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Abstract

Background: The regeneration of the dentin-pulp complex represents a pivotal challenge in endodontics, requiring
a delicate balance between microbial eradication and tissue repair. This scoping review, conducted in accordance
with PRISMA-ScR guidelines, synthesizes current evidence on microbiological and pharmacological factors in-
fluencing regenerative outcomes.

Material and Methods: A systematic search of PubMed, Scopus, Web of Science, and Cochrane Library identified
242 studies, with 15 meeting inclusion criteria after screening.

Results: The review highlights the dominance of anaerobic biofilm-forming pathogens (Enterococcus faecalis,
Porphyromonas gingivalis) in periapical lesions, their virulence mechanisms (e.g., proteolytic enzymes, immune
evasion), and the rising threat of antibiotic resistance driven by B-lactamases and efflux pumps. Pharmacologica-
lly, while triple/double antibiotic pastes promote dentin thickening, their cytotoxicity at high concentrations and
disruption of commensal microbiota underscore the need for optimized dosing. Emerging alternatives—such as
antimicrobial peptides, calcium hypochlorite, and immunomodulatory biomolecules—demonstrate superior bio-
compatibility and dual action against pathogens while supporting stem cell viability.

Conclusions: Future directions emphasize microbiome-targeted therapies, advanced biomaterials, and personalized
approaches leveraging metagenomics. This review underscores the imperative to integrate selective antimicrobial
strategies with regenerative biology to advance endodontic outcomes.

Key words: Dentin-pulp regeneration, endodontic infections, biofilm, antimicrobial resistance, regenerative en-
dodontics.

el149



J Clin Exp Dent. 2025;17(9):e1149-58.

Introduction

The regeneration of the dentin-pulp complex represents
a pivotal challenge in dentistry, with significant clinical
and therapeutic implications for preserving dental vita-
lity. Unlike conventional endodontic treatments, which
focus on removing necrotic pulp tissue and achieving a
three-dimensional seal of the root canal system, regene-
rative strategies aim to restore biological functionality
by activating cellular and molecular mechanisms that
promote repair and tissue formation [1]. In this context,
microbiological and pharmacological factors play a cri-
tical role in modulating the microenvironment necessary
for the success of these procedures.

Pulp and periapical infections are closely associated with
complex microbial communities, predominantly compo-
sed of facultative and strict anaerobic bacteria organized
in highly resistant biofilm structures [2]. The ability of
these microorganisms to invade root canals, establish vi-
rulence factors, and evade the host’s immune response
directly influences disease progression and the success
of regenerative therapies [3]. According to studies by
Al-Ahmad et al. [4] and Siqueira et al. [5], the emer-
gence of bacterial strains with antimicrobial resistance
mechanisms poses a significant challenge in selecting
pharmacological treatments. These treatments must not
only effectively control infection but also facilitate the
restoration of pulp function. This integrated approach is
essential for addressing the complexities of the micro-
biology of endodontic infections and improving clinical
outcomes in patients with apical periodontitis.

From a pharmacological perspective, the use of antimi-
crobial agents, modulators of the inflammatory respon-
se, and pro-regenerative biomolecules has been extensi-
vely explored in the context of pulp regeneration [6,7].
However, the indiscriminate and inappropriate use of
antibiotics can lead to adverse effects, such as disrup-
tion of the oral microbiota and the selection of resistant
microorganisms, thereby compromising the long-term
effectiveness of treatments [1]. Consequently, there is
a pressing need to explore antibiotic tools with mini-
mal cytotoxic effects, emphasizing the importance of
standardizing concentrations, ratios, and approaches to
maximize antimicrobial efficacy without compromising
cellular viability or the regenerative capacity of the den-
tin-pulp tissue.

