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ABSTRACT

Aim: To determine the effect of probiotic lozenges containing Lacticaseibacillus rhamnosus PBOI1, Latilactobacillus curvatus
EBI0 and xylitol after non-surgical periodontal treatment (NSPT) on changes in microbial composition. The secondary aims were
to assess the clinical and immunological impact of probiotic consumption.

Materials and Methods: Eighty adults with stage IT or III periodontitis were enrolled and received NSPT at baseline, followed
by a 12-week consumption of probiotics or placebo. Microbial sampling and clinical examination were performed at baseline,
Week 6 and Week 12. The subgingival microbiota was analysed using 16S sequencing, the salivary microbiota by metagenomic
sequencing and selected cytokines and proteases in saliva by bead-based immunoassay.

Results: Sixty-one participants completed the trial (probiotics n=32, placebo n=29). At Week 12, Treponema socranskii,
Selenomonas sputigena, Dialister pneumosintes, Dialister invisus, Anaeroglobus geminatus and Fusobacterium nucleatum were
significantly associated with the placebo group, while Streptococcus sanguinis, Neisseria elongata and Neisseria oralis were as-
sociated with the probiotic group. Bleeding on probing percentage (BoP%) and number of periodontal pockets (PPD) >5mm
decreased significantly more in the probiotic group compared to the placebo group (p <0.05).

Conclusion: The tested probiotic supplement resulted in an additional short-term decrease in periodontitis-associated species
along with greater improvements in BoP% and PPD >5mm 12weeks post-NSPT, compared to the placebo group.

1 | Introduction responses to NSPT vary, which has prompted the exploration of
adjunctive strategies, such as probiotics (Sanz et al. 2020).

Periodontitis is a prevalent, multifactorial inflammatory dis-

ease, which, if left untreated, results in loss of tooth-supporting Probiotics are defined as live microorganisms conferring

tissues and ultimately tooth loss (Van Dyke et al. 2020; Frencken health benefits to the host when administered in adequate

et al. 2017). Non-surgical periodontal treatment (NSPT) remains amounts (Hill et al. 2014). The mechanisms of action in oral

the key in treatment of periodontitis (Sanz et al. 2020). However, health are still not fully understood but are believed to be local
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by a direct interaction with the oral microbiota and systemic
by indirectly promoting anti-inflammatory and inhibiting
pro-inflammatory host responses (Plaza-Diaz et al. 2019).
Studies reporting microbial compositional changes have em-
ployed techniques focusing on selected microbial species, and
only a few studies have reported immunological findings (Ho
et al. 2020; Hu et al. 2021; Ikram et al. 2018; Li et al. 2023;
Martin-Cabezas et al. 2016; Mishra et al. 2021; Ram et al. 2024;
Song and Liu 2020; Vives-Soler and Chimenos-Kiistner 2020;
Lundtorp-Olsen et al. 2024). The application of probiotics
in conjunction with NSPT shows equivocal clinical results,
with some studies reporting improvements in pocket depth
(PPD) and bleeding on probing percentage (BoP%), compared
to a placebo group, while other studies fail to reach signifi-
cance between groups (Ho et al. 2020; Hu et al. 2021; Ikram
et al. 2018; Li et al. 2023; Martin-Cabezas et al. 2016; Mishra
et al. 2021; Ram et al. 2024; Song and Liu 2020; Vives-Soler
and Chimenos-Kiistner 2020; Nguyen et al. 2020). To capture
the full impact of probiotics as an adjunctive strategy in peri-
odontal treatment, the efficacy of probiotics should ideally be
evaluated using compositional microbiological data, clinical
parameters and immunological biomarkers.

We have previously tested the effect of a probiotic lozenge
containing Lacticaseibacillus rhamnosus PB01 DSM14870,
Latilactobacillus curvatus EB10 DSM32307 and xylitol in
conditions of experimental gingivitis and frequent sugar in-
take in orally healthy young adults in short-term trials. Data
showed that this combination of probiotic strains supported
microbial resilience after experimental gingivitis and sup-
pressed sugar-induced loss of diversity of the supragingival
microbiota (Lundtorp et al. 2023; Lundtorp Olsen, Massarenti,
et al. 2023).

In the present study, we aimed to determine whether con-
sumption of probiotics containing L. rhamnosus PB01 and
L. curvatus EB10 was accompanied by a greater decrease in
the mean abundance of periodontitis-associated species in
the subgingival and salivary microbiota 12weeks post-NSPT
compared to placebo. Secondary outcomes in the study were
reduction in mean number of PPD >5mm, mean BoP% and
mean abundance of proinflammatory cytokines and proteins
in saliva.

