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ABSTRACT

Dental caries and periodontal disease remain among the most prevalent non-communicable conditions, and their redefinition as bio-
film dysbiosis opened the door to probiotics and, more recently, postbiotics as preventive agents. This narrative review reconstructs the
trajectory of mechanistic and clinical evidence on both classes between 2019 and 2026. OpenAlex, PubMed and Crossref were searched
for studies on probiotics and postbiotics in caries and periodontal prevention, and the synthesis was organized chronologically in three
periods: consolidation (2019-2021), refinement and emergence of postbiotics (2022-2024), and the current inflection toward standardi-
zation (2025-2026). Mechanistically, probiotics act through competitive exclusion, secreted antimicrobials, inhibition of glucan synthesis
and immunomodulation, and postbiotics retain these activities in inactivated or cell-free form. Clinical evidence evolved from small trials
of live strains that reduced Streptococcus mutans toward lesion-level outcomes; a 2026 trial reported progression to cavitated lesions
in 26.8% of children receiving Lactobacillus rhamnosus SP1 versus 46.3% of controls. In periodontitis, meta-analyses consistently show
improvements in probing depth and bleeding that are statistically significant but modest, and postbiotic candidates show bone-pro-
tective effects in preclinical models. The field has shifted from proving that live probiotics work to standardizing strain, dose and vehicle,
and postbiotics now represent the most active frontier because of their safety and stability.
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RESUMEN

La caries dental y la enfermedad periodontal siguen entre las enfermedades no transmisibles mas prevalentes, y su redefinicion como
disbiosis del biofilm abrid la puerta a probidticos y, mas recientemente, posbidticos como agentes preventivos. Esta revision narrativa
reconstruye la trayectoria de la evidencia mecanicista y clinica sobre ambas clases entre 2019 y 2026. Se buscé en OpenAlex, PubMed y
Crossref literatura sobre probidticos y posbidticos en la prevencién de caries y enfermedad periodontal, y la sintesis se organizé de forma
cronoldgica en tres periodos: consolidacion (2019-2021), refinamiento y emergencia de posbidticos (2022-2024) y el punto de inflexion
actual hacia la estandarizacién (2025-2026). Mecanisticamente, los probidticos actlan por exclusion competitiva, antimicrobianos se-
cretados, inhibicion de la sintesis de glucanos e inmunomodulacion, y los posbidticos conservan estas actividades en forma inactivada
o libre de células. La evidencia clinica evolucion6 desde ensayos pequefos de cepas vivas que reducian Streptococcus mutans hacia
desenlaces de lesion; un ensayo de 2026 reportd progresion a lesiones cavitadas en 26.8% de los niflos que recibieron Lactobacillus rham-
nosus SP1 frente a 46.3% del control. En periodontitis, los metaanalisis muestran mejoras estadisticamente significativas pero modestas
en profundidad de sondaje y sangrado, y los posbidticos muestran efectos protectores éseos en modelos preclinicos. El campo pasoé de
demostrar que los probidticos funcionan a estandarizar cepa, dosis y vehiculo, y los posbidticos representan hoy la frontera mas activa
por su seguridad y estabilidad.

Palabras clave: probidticos; posbidticos; caries dental; enfermedades periodontales; microbiota oral; prevencion.
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INTRODUCTION

Dental caries and periodontal disease remain among the most prevalent non-communica-
ble conditions of the human mouth, and both are now understood as consequences of a biofilm
that has drifted away fromm homeostasis. For most of the twentieth century caries was attributed
to specific acidogenic organisms and was managed by mechanical removal and broad antimicro-
bial agents. That view gave way to the ecological plague hypothesis, which described disease as a
disruption of microbial homeostasis driven by environmental pressure, chiefly repeated exposure
to fermentable carbohydrate, rather than by the arrival of a single pathogen.(1) Sequencing-based
surveys later confirmed that oral disease arises from a dysbiotic shift of a resident biofilm and not
from an exogenous invader.(2) The reframing changed the therapeutic target from eradication to
restoration of a balanced community, and it also reclassified caries as a non-communicable disease
that shares risk factors with other chronic conditions, with consequences for how prevention is
organized across health systems.(3,4) Both diseases impose heavy and unequal burdens, concen-
trated in childhood for caries and in adult life for periodontitis, and both are now approached as
preventable conditions rather than as problems to be repaired after they appear.(4)

Probiotics, defined as live microorganisms that confer a health benefit when administered
in adequate amounts, entered dentistry as a direct extension of this ecological reasoning.(5)Early
reviews catalogued strains, mostly lactobacilli, bifidobacteria and streptococci, with anticariogenic
or anti-gingivitis potential in vitro and in small clinical studies, and they already warned that the
effect tends to fade once administration stops.(6,7) The oral microbiota is nonetheless highly re-
silient, and exogenously administered strains tend to colonize only transiently, which set an early
limit on the durability of any benefit.(8)