This review aims to analyze the microbiological and
pharmacological aspects involved in dentin-pulp com-
plex regeneration, focusing on the impact of periapical
infections on the feasibility of regenerative treatments
and the role of pharmacological interventions in modu-
lating the reparative process. The main limitations of
current therapies will be discussed, and new strategies
to optimize dentin-pulp tissue regeneration will be ex-
plored, integrating insights from microbiology, pharma-
cology, and regenerative biology. Through this analysis,
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the study seeks to contribute to the development of more
effective and targeted therapeutic approaches to improve
the prognosis of regenerative endodontic treatments.

Material and Methods

This scoping review was conducted in accordance with
the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses extension for Scoping Reviews
(PRISMA-ScR) to ensure a systematic and transparent
approach to synthesizing evidence [8]. The review pro-
tocol was developed to address the research question:
What are the microbiological and pharmacological fac-
tors influencing dentin-pulp complex regeneration? This
question guided the identification of relevant studies and
the synthesis of findings to map the current evidence
landscape and identify knowledge gaps.

A comprehensive literature search was performed across
multiple electronic databases, including PubMed, Sco-
pus, Web of Science, and the Cochrane Library, cove-
ring publications from January 2010 to April 2025. This
timeframe was selected to capture recent advancements
in regenerative endodontics while ensuring relevance
to contemporary clinical practice. The search strategy
combined controlled vocabulary (e.g., MeSH terms) and
free-text terms related to dentin-pulp regeneration, endo-
dontic infections, microbial biofilms, pharmacological
interventions, and regenerative endodontics. Key search
terms included “dentin-pulp regeneration,” “endodontic
infections,” “biofilm,” “antimicrobial resistance,” “anti-
biotics,” “immunomodulators,” “biomolecules,” and “re-
generative endodontics,” with Boolean operators (AND,
OR) used to refine the search. The strategy was tailored
to each database to optimize retrieval of relevant studies.
Inclusion criteria were established to focus the review
on studies pertinent to the research question. Eligible
studies included those investigating microbial biofilms
in endodontic infections, pharmacological interventions
(e.g., antibiotics, immunomodulators, biomolecules),
and regenerative endodontic outcomes, encompassing in
vitro, in vivo, or clinical studies. Studies were required
to be published in English and peer-reviewed to ensure
quality. Exclusion criteria comprised non-English stu-
dies, case reports, editorials, opinion pieces, and non-
peer-reviewed articles, as these were deemed less likely
to provide robust evidence for synthesis.

The study selection process involved two independent
reviewers who screened titles and abstracts against the
inclusion criteria using a standardized screening tool.
Discrepancies were resolved through discussion or
consultation with a third reviewer to ensure consensus.
Full-text articles of potentially eligible studies were re-
trieved and assessed for final inclusion. A PRISMA flow
diagram was used to document the selection process,
detailing the number of studies identified, screened, in-
cluded, and excluded, along with reasons for exclusion.
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Data extraction was performed by two reviewers using
a pre-designed charting form tailored to the review’s
objectives. Extracted data included study characteris-
tics, microbial species investigated, pharmacological
interventions, and regenerative outcomes. Data on an-
tibiotic efficacy, biofilm resistance mechanisms, and
biomolecular interactions were also charted to address
the microbiological and pharmacological dimensions of
the research question. Any disagreements during data
extraction were resolved through discussion.

Data synthesis employed a thematic analysis approach
to organize findings into meaningful categories aligned
with the review’s objectives. Themes included microbio-
logical factors (e.g., microbiota composition, virulence
factors, antibiotic resistance), pharmacological factors
(e.g., antibiotics, immunomodulators, pro-regenerative
biomolecules), microbial-pharmacological interactions,
and therapeutic alternatives. A narrative synthesis was
used to describe the findings, supported by tables and
figures where appropriate to summarize key patterns and
gaps in the literature. No meta-analysis was conducted,
as the scoping review aimed to map the breadth of evi-
dence rather than quantify effect sizes.
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Quality appraisal of individual studies was not per-
formed, consistent with scoping review methodology,
which prioritizes mapping the evidence over critical
appraisal. However, the review considered the overall
robustness of the evidence base by noting study designs
and methodological limitations during synthesis. Ethical
approval was not required, as the review relied on publi-
cly available published studies.

