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Abstract

Background Apical periodontitis (AP) is one of the most prevalent dental diseases. Its presence can increase
systemic inflammatory burden and is associated with cardiometabolic disorders including higher cardiovascular risks
and impaired glycaemic control. There is currently a paucity of knowledge showing whether successful endodontic
treatment is associated with systemic metabolic improvements. This study aims to identify the potential impact of
successful endodontic treatment on patients’ serum metabolomic profiles, and to evaluate how these impacts are
associated with the metabolic syndrome (MetS) indicators, inflammatory biomarkers, as well as blood and intracanal
microbiomes.

Methods This self-controlled two-year longitudinal cohort study investigated the metabolic improvements
associated with successful endodontic treatment in 65 AP patients using nuclear magnetic resonance (NMR)
spectroscopy on serum samples. The samples were collected at 5 time points including pre-operative baseline and
3 month, 6 month, 1 year, and 2 year reviews.

Results Significant postoperative changes were observed in 24 (54.5%) metabolites. The results suggested improved
glucose and lipid metabolism as well as reduced inflammatory burdens, as evidenced by a significant reduction

in branched-chain amino acids at the 3 month review, a significant decrease in glucose and pyruvate at the 2 year
review, a short-term reduction in cholesterol, choline, and fatty acid levels, and a progressive increase in tryptophan.
In addition, strong associations were found between metabolic profile and clinical metabolic syndrome indicators,
inflammatory markers, and pre-operative blood and intracanal microbiome, underscoring the systemic impact of AP
and its treatment. A dynamic Bayesian model identified that metabolites associated with the tricarboxylic acid (TCA)
cycle are the key regulators in the longitudinal alterations of the metabolic profiles.

Conclusions Successful endodontic treatment in AP patients is associated with improved glucose and
lipid metabolic profiles, and a reduction in systemic inflammation, suggesting a potential role in mitigating
cardiometabolic disease risk.
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Introduction

Apical periodontitis (AP) is a chronic inflammatory
condition affecting the peri-radicular tissue. It is initi-
ated with the bacterial invasion into the pulp and root
canal system consequent to caries or dental trauma. The
interactions between microbial virulence factors and
host immune response further leads to peri-apical bone
resorption [1, 2]. In recent years, emerging evidence has
implicated potential links between AP and cardiometa-
bolic disorders [3, 4]. The establishment of AP lesions
increases the systemic inflammatory burden and nega-
tively impacts the general health [5, 6]. It is reported
that worse periapical status correlates significantly with
poorly controlled glycosylated haemoglobin (HbAlc) lev-
els [7], and that the presence of type 2 diabetes mellitus
may have a negative impact on the outcome of endodon-
tic treatment [8]. The chronic systemic inflammation
induced by AP can contribute to promoted insulin resis-
tance and compromised glycaemic control [9]. There is
also a potential link between endodontic infection and
cardiovascular diseases (CVD), where subjects with api-
cal radiolucency exhibit a 2.72 times higher risk of devel-
oping coronary artery disease [10, 11]. Recent study
showed that common oral infections including endodon-
tic conditions were associated with adverse signatures of
circulating metabolites typical for systemic inflammation
and CVD risk [12]. In short, the effects of AP are not lim-
ited to oral manifestations, it can also alter the inflamma-
tory and metabolic burden thus effecting general health.

The association between AP and systemic condi-
tions may also be attributable to the oral microbiome,
potentially through AP-associated bacteraemia and the
oral-gut axis [13, 14]. Bacterial translocation from root
canal infections into the circulation may contribute to
an increased systemic inflammatory burden [14], high-
lighting a broader impact of AP. Furthermore, it is docu-
mented that the oral microbiota plays a role in inducing
dysbiosis of the gut microbiota and thereby increases the
risks of associated systemic conditions [15].

Links to systemic metabolic dysregulations have been
well documented for generalised periodontitis, another
common, microbial-driven chronic inflammatory dis-
eases in the oral cavity. Multiple trials and meta-analyses
indicate that periodontal therapy can improve glycaemic
control [16], endothelial function [17], and lipid profiles
[18]. By contrast, evidence supporting the systemic ben-
efits of endodontic treatment remains scarce.

Our earlier studies showed a significant elevation in
inflammatory biomarkers of CVD risk in AP subjects
when compared to healthy controls at baseline [19], and
that these biomarkers correlated with blood and intra-
canal microbiome [20]. These CVD risk biomarkers
then reduced significantly at 2 year following successful
endodontic treatment [6], again revealing the systemic
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impact of AP while underlying the beneficial effects of
successful endodontic treatment on the inflammatory
burden. However, in terms of serum metabolic profile, it
remains unclear how it alters during the healing process
after endodontic treatment, and what are the potential
factors that cause the alterations.