A second conceptual turn arrived with postbiotics, defined in 2021 by the International Scien-
tific Association for Probiotics and Prebiotics as preparations of inanimate microorganisms and/or
their components that confer a health benefit on the host.(9)Postbiotics bypass the viability and
colonization constraints of live cells while retaining many bioactive fractions, from cell wall com-
ponents to secreted metabolites, and they carry practical advantages in shelf life and safety.(10,11)
The definition and its scope continue to be discussed and clarified, in part because the boundary
between an inactivated cell and its secreted products remains a matter of debate.(12)

The clinical literature on both classes accumulated rapidly between 2019 and 2026, but it re-
mains scattered across caries and periodontal endpoints, in vitro mechanisms and heterogeneous
trials, and its conclusions diverge.(13,14) A synthesis that traces the trajectory of the field, rather
than cataloguing individual studies, is therefore timely; recent consensus work stresses that the
microbiome can act both as an actor and as a stage for these interventions, although the practical
translation is still unsettled.(15)

The objective of this review is to synthesize the evolution of the mechanistic and clinical evi-
dence on probiotics and postbiotics for the prevention of dental caries and periodontal disease.
The synthesis is organized chronologically in three periods, consolidation (2019-2021), refinement
and emergence of postbiotics (2022-2024), and the current inflection toward standardization (2025-
2026), to identify what changed, what persisted, and the gaps that define the research agenda.

METHODS

This narrative review was planned and reported according to the main SANRA items, without
simulating exhaustiveness or systematic procedures. A literature search was run in October 2026
in OpenAlex, PubMed and Crossref with combinations of the terms probiotics, postbiotics, dental
caries, periodontal disease, gingivitis, periodontitis, Streptococcus mutans, Lactobacillus, and cli-
nical trial. No lower date limit was applied to supporting literature, while 2019 to 2026 was set as
the window for the core studies that sustain the synthesis. The reference lists of recent systematic
reviews were used to complete the selection, and each selected reference was verified against its
digital object identifier before inclusion.

Studies were eligible when they addressed mechanisms of action or clinical effects of pro-
biotics, synbiotics or postbiotics on caries or periodontal outcomes in humans, animals or in vitro
systems. Studies limited to unrelated oral conditions, oral cancer, halitosis or wound healing were
excluded unless they informed a mechanistic point. Peer-reviewed reviews, randomized trials,
systematic reviews with meta-analysis and preclinical studies were included; abstracts and theses
were not. The search was restricted to English-language databases, which is acknowledged as a
limitation.
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The development is organized chronologically into three periods delimited by explicit criteria:
consolidation of mechanisms and first-generation trials (2019-2021), refinement of strain specifi-
city and emergence of postbiotics (2022-2024), and the current inflection toward postbiotics and
standardization (2025-2026). The boundaries were chosen because the postbiotic concept gained
traction in the early 2020s and lesion-level outcomes appeared only at the end of the window, so
the periods capture genuine changes in the questions the field was asking rather than arbitrary
cuts. The foundations published before 2019 are summarized in the Introduction with classic refe-
rences. For each period the evidence was grouped by mechanism, caries outcomes and periodon-
tal outcomes, and a working matrix linked each claim to the studies that support or contradict it
and to their design and limitations. Four tables and two figures synthesize the mechanisms, the
representative clinical studies and the trajectory of the field. The catalogue of the target publisher
was also searched for pertinent articles; none addressed the topic directly, so none is cited here.

DEVELOPMENT

The evidence is presented in the three periods that structure the review (Figure 1). Across
the window, the number of core studies per year reflects a field that grew steadily and then con-
centrated its output in the most recent years, in parallel with the consolidation of the postbiotic
concept (Figure 2).

Figure 1. Timeline of inflection points in probiotic and postbiotic research for oral health, 2019-2026.

First periodontal RCTs vs chlorhexidine Postbiotic caries synthesis; preclinical periodontitis data
Ecological dysbiosis framework consolidated Postbiotic mediators active against S. mutans
Biofilm and anti-inflammatory mechanisms refined Strain specificity formalized; efficacy debated
Heat-killed probiotic: null caries increment Lesion-progression RCT; biotics network meta-analysis
T T T T T T T T
2019 2020 2021 2022 2023 2024 2025 2026

Year

Note: The vertical position of each label separates adjacent events and does not convey magnitude. Source: Own elaboration from the
studies synthesized in this review.

