001**
20886.00 (12444.24-30400.26) .084 16542.05 (4565.60-41542.30) 27539.68 (11512.12-33950.52) .074

the COVID-19 group. This is consistent with a previous
study, where raised serum soluble ICAM-1 and E-selectin
were found to be linked with COVID-19 illness severity
(Shi et al., 2022). Another finding was that the COVID-19
infection showed a significant positive association with
serum levels of MMP-9. Studies have associated elevated
serum MMP-9 levels with asthma, pulmonary fibro-
sis, chronic obstructive pulmonary disease, respiratory
failure and lung pneumonia (Atkinson & Senior, 2003;
Ueland et al., 2020). Furthermore, MMP-9 was shown to
have a positive and strong correlation with the severity of
COVID-19 condition and mortality of the subjects (Gelzo
et al., 2022; Ueland et al., 2020). Therefore, our finding
of higher MMP-9 levels in the COVID-19 group is con-
sistent with previous studies showing an overexpression
of MMP-9 in COVID-19 subjects where it is involved in
the processes leading to the intensive destruction of lung
tissue and state of COVID-19 pneumonia (da Silva-Neto
etal., 2022).

Although in our study, a higher recall at 2-year review
would have been ideal, the recall of 56.9% (n=237) was ac-
ceptable, especially during the COVID-19 pandemic. The
total (n=37) and Re-RCT recall (n=20) were above our
initial power calculation of 19 (Bakhsh et al., 2022). PS
recall (n=17) although lower than the power calculation,
still showed significant results. The recall numbers are

15000 - %

10000

5000

MMP-2 (pg/mL)

0 I 1
Healing Healed

PA Outcome R4

FIGURE 3 Comparison of the serum levels of MMP-2 at 2-year
post-treatment follow-up (R4) based on PA radiographic outcome
between healing group and healed group using a Wilcoxon Signed-
Rank test; *(p <.05).

higher than other similar studies like Poornima et al., 2021
which showed power calculation and recall of 15 subjects
(Poornima et al., 2021). Most subjects who did not attend
the 2-year review appointment were those who could not
be contacted or had relocated and could not justify or af-
ford the cost and time of attending; a problem highlighted
in the literature on recalling patients in clinical studies
(Ross et al., 2009; Sprague et al., 2003).
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FIGURE 4 Mean values and 95% confidence interval for MetS indicators (HbA1C, TC, TRG, LDL and HDL) measured at pre-operative
time (T0), 1-year post-treatment follow-up (R3) and 2-year post-treatment follow-up (R4) timepoint using a paired t-test. Re-RCT, non-
surgical root canal re-treatment; PS periapical surgery; TC, total cholesterol; TRG, triglycerides; LDL, low-density lipoprotein; HDL, high-

density lipoprotein. *(p <05); **(p <.01).
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FIGURE 5 Correlation plots; (a) correlation between 2-year post-treatment follow-up (R4) HbA1c levels with levels of IL-8; (b)
correlation between 2-year post-treatment follow-up (R4) HbAlc levels with levels of MMP-8. Increased HbA1C is associated with a
significant increase in the level of IL-8 and MMP-8.
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CONCLUSION

The reduction in levels of hs-CRP, ADMA and MMP-2
seen at 2-year post-treatment is associated with findings
of higher radiographic success found at 2-year follow-up
compared to 1-year post-treatment. Therefore, hs-CRP,
ADMA and MMP-2 may be used as prognostic biomark-
ers of apical periodontitis healing following endodontic
treatment (Re-RCT and PS). Furthermore, there was a
significant improvement in MetS factors at 2years post-
treatment. Therefore, abrogation of apical periodontitis
associated with endodontic infection not only leads to api-
cal healing but might have clinical relevance in improving
MetS factors and potentially reduce CVD risks.
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