To narrow this gap of knowledge, we applied metabo-
lomics analysis on serum samples from subjects with AP.
In recent years, metabolomics has been widely applied
in dental sciences and offers great potential to investi-
gate host metabolism in oral diseases [21]. Nuclear mag-
netic resonance (NMR) is one of the common analytical
approaches for metabolomics, which is well-suited for
serum samples due to its precision and reproducibility
[22]. In this longitudinal cohort study, we hypothesised
that successful endodontic treatment would be associ-
ated with measurable improvements in systemic meta-
bolic profiles and reductions in inflammatory burden, as
reflected by alterations in specific metabolic biomarkers.
To validate our hypothesis, we used NMR to investigate
serum metabolites of AP subjects undergoing endodon-
tic treatment at 5 time-points (pre-operative baseline,
3 month, 6 month, 1 year, and 2 year post-operative
reviews). We aimed to identify the potential impact of
successful endodontic treatment on serum metabolomic
profiles. We also aimed to evaluate how these impacts are
associated with the clinical metabolic syndrome (MetS)
indicators, inflammatory biomarkers, as well as blood
and intracanal microbiomes, to comprehensively under-
stand the effect of AP and successful endodontic treat-
ment on the risks for systemic conditions.

Materials and methods

Participant recruitment

Participants in this study were adult AP subjects referred
to the endodontic consultation clinic at the Dental Insti-
tute of Guy’s Hospital undergoing endodontic treat-
ment (including non-surgical root canal retreatment and
periapical surgery). All participants were over 18 years
old, had no other systemic diseases such as diabetes or
CVDs, and did not meet the NCEP ATP III criteria for
MetS [23]. This was the same prospective cohort (N =
65) as stated in our previous study [6, 19, 20, 24] (Table
S1). Exclusion criteria included smoking, pregnancy
or lactation, uncontrolled periodontal condition with
pockets probing deeper than 4 mm, subjects with sys-
temic inflammatory condition (e.g. inflammatory bowel
diseases, rheumatoid arthritis, ulcerative colitis, liver
diseases, or autoimmune conditions), medications alter-
ing bone metabolism, unrestorable teeth, and antibiot-
ics in the last 3 months. This study complied with the
STrengthening the Reporting of OBservational studies in
Epidemiology (STROBE) guidelines (Fig. 1).
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Fig. 1 Flowchart of the cohort showing the five time points and the data collected at each point. TO: preoperative baseline, R1: 3 month post-operative
review, R2: 6 month post-operative review, R3: 1 year post-operative review, R4: 2 year post-operative review

Sample collection and processing

Serum samples were taken at 5 time points (pre-oper-
ative baseline, 3 month, 6 month, 1 year, and 2 year
post-operative reviews) for NMR metabolomic analysis.
To investigate the associations of the metabolites with
serum inflammatory biomarkers, MetS indicators, as
well as blood and intracanal data from our previous stud-
ies were used for the correlation analysis [6, 19, 20, 24].
Serum inflammatory markers, including IL-1p, IL-6, IL-8,
MMP-2, MMP-8, MMP-9, hs-CRP, pentraxin-3, TNF-q,
E-selectin, VCAM-1, ICAM-1, and FGF-23, were quan-
tified using Magnetic Human Premixed Multi-analyte
Assay Kit (R&D systems, Bio-techne, Minnesota, USA),
along with ADMA and C3 quantified using enzyme-
linked immunosorbent assay at each time point. These
inflammatory markers were selected as they have been
repeatedly linked to AP in previous meta-analyses, and
on metabolic aspects demonstrated robust epidemiologi-
cal links to cardiometabolic risk [25, 26]. MetS indicators
including HbA1c level, lipid profile, waist circumference
(WC) and body mass index (BMI) were also obtained,
among which HbAlc and lipid profile were measured
from whole blood using AlcNow and CardioChek PA
(BHR Pharmaceuticals, Warwickshire, UK), respectively.
Intracanal samples were collected by a trained clini-
cian following a strict protocol [24]. Bacterial DNA was
extracted from intracanal and whole blood samples and
subjected to targeted sequencing of the V1-V2 hyper-
variable region of bacterial 16S rRNA gene, performed
by Eurofins Genomics (Eurofins Genomics, Constance,
Germany) with Illumina MiSeq 300. Detailed procedures
for sample collection and processing are described in the
supplementary material.

Clinical outcome assessment

Following standard endodontic procedures for root canal
treatment, root canal re-treatment, or periapical surgery,
the success of the treatment was defined in accordance
with the ESE 2006 guidelines [27]. Periapical healing
was assessed by periapical radiographs and cone beam
computed tomography (CBCT) scans (see supplemen-
tary material). The assessment was performed by two

calibrated endodontic specialists and the radiographic
outcomes were classified according to the six-point sys-
tem described by Patel et al. (2012) [28].