Figure 2. Number of core studies per year of publication, 2019-2026.
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Number of core studies
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Year of publication

Note: Core studies are those cited to sustain the synthesis in this section. Source: Own elaboration from the reference library of this review.
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Consolidation of mechanisms and first-generation trials (2019-2021)

The opening period consolidated the conceptual basis of the field. Critical appraisals publi-
shed at the start of the window made explicit that caries prevention no longer aims to eradicate a
specific microorganism and that probiotic trials should be judged against the restoration of a heal-
th-associated commmunity; they also cautioned that confidence in the effect estimate was limited
by risk of bias in the available school-based milk and lozenge programs.(4,16) The same ecological
reading was extended to the polymicrobial aetiology of caries, in which Streptococcus mutans acts
within a consortium and interacts with fungi and other aciduric species rather than in isolation.(3)

Mechanistic work in this period characterized how candidate strains interfere with cariogenic
biofilms (Table 1). Culture-supernatant studies showed that Lactobacillus reuteri and Streptococcus
oligofermentans reduce the survival and lactate production of Streptococcus mutans in an envi-
ronment-dependent manner; under glycerol-enriched conditions L. reuteri supernatant lowered
viability by 6.1to 7.11og10, while lactate production fell from a control value of 6.00 to 4.46 mM under
one medium condition.(17) A Lactobacillus reuteri isolate was found to secrete a compound that
weakens the stickiness of mutans glucans without killing the bacterium, through changes in the
gtfB and gtfC genes.(18) Synbiotic combinations of Lacticaseibacillus rhamnosus GG and arginine
suppressed Streptococcus mutans growth and biofilm biomass in vitro, with the highest probiotic
viability at 2% arginine.(19) Lactobacilli were also positioned as general anti-biofilm agents against
oral pathogens through coaggregation and secreted antimicrobials directed at both cariogenic
and periodontal species.(20)

Alongside strain-level mechanisms, the period revisited the boundary between probiotics and
prebiotics. Zaura and Twetman pointed out that caries-relevant prebiotics include alkali-generating
substrates such as arginine and urea, which health-associated bacteria metabolize into ammo-
nia, and that synbiotic products combining a probiotic with such a substrate deserved dedicated
evaluation.(16)The four-factor view of caries aetiology, integrating microorganism, environment,
host and time, supplied the framework within which these ecological interventions were tested.(3)

For the periodontium, the molecular evidence accumulated around two complementary
actions: direct inhibition of anaerobic pathogens and modulation of the host inflammmatory res-
ponse. A synthesis of four in vitro and ten preclinical studies concluded that probiotics alter biofilm
gene expression and the host response to inflammation, while warning that any manipulation of
the biofilm could also displace beneficial residents.(21) In vitro assays showed that Streptococcus
salivarius M18 and K12 and L. reuteri inhibit periodontal anaerobes, and that combinations of stra-
ins can act in concert, an observation that pointed toward multi-strain formulations rather than
single-strain products.(22) Reviews of the period concluded that the clinical translation was still
immature but biologically plausible, and noted that recent meta-analyses had questioned the
effect size in gingivitis and periodontitis.(23)

Table 1. Mechanisms of action of probiotics and postbiotics against cariogenic and periodontal biofilms.

Mechanism Probiotic (live cells) Postbiotic (inactivated or cell-free)
Competitive exclusion and coaggregation Present Absent or limited to surface components
Secreted antimicrobials (bacteriocins, H202, reuterin, .
- - Present Present in cell-free supernatant
organic acids)
Inhibition of glucan synthesis (gtfB downregulation) Reported Reported
pH buffering and alkalinization Strain dependent Reported
Immunomodulation (_cytqklne balance, M1/M2 Present Present
polarization)
Modulation of osteoclastogenesis Present in preclinical models Present in preclinical models

Note: H202 = hydrogen peroxide; gtfB = glucosyltransferase B gene; M1/M2 = macrophage polarization phenotypes. Source: Own
elaboration from the studies cited in this review.

Host-directed actions complemented the antimicrobial ones. The preclinical corpus reviewed
by Nguyen and colleagues showed that probiotic strains modulate inflammatory mediators in
gingival tissues rather than only suppressing pathogens, and it flagged the risk that reshaping
the biofilm could also perturb beneficial residents.(21)This dual reading, antimicrobial and immu-
nomodulatory, would later be transferred almost unchanged to postbiotic products.
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Two further questions framed the early trials. The first was delivery, because the same strain
may behave differently in milk, powder, lozenges or drops, and because candidates isolated from
the oral cavity were preferred over intestinal species for future work.(16)The second was the outco-
me, since early studies relied on salivary Streptococcus mutans counts and biofilm acidogenicity
rather than on lesion progression.(24)Both choices conditioned the results that the trials were able
to obtain.

Caries trials of the window produced divergent results. A randomized study in 201 children
showed that Lactobacillus rhamnosus SDI11 delivered either as fermented milk or as milk powder
reduced salivary Streptococcus mutans and the number of newly developed lesions over nine
months, with no clear advantage of one vehicle over the other and with practical arguments favo-
ring the powder for shelf life.(25)In contrast, a three-week trial of L. reuteri drops in 28 orthodontic
patients reduced the pH fall in the biofilm but did not change salivary Streptococcus mutans
or lactobacillus counts.(24)These two studies illustrate a pattern that would persist through the
decade: microbiological surrogates respond more consistently than hard lesion outcomes, and
three-week regimens proved too brief to shift the resident community.