Results

A total of 242 studies were identified through the search
strategy in electronic databases. Following the removal
of duplicates and the application of eligibility criteria, 50
articles were selected for full-text assessment. During this
assessment, studies were excluded primarily for not ade-
quately addressing microbiological factors, pharmacolo-
gical factors, microbial-pharmacological interactions, or
therapeutic alternatives. The final synthesis of this sco-
ping systematic included 15 papers (9-23). The complete
search and selection process is illustrated in Figure 1.

An overview of the essential elements of the 15 studies
that were part of this scoping review can be found in
Table 1. The studies comprised a mix of in vitro (n=11),

Fig. 1: Diagram of the selection process.
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clinical (n=1), and review (n=3) designs, reflecting a di-
verse evidence base. All studies focused on regenerati-
ve endodontics, specifically addressing microbiological
and pharmacological factors influencing dentin-pulp
complex regeneration. Most studies were conducted in
controlled laboratory settings, clinical environments, or
through narrative synthesis, with a predominant focus
on teeth with pulp necrosis, periapical lesions, or expe-
rimental models of pulpal inflammation. Common me-
thodologies included cell viability assays, microbial cul-
ture, histological and histobacteriological assessments,
confocal laser scanning microscopy (CLSM), single-ce-
11 RNA sequencing, polymerase chain reaction (PCR)
analysis, and meta-analytical synthesis, providing a
comprehensive view of the challenges and opportunities
in regenerative endodontics.

The review systematically examines key aspects in-
fluencing regenerative endodontics, beginning with mi-
crobiological factors, which detail the polymicrobial na-
ture of periapical lesions, emphasizing biofilm-forming
pathogens like E. faecalis and virulence mechanisms
that exacerbate infections. Antibiotic Resistance Mecha-
nisms highlight challenges posed by biofilm resilience
and multidrug resistance, underscoring the limitations
of conventional disinfectants. The pharmacological Fac-
tors section evaluates antibiotic pastes (TAP/DAP) and
immunomodulators, noting their dual role in microbial
control and unintended cytotoxic or inflammatory effects
on dental pulp stem cells (DPSCs). Microbial-Pharma-
cological Interactions explore how broad-spectrum
antibiotics disrupt symbiotic microbiota, exacerbating
dysbiosis and impairing regeneration, while therapeutic
alternatives propose innovative solutions like antimicro-
bial peptides (AMPs), probiotics, and bioactive bioma-
terials to selectively target pathogens while preserving
tissue-healing microenvironments. Together, these sec-
tions illustrate the intricate balance required between
effective antimicrobial strategies and regenerative com-
patibility in endodontic therapy.

Microbiological Factors

Microbiota Associated with Periapical Lesions
Periapical lesions, chronic inflammatory responses to
microbial invasion of the root canal system, are driven
by polymicrobial communities dominated by faculta-
tive and strict anaerobic bacteria, such as Tannerella
forsythia, Bacteroides, Porphyromonas gingivalis, Pre-
votella intermedia, Prevotella nigrescens, Fusobacte-
rium nucleatum, Streptococcus constellatus, Trepone-
ma denticola, Enterococcus faecalis, Eubacterium, and
Campylobacter species. These bacteria form highly
structured biofilms that thrive in the anaerobic root canal
environment, evading conventional endodontic treat-
ments and host immune responses [9]. E. faecalis, in
particular, contributes to persistent infections due to its
robust biofilm-forming capacity. Infections were classi-
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fied as primary, secondary, or persistent, with primary
infections featuring strict anaerobes and secondary/per-
sistent infections showing microbiota shifts due to an-
timicrobial selective pressure [10]. Fungi like Candida
albicans were also implicated in endodontic failures,
with biofilms conferring 10-100 times greater resistan-
ce to treatments. Advanced metagenomic sequencing
revealed 177 genera and 340 species in endodontic in-
fections, highlighting the complexity of these microbial
communities and the need for precise therapeutic targe-
ting [9,10].