Nuclear magnetic resonance

A total of 44 metabolites were analysed from the serum
samples collected at 5 time points using NMR metabolo-
mics analysis (Table S2). These metabolites were selected
due to their repeatedly associations with insulin resis-
tance, incident type 2 diabetes, and cardiovascular risk as
reported in previous studies [29, 30]. For "H-NMR spec-
troscopy analysis, all spectra were acquired on a Bruker
Avance NEO 600 MHz equipped with a TCI Cryoprobe
Prodigy (Bruker Biospin, Karlsruhe, Germany), operating
at a proton frequency of 600.2 MHz at 298 K. The PROJ-
ECT1 pulse sequence was used, with a spectral window
of 20.8 ppm, a total spin-echo time of 77 ms, a relaxation
time of 4 s, an acquisition of 2.62 s and 64 scans. Addi-
tionally, a diffusion-ordered spectrum was applied to look
at lipoproteins, using a gradient of 80% for the diffusion,
a spectral width of 29.75 ppm, a relaxation time of 4 s, an
acquisition time of 1.84 s, 64 scans. TSP peak was used
as internal reference. The spectra were then analysed in
TopSpin (Bruker Biospin, Karlsruhe, Germany). A 0.3 Hz
exponential line broadening function was applied before
Fourier transformation and automatic phase correction.
The data were normalized to arbitrary units using proba-
bilistic quotient normalization.

Statistical analysis

To assess the associations between metabolite abun-
dance and clinical MetS indicators while adjusting for
potential confounders, generalized linear models were
applied, which included multiple covariates (e.g., BMI,
blood pressure, age, gender, HbAlc, and TC/HDL ratio)
as fixed effects and subject ID as a random effect to
account for repeated measures in the longitudinal design.
The association strength was assessed using P coefficients
from the regression model. The p-values were corrected
for multiple testing using the Benjamini—Hochberg False
Discovery Rate (FDR) method.
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For comparisons between the levels of serum metabo-
lites across different time points, mixed-effects analyses
with Geisser-Greenhouse corrections were performed
with Tukey’s post-hoc using GraphPad Prism (version
10.0.2). Correlation tests were performed using psych
package in R (version 4.3.2) based on Spearman correla-
tion coefficient. Pairwise deletion was utilized to manage
missing values. Principal component analyses (PCA) on
the metabolic profile were performed using GraphPad
Prism. The correlation networks were constructed using
Gephi (version 0.10.1) by keeping significant correla-
tions (p<0.05). Heatmap showing how serum metabo-
lites associated with other indicators were plotted using
pheatmap and ggplot2 packages in R.

Dynamic Bayesian modeling

To investigate the temporal shifts in the metabolomic
profiles following endodontic treatment, we employed
dynamic Bayesian network modeling, which enables the
inference of the probabilistic dependencies and directed
relationships among metabolites over time. After nor-
malizing the data and addressing the missing values using
forward-filling, metabolite abundances were processed
using bnlearn and dbnR packages in R. The network
structure was learned using Hill-Climbing algorithm.
Temporal constraints were enforced by prohibiting
reverse edges from later to earlier time points.

The learned network structure was then exported to
Cytoscape (version 3.10.3) for visualisation, where the
topological properties of each metabolite was analysed.
This approach provides insights into the key regulat-
ing metabolites during post-treatment recovery, as well
as the metabolic pathways involved in periapical heal-
ing. The regulatory role of each metabolite was assessed
based on its betweenness centrality, which in short quan-
tifies how frequently a metabolite appears on the shortest
link between others.

Results

Demographic and clinical assessment

The age, gender, clinical symptom, and size of periapi-
cal radiolucency (SOR) of the cohort are summarised in
Table S1. The MetS indicators and the genus-resolution
abundance in the intracanal and blood microbiome were
summarised in Table S3-S5. A total of 44 serum metabo-
lites were analysed (Table S2). Among these, 24 metab-
olites demonstrated significantly altered levels during
follow-up when compared to the baseline. These metabo-
lites were primarily involved in amino acids, glucose, and
lipid metabolism.

The potential influence of these demographic and clini-
cal factors on the longitudinal changes of the analysed
metabolites was assessed based on generalised linear
models (Fig. S1a). The results showed that the TC/HDL
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ratio was positively associated with serum fatty acids lev-
els (p=0.0053, Fig. S1b). Other demographic and clinical
factors, including age, BMI, blood pressure (systolic and
diastolic), waist circumference (WC), SOR, and HbAlc,
did not show significant associations with metabolite
profiles after multiple testing correction (p>0.05), sug-
gesting that they do not act as confounding factors in our
dataset.

Based on our radiographic assessment, 4 participants
demonstrated failure at 1 year review. The remaining
cases demonstrated healing or healed periapical radiolu-
cency. Whilst at 2 year review, treatments for all partici-
pants were considered radiographically successful, with
reduced or fully resolved periapical lesions.