Periodontal trials in the same years were more encouraging. Among 72 sailors examined
during a deployment at sea, 42 days of L. reuteri lozenges improved bleeding on probing, gingival
index and plaque scores compared with baseline and with a placebo group whose parameters
deteriorated over the same period, all differences reaching p < 0.001.(26) A three-arm trial in 60
patients compared chlorhexidine-based toothpaste with probiotic toothpaste with or without
probiotic chewing gum after scaling and root planing; most clinical indices did not differ between
groups, although the probiotic arms showed reductions in the orange complex and in Prevotella
intermedia and Fusobacterium nucleatum at six months.(27)The juxtaposition indicates that pro-
biotic benefit in periodontitis depends on the comparator and on the outcome selected (Table 2)
(Table 3).
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Table 2. Representative clinical studies on caries prevention by period.

Period Study and design Population Intervention Main result
2019-2021 Piwat et al. 2019 (RCT) 201 children L. rhamrjosus SD]] in fermented Redgced S: mutans anq new
milk or milk powder lesions with both vehicles
2019-2021 Alforaidi et al. 2021 28 orthodontlc L. reuteri drops for 3 weeks Reduced pH fall; no change in S.
(RCT) patients mutans counts
2022-2024 Staszczyk et al. 2022 140 children aged Thermally inactivated L. Lower caries incidence (p < 0.001)
(RCT) 3-6years salivarius tablets for 2 weeks at 12 months
2022-2024 Hasslof et al. 2022 38 p(eschool L. reuteri drops for 12 months No s!gnlﬁcant_ between-group
(RCT) children difference in recurrence
2022-2024 Porksen et al. 2023 288 children, Arginine plus LGG and L. Marked but non-significant RRR;
(RCT) 21,888 surfaces paracasei lozenge PF 81.6%
2025-2026 Ibacache et al. 2026 205 children aged L. rhamnosus SP1 milk for 10 Progression to cavitated lesions
(cluster RCT) 2-3 years months 26.8% Vs 46.3%

Note: RCT = randomized controlled trial; PF = preventive fraction; RRR = relative risk reduction; ICDAS = International Caries Detection and
Assessment System. Source: Own elaboration from the studies cited in this review.

Table 3. Representative clinical studies on periodontal outcomes by period.

Period Study and design Population Intervention Main result

Schlagenhauf et al. 2020
(RCT)

All clinical parameters improved

2019-2021 (p < 0.001)

72 sailors L. reuteri lozenges for 42 days

Probiotic toothpaste or
2019-2021 Butera et al. 2020 (RCT) 60 patients | toothpaste plus chewing gum vs
chlorhexidine

No difference in most indices;
some pathogen reductions

Hardan et al. 2022 (meta- PPD, CAL and BOP improved,;

2022-2024 X 21 studies Probiotics as adjunct to SRP ;
analysis) plague did not
2022-2024 Gheisary et al. 2.022 (meta- Mult|ple Probiotic supplementation Reduced P. gingivalis and MMP-8
analysis) studies
2025-2026 Mensi et al. 2025 (RCT) | 44 patients L. reuteri lozenges with SPT Mg edeitenel PRl redlueten; e
bleeding at plaque sites
2025-2026 Jeon et al. 2026 (RCT) 80 adults Utteiz iz elloeife il el & GI-0.19 vs -0.08; BOP -7.74 vs -2.82

weeks

Note: RCT = randomized controlled trial; SRP = scaling and root planing; PPD = probing pocket depth; CAL = clinical attachment level; BOP
= bleeding on probing; Gl = gingival index; SPT = supportive periodontal therapy. Source: Own elaboration from the studies cited in this
review.

By the end of 2021 the field had a coherent mechanistic story and a scattered clinical record.
The laboratory literature converged on strain-specific and environment-dependent effects, while
the trials differed in population, vehicle and outcome, so the direction of the benefit was clear but
its size and durability were not.(23)That gap between mechanism and clinical translation became
the organizing tension of the period that followed.

Strain specificity, standardization, and the emergence of postbiotics (2022-2024)

The second period shifted attention from whether probiotics work to which strain, at what
dose and through which vehicle. Reviews of the polymicrobial interactions behind caries stressed
that the effect of any single strain must be read within the surrounding community, and that
species such as Lactobacillus plantarum exert strain-dependent anti-caries activity across caries,
periodontal and apical disease.(28,29) A comprehensive mechanistic account of probiotics, prebio-
tics, synbiotics and postbiotics framed caries prevention as microbiota management rather than
pathogen elimination, and traced the field across three decades of microbial preparations.(30)

The prebiotic and synbiotic arm also widened. Mechanistic syntheses catalogued how pre-
biotic substrates selectively feed health-associated residents and how synbiotics couple a live
strain with its preferred substrate to extend persistence, a logic that the arginine-based studies
had already exploited.(19,30) This broadening blurred the original probiotic definition and prepared
the ground for the inactivated and cell-free products that followed. Caries trials in this period were
heterogeneous in a way that is itself informative.
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A randomized trial of thermally inactivated Lactobacillus salivarius in 140 preschool children
reported lower caries incidence and prevalence in the probiotic group after twelve months, with
the primary endpoint reaching p < 0.001 for incidence, an early clinical signal that viability is not
indispensable for anticaries benefit.(31) A placebo-controlled trial of L. reuteri drops in 38 children
after restorative treatment found a high recurrence rate of 67% with no significant difference
between groups, and the authors attributed the null result to insufficient power after recruitment
losses during the pandemic.(32) A larger trial combining arginine with two lactobacilli in 288
children and 21,888 tooth surfaces reported relative risk reductions in caries transitions that were
marked but did not reach statistical significance, and a preventive fraction of 81.6% for the combined
formulation against 24.9% for fluoride toothpaste alone.(33) A systematic review of nine randomized
trials in preschool children concluded that probiotics were effective but that the level of evidence
remained inadequate.(34)