Virulence and Pathogenicity Factors

Microbial virulence factors significantly drive the pro-
gression of endodontic infections. Proteolytic enzymes,
such as gingipains from P. gingivalis, degrade host pro-
teins, facilitating tissue invasion and immune evasion
[11]. Lipopolysaccharides and exotoxins from species
like P. gingivalis and P. intermedia trigger intense in-
flammatory responses, contributing to pulp and periapi-
cal tissue destruction. Biofilm formation, particularly by
E. faecalis, confers up to 1000-fold resistance to anti-
biotics, complicating eradication. F. nucleatum acts as
an ecological bridge, enhancing biofilm stability through
co-adhesion. Treponema species, notably T. denticola,
modulate host immune responses by reducing neutrophil
phagocytosis, promoting chronic inflammation. Resi-
dual bacteria post-treatment were shown to cause locali-
zed dentin demineralization, underscoring the challenge
of complete microbial elimination [12].

Antibiotic Resistance Mechanisms in Pulp Infections
Antibiotic resistance poses a major barrier to regenera-
tive endodontics, driven by mechanisms such as p-lac-
tamase production, target site modification, and efflux
pump activation [13,14]. Biofilms act as physical and
biochemical barriers, reducing antimicrobial penetration
and efficacy. Frequent antibiotic use has led to multi-
drug-resistant strains, complicating chronic infection
resolution. Standard disinfection protocols, including
sodium hypochlorite (NaOCl), EDTA, and calcium hy-
droxide Ca(OH),, reduce microbial load but often fail
to eliminate resistant bacteria. Studies exploring double
antibiotic pastes (DAP) found that moderate concen-
trations preserve dental pulp stem cell (DPSC) proli-
feration, while high concentrations induce cytotoxici-
ty [15,16]. Antibiotic-eluting nanofibers and calcium
hypochlorite showed promise in reducing biofilms with
lower cytotoxicity, supporting their potential in regene-
rative therapies [17,18].

Pharmacological Factors

Antibiotics in Regenerative Therapy

Antibiotics are central to endodontic regenerative the-
rapy (RET), particularly in immature teeth with pulp
necrosis, where they facilitate microbial elimination to
create a regenerative microenvironment. Triple antibio-
tic paste (TAP) and double antibiotic paste (DAP) are
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commonly used, with DAP avoiding minocycline to
prevent discoloration. /n vitro studies showed DAP at
moderate concentrations does not impair DPSC viability
but reduces mineralization, affecting long-term regene-
rative potential [15]. Clinical studies reported DAP and
calcium hydroxide promote dentin wall thickening, with
DAP showing superior structural outcomes [19,20]. A
meta-analysis of 32 studies confirmed TAP/DAP’s asso-
ciation with dentin thickening, though root length gains
were comparable to calcium hydroxide [21]. Calcium
hypochlorite outperformed NaOCI in antimicrobial effi-
cacy and dentin preservation, supporting its use in RET
[17,18]. High antibiotic concentrations were cytotoxic,
reducing DPSC proliferation and odontogenic differen-
tiation, necessitating dose optimization [19,20].
Modulators of the Immune Response

Immune modulation is critical for successful dentin re-
generation, as chronic inflammation can hinder tissue
repair. Tertiary lymphoid structures (TLS) in chronic in-
fections were found to organize immune responses, po-
tentially aiding regeneration [22]. High concentrations
of TAP/DAP increased proinflammatory cytokines, per-
petuating inflammation and impairing DPSC function
[15,16]. Anti-inflammatory agents like TGF-p and inter-
leukins were proposed to restore immune homeostasis,
enhancing regeneration [21]. Biomaterials releasing im-
munoregulatory agents and inhibiting NF-xB pathways
reduced inflammation and supported cell proliferation
[20,21]. Clinical studies combining antimicrobial and
immunomodulatory strategies showed improved outco-
mes by preserving periapical tissue responses [19,20].
Pro-Regenerative Biomolecules