Alterations in amino acids profile

The amino acid profile demonstrated robustness post-
operatively (Fig. 2a—c). Although the overall propor-
tion of each amino acid remained stable across baseline
and reviews, the levels of leucine, valine, glutamic acid,
asparagine, ornithine, glycine, histidine, and tryptophan
had significant changes throughout the follow-up com-
pared to their baseline levels (mixed-effects analysis with
Greenhouse—Geisser correction, p<0.05). Their levels,
except for tryptophan, showed significant decreases at
one or more time points during the follow-up period
when compared to baseline levels (Fig. 2d). On the con-
trary, tryptophan level demonstrated a progressive and
extensive increase at the review appointments compared
to the baseline (p<0.001; p<0.0001; p<0.0001; p<0.001
respectively), underlining its unique role in the heal-
ing process of periapical lesions. It should also be noted
that the branched chain amino acids (BCAAs) including
valine, leucine, and isoleucine made a higher contribu-
tion to the compositional dissimilarity in the amino acid
profile (Fig. 2c).

Alterations in glucose metabolism and energy production
Some metabolites involved in glucose metabolism and
energy production via glycolysis, gluconeogenesis, and
the tricarboxylic acid cycle (TCA cycle) were also anal-
ysed. These included the BCAAs, citric acid, glutamic
acid, glucose, and pyruvate. The shared pathways of these
metabolites are summarised in Fig. 3a. Our results sug-
gested significant changes in the serum levels of these
metabolites (Fig. 3b). The BCAAs, more specifically
leucine and valine, reduced significantly at 3 month
(p<0.0001 and p=0.0296, respectively) while the cit-
ric acid level increased at 3 month and 6 month reviews
(p=0.0006 and p=0.0273, respectively) when com-
pared to their pre-treatment levels. At the 1-year review,
the serum level of glutamic acid showed a significant
decrease (p <0.0001).
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Fig. 2 a Stacked bar plot showing the proportion of the analysed amino acids at different time points. b PCA showing the compositional differences of
amino acids. Both plots indicated a stable amino profile throughout the review process. ¢ The loadings of each amino acids are shown in blue vectors.
A longer vector indicated a higher contribution to the compositional dissimilarity among groups in terms of amino acids. d Scatter plots showing the
amino acids that showed significant changes during the review process when compared to baseline * p<0.05, ** p<0.01, *** p<0.001, *** p <0.0001,
mixed-effects analysis with Greenhouse—Geisser correction. Levels of the metabolites are presented in normalized arbitrary units
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Fig. 3 a A schematic diagram showing the pathways associated with energy production and glucose metabolism involving the analysed metabolites.
For each analysed metabolite, a heatmap shows relative change in its levels. Arrows in the heatmap represented significant increase (1) or decrease ({)
in levels compared to baseline. (Figure created with BioRender). b Scatter plots showing the changes in glucose, pyruvate, lactic acid, and citric acid
levels after treatment (mixed-effects analysis with Greenhouse—Geisser correction). ¢ Heatmap showing the Spearman correlation coefficient between
serum glucose level and inflammatory markers, MetS indicators, and lipid profiles. d Scatter plots showing the changes in the levels of lipid-associated
metabolites at the baseline and post treatment reviews (mixed-effects analysis with Greenhouse-Geisser correction). * p <0.05, ** p<0.01, *** p<0.001,
% p<0.0001.TO: baseline, R1: 3 month, R2: 6 month, R3: 1 year, R4: 2 year. Levels of the metabolites are presented in normalized arbitrary units

Furthermore, when compared to baseline levels, glu-
cose and pyruvate decreased significantly at the 2 year
review (p=0.0079 and p<0.0001, respectively) and lac-
tic acid decreased significantly at 6 month and 1 year
reviews (p=0.0020 and p<0.0001, respectively). These
alterations suggested improved glucose tolerance and
long-term benefits for glucose metabolism following
successful endodontic treatment. We also computed
the correlations between serum glucose levels and the
inflammatory biomarkers as well as MetS indicators
(Fig. 3c). Unlike other time points, at the 2 year review
when glucose significantly decreased, the serum glucose
level was not associated with any inflammatory markers
or MetS indicators. This was indicative that improved
glucose metabolism was associated with reduced inflam-
matory burden after endodontic treatment.

Alterations in lipid metabolism

We also observed significant alterations in the metabo-
lites associated with lipid metabolism, including choles-
terol, choline, and fatty acids (Fig. 3d). After treatment,
cholesterol levels were significantly lower at 3 and
6 month reviews when compared to baseline level
(p=0.0314 and p=0.0007, respectively). Choline levels
also reduced significantly at 6 month review (p =0.0004).
In addition, the levels of fatty acids (p=0.0180) reduced
significantly at the 3 month review and then recov-
ered at a later period. Triglyceride, although not signifi-
cantly reduced, demonstrated a tendency to decrease at
3 month review and then increased at 1 year and 2 year
reviews. The same tendency was also observed in fatty
acids levels. Together, these findings highlighted a link
between successful endodontic treatment and a short-
term benefit on lipid metabolism.