In parallel, postbiotics emerged as a distinct category. Postbiotic mediators from Lacticasei-
bacillus rhamnosus GG and L. reuteri inhibited Streptococcus mutans biofilm, metabolic activity
and gtfB gene expression in vitro, with gtfB downregulation reaching p = 0.01, positioning cell-free
products as biofilm-destruction agents.(35) A comprehensive review integrated probiotics and
postbiotics into a single oral health framework and described the range of postbiotic components,
from short-chain fatty acids to cell wall fragments.(36) A clinical evaluation of heat-killed probiotic
and postbiotic lozenges reported enhanced oral immunity, inhibition of oral pathogens and enri-
chment of beneficial residents after oral use.(37) These developments anticipated the definitional
consolidation of the postbiotic concept that was taking place in the broader microbiome literature
at the same time.

The effector logic of postbiotics deserves a closer reading. Cell-free fractions retain the mole-
cules that the live cell exports, from short-chain fatty acids and bacteriocins to cell wall fragments
and exopolysaccharides, and these components act on the biofilm and on the host epithelium
without requiring colonization.(36)The in vitro data with Lactobacillus-derived mediators showed
that the activity is concentration dependent and strain specific, which is why the field moved
toward characterizing the fraction rather than administering crude lysates.(35)This is the mecha-
nistic bridge that the later preclinical periodontitis studies would cross.

Periodontal evidence matured through meta-analyses. A synthesis of 21 studies found that
probiotics as adjuncts to scaling and root planing improved probing depth, clinical attachment
level and bleeding on probing, but did not improve plague index, with p values of < 0.001, < 0.001
and 0.005 for the three favorable outcomes and 0.16 for plaque.(38) A second meta-analysis repor-
ted reductions in Porphyromonas gingivalis, Fusobacterium nucleatum and Tannerella forsythia
counts, with standardized mean differences of 0.402 for P. gingivalis, together with lower levels
of the inflammatory markers MMP-8 and IL-6, while noting that the preventive role of probiotics
could not be assessed for lack of studies.(39) Overviews emphasized that the choice of species and
strain conditions the periodontal result,(40) and a systematic review comparing probiotics with
antibiotics for periodontal therapy supported the probiotic option where antimicrobial resistance is
a concern.(41) A critical clinical perspective on forty studies cautioned that benefits concentrate in
severe cases and that longer follow-up shows variability and potential regression of the effect.(42)

The same period generated a healthy skepticism about delivery. Analyses of commercial
formulations noted that lyophilization can compromise viability to the point that a product ceases
to meet the probiotic definition, and asked whether oral probiotics deliver what they promise.(43)
Reviews of the oral microbiome in periodontitis insisted that any intervention must be evaluated
against the resilience of the resident commmunity rather than against pathogen counts alone.(44)
Preclinical work with a four-strain combination confirmed anticaries activity in vitro and in a rat
caries model,(45) and a randomized trial of probiotics and kefir in 36 patients with periodontitis
examined whether fermented vehicles could reinforce the effect of scaling and root planing on
the oral microbiota.(46)

The meta-analytic picture also began to separate gingivitis from periodontitis. For perio-
dontitis the adjunctive benefit over scaling and root planing was reproducible across syntheses,
whereas for plaque-induced gingivitis the effect was smaller and less consistent, a distinction that
later syntheses would confirm and that complicates any single recommendation for periodontal
disease as a whole.(38-40)The same syntheses flagged high statistical heterogeneity, driven by
strain, dose and follow-up, which the critical clinical perspective translated into a caution against
expecting uniform results.(42)
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Postbiotics and the search for standardized preventive agents (2025-2026)

The most recent period concentrates on postbiotics and on the standardization of outcomes.
Systematic reviews confirmed that Lactobacillus reuteri and L. rhamnosus reduce salivary Strep-
tococcus mutans in children aged six months to twelve years, with effects that are strain-specific
and context-dependent and that extend to lesion indices in some syntheses.(47,48) A network
meta-analysis quantified probiotic effects on Streptococcus mutans across formulations and deli-
very routes,(49)and a pilot randomized trial extended the microbiological evidence to multi-strain
preparations in children.(50)

A methodological shift accompanied the clinical one. The 2025-2026 syntheses applied gra-
ded certainty assessments and network methods rather than simple vote counting, which is why
their conclusions are more measured than those of the first period.(49,51) The strain-specific reviews
made the context dependence of the effect explicit, distinguishing children from adolescents and
caries increment from Streptococcus mutans counts.(48)This tightening of standards belongs to
the same standardization impulse visible in the postbiotic literature.