Antimicrobial peptides (AMPs) emerged as dual-action
agents, combating resistant bacteria while promoting
DPSC proliferation and differentiation [22]. Unlike
TAP/DAP, AMPs preserved cell viability and supported
matrix remodeling, creating a regenerative microen-
vironment [15]. Growth factors like PDGF and bFGF
enhanced angiogenesis and dentin formation, with sca-
ffold-based delivery improving outcomes [17,19-20).
Matrix metalloproteinase (MMP) inhibitors reduced
collagen degradation, aiding tissue organization [21].
Calcium hypochlorite preserved dentin matrix proteins,
supporting cell anchorage [18]. High antibiotic concen-
trations inhibited differentiation genes, highlighting the
need for biomolecule integration to counter these effects
[16].

Microbial and Pharmacological Interactions
Broad-spectrum antibiotics, such as TAP, disrupt oral
microbiota, causing dysbiosis and favoring resistant
pathogens, which compromises regenerative outcomes.
Commensal bacteria like Streptococcus sanguinis and
Veillonella spp. regulate immune responses, but their re-
duction by antibiotics increases proinflammatory cyto-
kines (IL-6, TNF-a), hindering DPSC differentiation.

Microbiological & Pharmacological Aspects in Dentin-Pulp Regeneration

High TAP concentrations induced DPSC cytotoxicity
via metabolic disruption and oxidative stress, limiting
regenerative potential. Antibiotics also altered MMP-2
and MMP-9 activity, affecting matrix remodeling and
growth factor release. Alternatives like AMPs, nanopar-
ticles, and probiotics showed promise in preserving mi-
crobiota and supporting regeneration, emphasizing the
need for selective antimicrobial strategies [15,16,21].
Therapeutic Alternatives

Emerging therapies aim to balance pathogen elimination
with microbiota preservation. AMPs (e.g., LL-37, B-de-
fensin-3) targeted resistant pathogens like Enterococcus
faecalis while promoting regeneration, with low resis-
tance risk [23]. Probiotics (Lactobacillus reuteri, Strep-
tococcus salivarius) and prebiotics reduced pathogenic
load and inflammation, supporting microbial diversity.
Bioactive biomaterials, such as silver/copper-doped bio-
ceramics and polylactic acid, provided controlled anti-
microbial activity without compromising cell viability,
offering biocompatible disinfection options. These al-
ternatives represent a shift toward selective, regenerati-
ve-focused endodontic therapies [15,16,21].

Discussion

The findings of this scoping review highlight the intrica-
te interplay between microbiological and pharmacologi-
cal factors in dentin-pulp complex regeneration, revea-
ling both advancements and persistent challenges. The
dominance of anaerobic bacteria, particularly E. faccalis
and P. gingivalis, in periapical lesions underscores the
difficulty of eradicating biofilms, which confer signi-
ficant resistance to conventional treatments [5,3]. The
identification of 177 genera and 340 species through me-
tagenomic sequencing emphasizes the need for precise
microbial characterization to inform targeted therapies
[10]. Virulence factors, such as gingipains and immu-
ne-modulating mechanisms, further complicate infec-
tion control, as seen with T. denticola’s ability to reduce
phagocytosis [24,25]. Antibiotic resistance, driven by
biofilms and mechanisms like pB-lactamases, limits the
efficacy of standard protocols, necessitating innovative
approaches [13,26].

Pharmacologically, TAP and DAP demonstrate rege-
nerative potential by promoting dentin thickening, but
their cytotoxicity at high concentrations highlights the
need for dose optimization [15,16,21]. Calcium hypo-
chlorite’s superior biocompatibility compared to NaOCl
suggests a shift toward less aggressive irrigants to pre-
serve dentin integrity [17,18]. The immunomodulatory
role of antibiotics, potentially influencing TLS forma-
tion, indicates a broader impact on tissue repair, though
this requires further exploration [22]. Pro-regenerative
biomolecules, such as AMPs and growth factors, offer
promising alternatives by balancing antimicrobial action
with tissue regeneration, contrasting with the limitations
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of traditional antibiotics [19,22]. The adverse effects of
antibiotics on oral microbiota, including dysbiosis and
increased inflammation, underscore the need for selecti-
ve therapies like probiotics and biomaterials that preser-
ve commensal bacteria [23].