Correlations between serum metabolites and the other
parameters

Based on Spearman correlation coefficients, we inves-
tigated how serum metabolites were associated with
levels of MetS indicators (at baseline, 1 year, and 2 year
reviews) and inflammatory biomarkers (at baseline,
3 month, 6 month, 1 year, and 2 year reviews), as well as
the abundance of blood and intracanal microbes at base-
line. The rho and p values of all correlations are presented
in Table S6. Baseline correlations were visualised as a
network (Fig. 4). In general, levels of matrix metallopro-
teinase-8 (MMP-8), complement component 3 (C3), and

triglyceride, the abundance of Mycobacterium and Aci-
netobacter in blood, as well as the abundance of Afipia,
Bacillus, and Flavitalea in root canal had the most cor-
relations with the metabolomic profile. Significant cor-
relations with |rho|>0.5 are summarised in Fig. 5a. The
longitudinal changes in the rho values for each metabo-
lite and MetS indicator/inflammatory marker pair are
presented in Fig. 5b and c.

Serum metabolites and metabolic syndrome indicators
Triglyceride was highly correlated with the metabolomic
profile at baseline, 1 year, and 2 year reviews (Fig. 5b).
Throughout the review process, it was positively associ-
ated with the levels of acetone, mannose, cholesterol, and
fatty acids, and was negatively associated with the levels
of acetic acid, asparagine, citric acid, creatine phosphate,
formic acid, glutamine, glycine, histidine, lysine, metha-
nol, ornithine, and proline. In addition, HDL and total
cholesterol were positively correlated with the level of
choline. TC/HDL was positively correlated with the level
of mannose.

Stronger correlations emerged at the 2 year review
including the positive correlations between BMI and iso-
leucine; HbAlc and leucine; LDL and choline; WC and
isoleucine; and WC and leucine, as well as the negative
correlations between LDL and proline; TC/HDL and ace-
tic acid; TC/HDL and glutamine; and triglyceride and
hypoxanthine (Fig. 5b).

Serum metabolites and inflammatory markers

The correlations between serum metabolites and inflam-
matory markers were less robust than those between
metabolites and MetS indicators, exhibiting significant
correlations only at certain time points (Fig. 5c). The
most robust correlation was identified between MMP-8
and glucose, which were significantly negatively corre-
lated at baseline, 3 month, 6 month, and 1 year reviews.
IL-6 and glutamine were significantly negatively cor-
related at 3 month, 6 month, and 1 year reviews. How-
ever, at the 2 year review, the correlation became
positive. Strong significant positive correlations were
present between IL-6 and glutamine (2 year) and man-
nose (6 month, 1 year); IL-8 and alanine (2 year) and
lactic acid (3 month and 2 year); and MMP-8 and glu-
tamic acid (3 month), lactic acid (3 month, 1 year), and
phenylalanine (3 month). Strong negative correlations
were present between FGF-23 and citric acid (6 month,
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1 year); ICAM-1 and hypoxanthine (3 month); IL-6 and
glycine (1 year) and histidine (6 month, 1 year); IL-8
and glutamine (3 month); MMP-2 and glycine (1 year),
methanol (1 year), and threonine (6 month); MMP-8
and glutamine (3 month, 1 year); MMP-9 and acetic acid
(1 year), glucose (6 month, 1 year), glutamine (3 month,
1 year), and mannose (3 month), and also between TNEF-
alpha and glycine (6 month, 1 year) (Fig. 5c and Table S6).

Serum metabolites and blood/intracanal microbiome

The correlations between metabolites and the pre-
operative blood microbiome were found to be very
strong (Table S6). The strongest correlations were those
between Rothia and cholesterol (rtho=1, p<0.0001),
Janibacter and ethanol (rho=1, p<0.0001), aspara-
gine (rho=1, p<0.0001), as well as threonine (rtho=1,
p<0.0001). Amongst other strong correlations, Acineto-
bacter, Ralstonia, Delfia, Micrococcus, and Mycobacte-
rium had the most associations with serum metabolites
(Fig. 4). Specifically, Acinetobacter was negatively associ-
ated with acetic acid (rho= -0.62, p=0.02), glutamic acid
(rho=-0.64, p=0.01), ornithine (rho=-0.66, p=0.01),
methanol (rho=-0.62, p=0.02), threonine (rho= -0.56,

p=0.04), and tyrosine (rho=-0.57, p=0.03). Ral-
stonia was negatively associated with glutamic acid
(rho=-0.88, p<0.001), lactic acid (tho=- 0.72, p=0.03),
and phenylalanine (rho=- 0.72, p=0.03), and was posi-
tively associated with mannose (rho=0.72, p=0.03). Del-
fia was negatively associated with citric acid (rho=- 0.83,
p=0.04) and glycine (rho=- 0.83, p=0.04), and was
positively associated with triglyceride (rho=0.89,
p=0.02). Micrococcus was negatively associated with
glycine (rho=- 0.89, p=0.02) and glucose (rho=- 0.89,
p=0.02), and was positively associated with acetamino-
phen glucuronide (rho=0.94, p<0.001). Mycobacterium
was negatively associated with alanine (rho=- 0.75,
p=0.02), citric acid (rho=- 0.67, p=0.05), and glucose
(rho=-0.67, p=0.05), and was positively associated with
threonine (rho=0.72, p=0.03), cholesterol (rho=0.78,
p=0.01), polyunsaturated fatty acids (rho=0.82, p=0.01),
and unsaturated fatty acids (rho=0.77, p=0.02).