A lesion-level trial of the window marked an inflection point. In a cluster-randomized trial, 205
children aged 2 to 3 years from ten nursery schools received milk supplemented with Lactobacillus
rhamnosus SP1 or standard milk for ten months; progression to cavitated lesions occurred in 26.8%
of children in the probiotic group and in 46.3% of the control group, with no intervention-related
adverse events.(52)This outcome moved the field beyond surrogate counts of Streptococcus mu-
tans and toward the clinically meaningful endpoint of lesion progression, which previous trials had
only begun to address.

Head-to-head comparisons of the biotic classes followed. A network meta-analysis concluded
that probiotics, particularly L. rhamnosus and L. reuteri delivered in lozenges or dairy, show mode-
rate-certainty evidence for modest caries prevention in children, and that prebiotics, synbiotics and
postbiotics require larger validation with standardized clinical endpoints.(51)A systematic review of
postbiotics for caries reported inhibition of Streptococcus mutans growth, biofilm and virulence
gene expression through direct antimicrobial activity, adhesion blockade and pH buffering, and
noted that human trials in that review documented reduced salivary counts and increased pH after
postbiotic exposure, with advantages in safety, stability and incorporation into oral care products
over live cells.(53)A comprehensive review of synbiotic and postbiotic supplements, spanning five
caries and twelve periodontal reports, found low-certainty evidence that lozenges reduce caries in-
cidence in children and that they enhance scaling and root planing in adults with periodontitis.(54)

Safety data accumulated in parallel with efficacy. The network meta-analysis recorded adverse
events that were mild and infrequent across the biotic classes,(51) and the lesion-progression trial
reported no intervention-related adverse events over twelve months.(52) This profile, together with
the absence of viable cells in postbiotic products, supports the feasibility of postbiotics in popula-
tions for which live bacteria are discouraged, a point the postbiotic reviews make explicitly.(53,54)

Preclinical periodontology began to supply the missing mechanistic link for postbiotics. Post-
biotics derived from Lactococcus lactis and Streptococcus thermophilus suppressed pro-inflam-
matory M1 macrophage markers, promoted M2 markers, inhibited osteoclast differentiation and
reduced alveolar bone loss in a ligature-induced mouse model.(55)Live Ligilactobacillus salivarius
CCFMI1332 and its postbiotics both reduced alveolar bone resorption and attachment loss in a rat
model of periodontitis through antibacterial and anti-inflammatory pathways, with the live form
improving bone volume fraction by 49.5% and the postbiotic reducing bone loss by 32.7%.(56)The-
se findings extended the bone-protective rationale from live cells to their inactivated derivatives.

The translation of these preclinical postbiotic effects into oral products is now the explicit goal.
The postbiotic reviews frame the transition as one from live-cell products, whose activity depends
on viability and formulation, to characterized inactivated or cell-free fractions with reproducible
composition.(36,53) The contrast with the heterogeneous live-cell products of the first period is the
clearest sign that the field has entered a standardization phase.

Novel agents and precision strategies closed the trajectory. A randomized trial of Weissella
cibaria CMU in 80 adults with gingivitis reported significantly greater reductions in gingival index
and bleeding on probing than placebo, with gingival index changes of -0.19 versus -0.08 and blee-
ding on probing changes of -7.74 versus -2.82, together with lower counts of Porphyromonas gin-
givalis, Treponema denticola and Prevotella intermedia.(57) Streptococcus dentisani was reviewed
as an oral probiotic with an arginine deiminase pathway that generates ammonia and buffers pH,
a mechanism complementary to the antimicrobial route.(58) A systems-biology account proposed
combining postbiotics with phages to target Streptococcus mutans within engineered biofilms,
extending the precision agenda beyond live bacteria.(59) The confluence of these approaches in-
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dicates that the field no longer treats the biotics as a single category but as a toolbox from which
strain, fraction and delivery can be selected.

Across the 2025-2026 publications, the two diseases converge on a common agenda. For ca-
ries, the goal is now lesion-level prevention with standardized biotics;(51,52) for the periodontium,
the goal is to convert reproducible but small adjunctive gains into protocols with defined strain,
dose and follow-up.(60,61) In both cases the postbiotic form is positioned as the vehicle through
which standardization is most likely to be achieved.(54)

Periodontal maintenance studies tempered the enthusiasm. In supportive periodontal the-
rapy, three weeks of L. reuteri lozenges added no reduction in probing depth or residual pockets
and no durable change in the subgingival biofilm, although bleeding was lower at plaque-covered
sites.(61)A pilot trial in 120 women with periodontitis combined probiotics with dietary counseling
and reported clinical benefits of the combined approach over conventional treatment alone.(62)
A meta-analysis of probiotics for gingivitis and periodontitis found improvements in plaque index
and bleeding on probing that became significant only in analyses restricted to shorter follow-up,
with a confidence interval of -0.77 to -0.07 and p = 0.019.(60) The synthesis of the three periods is
summarized in (Table 4).