The review’s findings align with the need for new the-
rapeutic approaches in endodontics, as prolonged anti-
biotic use exacerbates resistance and disrupts the pulp
microenvironment [27]. Combined therapies integra-
ting AMPs, MMP inhibitors, and nanoparticles enhan-
ce pathogen elimination while maintaining tissue ho-
meostasis, offering a synergistic approach to infection
management (28,29]. Targeted strategies, such as bacte-
riophages and photodynamic therapy, provide selective
antimicrobial action, minimizing collateral damage to
beneficial microbiota [29,30]. These advancements ne-
cessitate a restructuring of clinical protocols, incorpora-
ting biomarkers and metagenomic tools for personalized
therapy. The development of advanced experimental
models, like dentin-pulp organoids, could further refine
preclinical validation, bridging the gap between research
and clinical application [31,32].

This scoping review has several limitations. The exclu-
sion of non-English studies may have omitted relevant
findings from diverse contexts. The heterogeneity of
study designs (in vitro, in vivo, clinical) and outcomes
limited direct comparisons, reflecting the broad scope of
regenerative endodontics. The absence of quality apprai-
sal, typical for scoping reviews, means methodological
rigor was not formally assessed, potentially influencing
the reliability of some findings. The reliance on studies
from 2010-2025 may have missed earlier foundational
work, though this was intentional to focus on recent ad-
vancements. Finally, the limited number of clinical stu-
dies compared to in vitro and in vivo studies suggests a
gap in translating laboratory findings to clinical practice
[33].

Future research should prioritize long-term clinical trials
to validate the efficacy and safety of emerging therapies
like AMPs, probiotics, and bioactive biomaterials. Stu-
dies should focus on optimizing antibiotic concentra-
tions and delivery systems to minimize cytotoxicity whi-
le maximizing regenerative outcomes. The integration
of metagenomic sequencing and biomarkers in clinical
practice could enable personalized endodontic therapies,
tailoring interventions to individual microbial profiles.
Multidisciplinary research combining microbiology,
biotechnology, and biomaterial engineering is essential
to develop innovative models, such as organoids, for
testing new treatments. Addressing economic and regu-
latory barriers will be critical to ensure the accessibility
of these therapies. Finally, guidelines incorporating se-
lective antimicrobial strategies and immunomodulatory
approaches should be developed to standardize regene-
rative endodontic protocols.

Microbiological & Pharmacological Aspects in Dentin-Pulp Regeneration

Conclusions

This scoping review provides a comprehensive over-
view of the microbiological and pharmacological fac-
tors influencing dentin-pulp complex regeneration.
Anaerobic bacteria and biofilms, coupled with antibiotic
resistance, pose significant challenges to regenerative
endodontics, necessitating targeted and biocompatible
therapies. While TAP and DAP support dentin thicke-
ning, their cytotoxicity at high concentrations highlights
the need for dose optimization and alternative agents
like calcium hypochlorite and AMPs. Pro-regenerative
biomolecules and immunomodulatory strategies offer
promising avenues for enhancing tissue repair while
controlling infection. The adverse effects of antibiotics
on oral microbiota underscore the importance of selec-
tive therapies, such as probiotics and bioactive bioma-
terials, to preserve microbial homeostasis. Combined
and targeted approaches, supported by advanced diag-
nostics, hold the potential to revolutionize regenerative
endodontics, improving clinical outcomes. Continued
research and clinical translation are essential to overco-
me current limitations and realize the full potential of
these innovative therapies.
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