In terms of the intracanal microbiome, significant cor-
relations with specific metabolites were also present. The
significant positive correlations were between acetamino-
phen glucuronide and Enterobacter (rtho=0.71, p=0.010);
hypoxanthine and Bacillus (rho=0.68, p=0.001); and
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Fig. 5 a Correlations between serum metabolites and MetS indicators and inflammatory markers are shown in blue (significantly positive) and red (sig-
nificantly negative) lines. The relative changes in levels of the related metabolites are shown in the heatmap. b Longitudinal changes in Spearman coef-
ficients for each metabolite and MetS indicator pair, with rho values greater than 0.5 or less than — 0.5 at one or more time points. ¢ Longitudinal changes
in Spearman coefficients for each metabolite and inflammatory marker pair, with rho values greater than 0.5 or less than — 0.5 at one or more time points

ethanol and Enterobacter (rho=0.62, p=0.031), whereas
significant negative correlations were between proline
and Bacteroidaceae G1 (rtho=- 0.76, p=0.011); glucose
and Bacillus (rho=- 0.62, p=0.005) (Fig. 4).

Dynamic Bayesian modeling

A dynamic Bayesian network was constructed and ana-
lysed to identify key regulatory metabolites throughout
the review process (Fig. 6a). The regulatory influence of
each metabolite was assessed using betweenness cen-
trality. Based on the dynamic Bayesian analysis, the top
10 metabolites with the highest betweenness central-
ity included acetaminophen glucuronide (1 year), valine
(6 month), glutamine (6 month), lysine (3 month, 1 year,
and 2 year), methanol (6 month), alanine (1 year), orni-
thine (6 month), and threonine (6 month). Although the
abundances of these key regulators were not significantly
different when compared to their baseline levels (Fig. 6b),
the topological analysis revealed that they exhibited
either high outdegree or high indegree values (Fig. 6c),
indicating their strong involvement in the modulation

of other metabolites. This highlighted their pivotal roles
in shaping the temporal dependencies among serum
metabolites.

An essential metabolic pathway shared by these regu-
lators is the TCA cycle (Fig. 6d), which plays a central
role in cellular energy production. Valine can be metabo-
lized into succinyl-CoA, which directly enters the TCA
cycle to replenish intermediates and enhance ATP pro-
duction. Glutamine and ornithine undergo a series of
metabolic transformations to generate a-ketoglutarate
(a-K@G), a critical intermediate that fuels energy metabo-
lism through TCA cycle. Similarly, alanine and threonine
contribute to TCA cycle replenishment by converting
into pyruvate, which is further metabolized into succinyl-
CoA. Lysine can be degraded into acetyl-CoA, contrib-
uting to citrate synthesis in the TCA cycle, supporting
energy production.
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Discussion
Previous studies showed that the presence of AP contrib-
uted to bacteraemia and elevated CVD-related inflamma-
tory markers, and that successful endodontic treatment
was beneficial for long-term reduction in these inflam-
matory markers [6, 19, 24]. In this study, we further anal-
ysed 44 serum metabolites from AP subjects through the
same 2 year longitudinal cohort. The results supported
our hypothesis that endodontic treatment was also asso-
ciated with exceptional improvements in amino acids,
glucose, and lipid metabolism. These improvements were
further linked with energy production and bone remod-
eling possibly via the TCA cycle.

The BCAAs were the most contributing amino acids
to the dissimilarity in the amino acids profile across

baseline and reviews (Fig. 2c). Human epidemiological
studies suggested positive associations between circulat-
ing BCAA levels and the development of cardiometabolic
disorders such as diabetes, hypertension, and atheroscle-
rotic cardiovascular disease. Increased BCAA levels and
upregulated BCAA turnover are linked with chronic sys-
temic inflammation [31, 32]. Previous studies on gener-
alised periodontitis reported reduction in BCAAs after
periodontal therapies [33]. This is in line with our results
where circulating BCAA levels reduced significantly at
3 months (Fig. 2d), which was due to shifted dynamics
of BCAA metabolism possibly consequent to periapical
healing and remodeling after endodontic treatment. Pre-
vious studies suggested that increased circulating BCAAs
are associated with insulin resistance and are linked with



Zhang et al. Journal of Translational Medicine (2025) 23:1195

higher triglyceride and lower HDL [34-36]. Accord-
ingly, the post-treatment decrease in BCAAs may be
indicative of improved glucose tolerance and lipoprotein
metabolism.

In the periodontal field, randomized trials and meta-
analyses has shown that periodontal therapy can improve
systemic metabolic indices, including short-term reduc-
tions in glycaemic measures and favourable changes in
lipid profiles [16-18]. Similarly for AP, our longitudi-
nal data indicate that successful endodontic treatment
is associated with improvements in glucose and lipid
metabolism.