Table 4. Synthesis of the trajectory of probiotics and postbiotics in caries and periodontal prevention by

period.
Period Key findings Inflection point Level of evidence
Foundations (up to Ecological plaque hypothesis; . .

2018) Brohiotic conceptderined Baseline framework Conceptual and classic

2019-2021 Vizehelsnn reflned; f'rSt bz Consolidation of live probiotics Preclinical and small trials
randomized trials
2022-2024 Sl el ey [pesilbioles ehneies) Shift toward inactivated forms Trials and meta-analyses
meta-analyses
Lesion-level outcomes; biotic Postbiotic and standardization Network meta-analyses and
2025-2026 ) i’ S : N .
comparisons; precision strategies agenda lesion trials

Note: The foundations period is covered in the Introduction with classic references. Source: Own elaboration from the studies synthesized
in this review.

DISCUSSION

The trajectory reconstructed here runs from live probiotics to postbiotics, and the most con-
sistent finding is also the most sobering: the mechanisms are reproducible, but the clinical effects
are modest and unevenly distributed across outcomes. Reductions in Streptococcus mutans, in
probing depth and in bleeding on probing recur across trials, whereas hard lesion outcomes were
measured only at the end of the window and remain rare. The field therefore changed in its object,
from proving that beneficial microbes can shift the oral biofilm to standardizing which preparation,
at which dose and for which endpoint.

What changed is easiest to describe. The mechanistic basis grew from the ecological plague
hypothesis(1)into a catalogue of strain-specific actions, including secreted antimicrobials, inhibition
of glucan synthesis and immunomodulation.(63,64) Early oral reviews that compiled candidate
strains(6,7) were progressively replaced by syntheses organized around dysbiosis restoration.(13,65)
The decisive conceptual change was the formal definition of postbiotics,(9)which legitimized inac-
tivated and cell-free preparations and redirected attention from colonization, which the oral cavity
resists,(8)to the bioactive fractions themselves.(66,67)

What persisted is the heterogeneity. Trial-level results in caries range from significant reduc-
tions in incidence with thermally inactivated Lactobacillus salivarius(31)to null recurrence in a small
L. reuteri trial,(32)and the meta-analytic evidence describes the pooled benefit as modest.(51)In
periodontitis, meta-analyses agree on improvements in probing depth and bleeding,(38,39) but a
clinical perspective on forty studies documented variability and regression with longer follow-up.
(42)The disagreement is explained less by biology than by design: populations differ in age and
baseline risk, strains and vehicles are rarely comparable, doses are unstandardized, and outcomes
range from microbial counts to ICDAS transitions. This is the same diagnosis reached by reviews
of commercial viability and delivery.(43,48)

The two diseases also followed different trajectories. Caries research adopted microbial counts
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early but reached lesion-level outcomes late, whereas periodontal research adopted clinical pro-
bing outcomes from the outset and then enriched them with microbiological and inflammatory
markers.(38,39) This asymmetry explains why the caries literature is dominated by Streptococcus
mutans surrogates while the periodontal literature already sustains meta-analytic estimates of
clinical benefit, and it cautions against reading the two bodies of evidence with the same yardstick.

The gap between laboratory and clinic deserves emphasis. In vitro and animal models re-
produce the mechanisms faithfully, from glucan inhibition(18)to macrophage polarization,(55) yet
clinical trials repeatedly settle at modest effects. Part of the gap is ecological, because the resident
biofilm resists replacement and an exogenous strain must act within its brief window of persis-
tence.(8,44) Part is measurement, because surrogate endpoints are sensitive but do not capture
the clinical event that matters.

The emergence of postbiotics does not resolve the heterogeneity, but it changes the risk
calculus. Because postbiotics are inanimate, they avoid the safety concerns attached to live cells
in immunocompromised or very young patients and simplify storage and formulation.(53,54) Me-
chanistically, cell-free products retain the antibiofilm activity of the parent strain,(35)and preclinical
periodontitis models show that postbiotics can suppress macrophage-driven inflammation and
alveolar bone loss.(55,56) Whether this advantage translates into lesion-level prevention in humans
is the open question that the 2026 trial of L. rhamnosus SP1 began to answer for live cells.(52)

Compared with prior reviews, this synthesis is distinctive in treating time as the organizing va-
riable. Earlier comprehensive accounts listed mechanisms and studies without periodization,(14,68)
whereas the chronological reading reveals that the field crossed two thresholds: the demonstra-
tion that viability is not essential for anticaries effect, which appeared as early as 2022,(31)and the
adoption of lesion progression as an outcome, which arrived only in 2026.(52)The first threshold
explains the current prominence of postbiotics; the second is the prerequisite for regulatory and
clinical acceptance.