Improvements in glucose metabolism were reflected in
the changes of glucose and pyruvate levels. The associa-
tions between circulating glucose level and various car-
diometabolic disorders have been well documented [37].
During states of inflammation, elevated inflammatory
cytokines can cause insulin resistance and subsequently
increase the circulating glucose level [38]. Elevated glu-
cose can be converted into vascular deleterious agents
by pro-inflammatory stimuli, which in turn exacerbates
the pro-inflammatory pathways [39]. In short, there is
a mutually reinforcing relationship between hypergly-
caemia and systemic inflammation. Our results showed
a significant progressive reduction in glucose and pyru-
vate after endodontic treatment, especially at the 2 year
review (Fig. 3b), highlighting that successful endodontic
treatment is associated with on glucose tolerance and
reduced systemic inflammatory burden.

Alterations in lipid metabolism were evidenced by the
significant reduction in cholesterol, choline, and fatty
acids at 3 months or 6 months review (Fig. 3d) and indi-
cated a potential link between short-term benefit on
lipid metabolism and endodontic treatment. However,
we were unable to further subdivide fatty acids and cho-
lesterol based on our NMR strategy, which precluded us
from drawing explicit conclusions in terms of improve-
ments in lipid metabolism. Nonetheless, although not
statistically significant, a trend of reduction was observed
in serum triglyceride level at 3 month review, which was
also a sign of improved lipid metabolism. This may arise
from the clearance of bacterial infection with reduced
endotoxemia and pro-inflammatory mediators, induc-
ers of de novo fatty acid and triglyceride synthesis [40].
Indeed, baseline triglyceride level was strongly positively
correlated with Delftia abundance in blood (rho=0.89.
p=0.019) and had a clear tendency to correlate positively
with blood Ralstonia and Sphingomonas (rho=0.58 and
0.53, p<0.1) as well as intracanal Dialister (rho=0.40,
p<0.1) (Table S6).

Tryptophan is involved in various biological processes
such as via kynurenine pathway, where tryptophan is
degraded into kynurenine metabolites, which have piv-
otal roles in CVDs [41, 42]. Studies showed that serum
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levels of tryptophan are inversely associated with mor-
tality and fatal CVDs while its downstream kynurenine
metabolites were positively correlated [43]. Increased
serum kynurenine-to-tryptophan ratio under proinflam-
matory condition is associated with systemic conditions
such as MetS, atherosclerosis, and acute myocardial
infarction [44]. It is therefore considered a predictive bio-
marker for CVDs. In our study, lower tryptophan levels
at baseline were probably due to its catabolism caused by
the inflammatory burden of AP. However, after success-
ful endodontic treatment, when inflammation decreased,
a constant and significant increase in serum tryptophan
level was observed, with a 2 year serum tryptophan
level almost twice that at the baseline (Fig. 2d), imply-
ing reductions in both systemic inflammation and CVD
risks. Overall, we suggest that serum tryptophan can
serve as an indicator predicting the prognosis of AP and
AP-related risks for developing CVDs.

According to our correlation tests, triglyceride demon-
strated the most and strongest correlations with subjects’
metabolic profile, especially cholesterol and fatty acids,
positioning it as a potential predictor for AP prognosis
after treatment. In our earlier study [12], the AP-asso-
ciated increase of triglycerides was due to TG-enriched
very-large VLDL particles and small- and medium-sized
HDL particles. This suggests that the decreased lipopro-
tein lipase and cholesterol ester transfer protein activity
during inflammation maintains high TG-enriched par-
ticle concentrations [40, 45]. TG-enriched lipoproteins
are causally associated with both low-grade inflammation
and CVD risk. Further studies are needed to investigate
the details of the molecular mechanisms how triglycer-
ides, their fatty acid composition, and saturation degree
are affected by AP treatment.

In our study, bacteria in blood were detected even
before starting endodontic treatment and Bakhsh et al
(2025) confirmed endodontic source of this bacteraemia
[24]. This AP-associated bacteraemia may contribute to
a chronic, systemic effects. This was highlighted in our
study as both intracanal and blood microbiome genera
were strongly correlated with several serum metabolites,
showing their potential impact on systemic metabolic
profile. In addition to this oral-blood-axis, oral bacteria
may associate with lipid measures through other path-
ways. These could be the oral-gut axis affecting the major
role of the gut microbiome in the regulation of metabo-
lism and immunity, or even the gut-brain-axis putatively
modulating the eating behaviours [46]. Recent studies
showed that Rothia species, which were recovered in the
present study from both intracanal and blood samples,
are relevant to infective endocarditis by building destruc-
tive biofilms in the heart valve [47]. Similarly, nontuber-
culous mycobacterium is also associated with cardiac
abnormalities and infective endocarditis [48, 49]. In the
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present study, the strong positive correlations between
blood Mycobacterium abundance and lipid parameters
suggests that lipid metabolism improvement associated
with successful endodontic treatment might also be ben-
eficial in reducing Mycobacterium-related CVD risks.
However, the complex lipid-immune interactions includ-
ing active lipid mediators and immunomodulatory prop-
erties of lipids are poorly studied concerning the oral
infections. Thus, they warrant for further research since
oral infections may accelerate progression of chronic car-
diometabolic diseases and threat general health in the
form of acute infections [50].