The meta-analytic record also contains internal tensions worth naming. Preschool reviews
read the evidence as encouraging,(34)while the network meta-analysis downgrades the same
benefit to moderate certainty and modest size.(51)The difference is not a contradiction: it reflects
the inclusion window, the outcome selected and the strictness of the certainty assessment, which
is exactly the heterogeneity that standardization is meant to reduce.

The practical implications follow from this reading. Probiotics and postbiotics are adjuncts,
not substitutes: they do not replace fluoride, sugar restriction or mechanical biofilm control, and
in periodontitis they add value to scaling and root planing rather than replacing it.(38,61) Strain
selection should be deliberate, because Lactobacillus reuteri and L. rhamnosus carry the largest
evidence base.(51)For patients in whom live cells are undesirable, postbiotic formulations offer a
lower-risk alternative with emerging support.(53,54)

These conclusions translate differently across patient groups. In children, the evidence su-
pports probiotic milk or lozenges as a low-risk adjunct to fluoride and dietary control, with the
strongest data for L. rhamnosus and L. reuteri.(47,52) In orthodontic patients, where plaque ac-
cumulates around fixed appliances, probiotic drops reduce the acidogenic challenge but not ne-
cessarily the microbial load.(24)In adults under periodontal maintenance, the role is narrower and
should be reserved for patients with poor plagque control or residual bleeding.(61)In all groups the
recommendation depends on strain, dose and follow-up, which the standardized trials of the co-
ming years are expected to specify.(60)

The clinical meaning of these effect sizes should be stated plainly. A reduction in bleeding on
probing of a few points, or a difference in cavitation of about 20 percentage points in one trial, does
not abolish the need for conventional prevention, but it represents a real, low-risk increment for
patients who already perform daily biofilm control.(52,60) Expectations are therefore best framed
as adjunctive rather than curative.

Safety considerations reinforce the postbiotic turn. Live probiotics are generally regarded
as safe, but they are avoided in severely immunocompromised hosts, and their viability through
storage and formulation is uncertain.(43)Inactivated preparations remove both concerns while
preserving the effector fractions, which is why the most recent syntheses frame postbiotics as the
safer and more stable member of the biotics family.(53,54)

This review has limitations that condition its conclusions. The search was not systematic
and did not apply a formal risk-of-bias instrument to every study; a future systematic review with
PRISMA reporting and graded certainty would complement this account. The selection was res-
tricted to English-language databases, so studies published in other languages may be missing;
widening the search would test the robustness of the trajectory described here. Publication bias
probably inflates the positive signals, because null trials in this field are less visible; registration-ba-
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sed searches would address it. Finally, several of the findings that anchor the trajectory rest on
single trials or preclinical models, particularly for postbiotics, and the pooled estimates depend
on short follow-up; primary lesion-level trials with standardized dose, vehicle and follow-up are the
most direct remedy.

The evidence base also skews geographically. Most of the trials summmarized here were con-
ducted in European, Asian and Latin American pediatric settings, and the transferability of the effect
to other populations and oral health systems is assumed rather than demonstrated.(52,62) Studies
in low-income settings, where the caries burden is concentrated, are scarce, and the delivery-ve-
hicle work suggests that formulation and local infrastructure will condition real-world uptake.(25)

The research agenda that follows is concrete. Trials should report progression of non-cavi-
tated and cavitated lesions rather than Streptococcus mutans counts alone, following the 2026
precedent.(52)Head-to-head comparisons of live and inactivated forms of the same strain would
isolate the contribution of viability. Dose-response and vehicle standardization would reduce the
heterogeneity that currently limits meta-analytic certainty.(60)Postbiotic candidates that show
bone protection in animals(55,56) should advance to human periodontal trials with lesion and
attachment endpoints.

The next trials will also have to resolve three design questions. Whether the primary outcome
should be cavitation, as in the 2026 trial,(52)or a continuous measure of lesion activity remains open,
and the choice determines sample size. Whether probiotics should be compared against placebo,
against fluoride, or head-to-head against their own postbiotic derivative also remains unresolved,
and each comparison answers a different question.(51)The follow-up must extend beyond twelve
months, because the periodontal record shows that effects can regress once administration stops.
(42)

CONCLUSIONS

The mechanistic foundations of probiotics against caries and periodontal disease were con-
solidated between 2019 and 2021 through competitive exclusion, secreted antimicrobials, inhibi-
tion of glucan synthesis and immunomodulation. Between 2022 and 2024 the field refined strain
specificity, showed that viability is not essential for anticaries benefit, and established postbiotics
as inactivated or cell-free alternatives with retained antibiofilm activity. Between 2025 and 2026
the evidence moved toward lesion-level outcomes and head-to-head comparisons, with probiotics
showing modest preventive effects and postbiotics emerging as the most active frontier because of
their safety and stability. Throughout the trajectory, clinical effects remained statistically significant
but modest, concentrated on surrogate and short-term endpoints, and constrained by heteroge-
neity in strain, dose, vehicle and follow-up. That persistent gap between a reproducible mechanism
and a modest clinical effect, more than any single trial result, defines the standardization agenda
that should guide the next generation of trials.
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