In this study, the metabolomic profiles exhibited time-
series and multi-dimensional characteristics, necessi-
tating a dynamic probabilistic model to infer temporal
dependencies amongst all metabolites at different time
points [51, 52]. To achieve this, we employed dynamic
Bayesian modeling to highlight the influential metabo-
lites throughout the review period. Notably, most of the
key regulatory metabolites identified were closely linked
to the TCA cycle, a central hub of energy metabolism
that oxidizes nutrients to produce ATP and biosynthetic
precursors [53]. The TCA cycle is intricately connected
to inflammation through the accumulation of its inter-
mediates [54]. Within an inflammatory microenviron-
ment, macrophages undergo metabolic rewiring to adapt
to altered energy demands [55], shifting from high oxida-
tive phosphorylation to aerobic glycolysis and disrupting
TCA cycle [56]. This impairment results in the accumu-
lation of intermediates such as fumarates [57, 58], which
have been implicated in immune regulation and disease
progression. Furthermore, the impaired TCA cycle also
affects bone metabolism, potentially through mamma-
lian target of rapamycin (mTOR) signaling pathway. The
mTOR pathway regulates various energy- and nutrient-
intensive cellular processes [59], including osteoblast
activation and differentiation [60], and is highly sensitive
to cellular levels of ATP [61]. Consequently, the impaired
TCA cycle leads to ATP depletion, inhibiting mTOR sig-
naling and subsequently reducing bone remodeling.

Through dynamic Bayesian analyses, we identified
valine, lysine, ornithine, threonine, alanine, and gluta-
mine as key regulators in the longitudinal alterations in
the metabolomic profiles. These amino acids exhibit a
strong association with the TCA cycle (Fig. 6a). Along
with alterations in the abundance of other TCA cycle-
related metabolites (Fig. 3a), we hypothesize that suc-
cessful endodontic treatment may restore impaired
TCA cycle function by improving glucose and lipid
metabolism. The restoration of TCA cycle activity may,
in turn, promote periapical bone regeneration via the
mTOR signaling pathway. However, further studies are
required to elucidate the underlying mechanisms. Inter-
estingly, we also found that acetaminophen glucuronide
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and methanol, which are typically considered exogenous
metabolites, also exert extensive regulatory effects on the
metabolic network. However, their specific regulatory
roles and mechanisms in the healing of periapical inflam-
matory lesions remain to be further explored.

Several cautions are warranted when interpreting our
findings. Firstly, the sample size was modest (n=65).
Although we applied strict inclusion criteria and conser-
vative statistical procedures to capture subtle metabolo-
mic shifts associated with endodontic treatment, larger
studies in broader populations are needed to validate
these associations. Another major limitation is that the
absence of control groups—either individuals without
AP or cases with unsuccessful treatment—precluded us
from assessing whether baseline metabolomic profiles in
AP differ from those of healthy individuals or whether
adverse metabolic states persist or even worsen in unsuc-
cessful cases. Nonetheless, whilst longitudinally compar-
ing the serum metabolites, we also compared their levels
at 1 year review between healing/healed cases (n=46)
and failed cases (n=4) within the cohort (Fig. S2). The
differences were not statistically significant, likely due to
limited subgroup sizes, with only 4 failed cases at 1 year.
Future studies with appropriate control groups, including
healthy individuals and cases of unsuccessful treatment,
are warranted to better elucidate the baseline metabolic
disparities and their potential trajectories following dif-
ferent treatment outcomes. Thirdly, despite rigorous
recruitment criteria and evaluation of selected confound-
ers (Figure S1), residual confounding factors (e.g., dietary
habits) may have influences on metabolomic profiles or
periapical healing. These factors should be systematically
recorded and adjusted for in future work.

Taken together, our data support an association
between successful endodontic treatment and improve-
ments in glucose and lipid metabolism; however, they
do not establish a causal effect of endodontic treatment
on systemic metabolism. Definitive conclusions on the
causative role of successful endodontic treatment will
require well-powered, controlled epidemiological studies
and complementary mechanistic experiments in animal
models.

Conclusion

In summary, our findings suggest that successful end-
odontic treatment in AP patients is associated with
short-term benefits in lipid profile and long-term
improvements in glucose tolerance, and a reduction in
systemic inflammation. These metabolic improvements
are potentially associated with energy production and
bone remodeling in the post-treatment healing process,
possibly by restoring the TCA cycle function. Notably,
serum tryptophan, triglyceride, and glucose levels emerge
as potential AP prognostic biomarkers for monitoring
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post-treatment healing and assessing AP-related car-
diometabolic disease risks. Taken together, this study
highlights the broader systemic benefits of successful
endodontic treatment beyond oral health, suggesting a
potential role in mitigating cardiometabolic disease risk
and the clinical significance of metabolic monitoring in
AP patients undergoing endodontic treatment.
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