2 | Materials and Methods
2.1 | Study Design

This double-blinded, randomised, placebo-controlled su-
periority trial was conducted from 22 October 2022 to 21
June 2023, at the Department of Odontology, University of
Copenhagen. It is the third in a series testing the same pro-
biotic consortia on gingivitis, dental caries and periodontitis.
All participants provided informed consent, and the trial was
conducted per the Helsinki Declaration. Ethical approval was
obtained (H-21003295), and the trial was registered at Clini
calTrial.gov (NCT05518747) and reported to the University
of Copenhagen's local data authorisation (514-0649/21-3000).
Through computerised randomisation (www.randomizer.org,
accessed October 1, 2022), 80 participants were allocated 1:1

to probiotic or placebo lozenges by D.B., who was the only per-
son unblinded to the allocation. Lozenges were assigned right
after the first two steps of therapy (Sanz et al. 2020) and contin-
ued throughout the 12-week study period. Clinical examina-
tions and sample collections were repeated at 6 and 12 weeks
(£1 week). The study flow chart is shown in Figure 1, and the
CONSORT checklist is given in Appendix 1.

2.2 | Study Population

The study population comprised 80 adults recruited at the
Department of Odontology, University of Copenhagen. As no
prior studies were available to inform a formal sample size cal-
culation for probiotics as an adjunct to periodontal treatment
using 16S rRNA sequencing and metagenomic analyses, the
study was exploratory/pilot in nature. The sample size was prag-
matically informed by our previous study (Belstrem et al. 2018),
which demonstrated significant clinical and microbiological
changes. As the additional effect of probiotics was unknown,
the sample size was inflated by 40% to account for potential
variability (25 +25x 0.4 =35), with a further 10% added to allow
for dropouts (35+35x0.1=39), resulting in a final target sam-
ple size of n=39 participants per group. Microbiological analy-
ses focused on species previously associated with periodontitis,
assessed in an exploratory, data-driven manner using LEfSe and
DESeq2. No individual species was pre-specified as the primary
outcome. Clinical and immunological outcomes were consid-
ered secondary.

The exclusion criteria were treatment requiring diseases in the
oral cavity except for periodontitis stage II or III, <20 teeth,
self-reported inflammatory or immunological diseases, dys-
regulated diabetes (fasting blood sugar outside 4-7 mmol/L
and blood sugar 2 h after a meal > 10 mmol/L), cancer within
4years, corticosteroid and biological medicine intake, anti-
biotic prescription or subgingival instrumentation within 3
months before trial participation, tooth extraction or surgery
within 2 months before trial participation, use of probiotics 1
month before participation and pregnancy. The inclusion cri-
teria were age > 18years and being diagnosed with periodon-
titis stage II or III, grade A-C either localised or generalised
according to the 2017 Classification (Caton et al. 2018).

2.3 | Clinical Examinations and Periodontal
Treatment

Clinical examinations were performed by a Master's student
in dentistry (S.V.R.A.) at baseline and repeated 6 and 12 weeks
after subgingival instrumentation. Intra- and inter-rater reli-
ability of plaque index (PI), PPD and clinical attachment level
(CAL) were assessed. PI (binary) was analysed with Fleiss' x
for intra-rater and unweighted Cohen's x for inter-rater agree-
ment, while PPD and CAL (continuous) were evaluated using
intra-class coefficients (ICC, two-way random, single mea-
sures, consistency). Intra-rater reliability was good to excel-
lent (PI, 0.738; PPD, 0.864; CAL, 0.867). Inter-rater reliability
was similarly good to excellent (PI, 0.725; PPD, 0.800; CAL,
0.797) (Koo and Li 2016; Landis and Koch 1977). Clinical ex-
aminations were performed after the collection of samples and
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FIGURE1 | Flowchart of the study.

after participants performed routine oral hygiene procedures.
At baseline and week 12, PI, PPD, BoP and CAL were mea-
sured, while only PI and BoP were registered at Week 6. PI was
registered by using SUNSTAR G-U-M RED-COTE disclosing
tablets. At all three time points, all measurements were per-
formed at six sites (disto-facial, mid-facial, mesio-facial, disto-
oral, mid-oral and mesio-oral) on each tooth (third molars
excluded). Periodontal therapy consisted of the first two steps
of therapy (oral hygiene instructions, elimination of local re-
tentive factors, professional mechanical removal of supragin-
gival plaque and calculus and subgingival instrumentation)
according to the EFP guideline (Sanz et al. 2020) (adjunctive
therapies, host-modulation and chemical agents and antimi-
crobials were avoided), and was delivered simultaneously
by C.M.L.O. within 4weeks of the baseline registrations.
Subgingival instrumentation was performed with curettes

and ultrasonic instruments in combination. Oral hygiene in-
structions were repeated at week 6 by S.V.R.A.

2.4 | Probiotic and Placebo Lozenges

The probiotic and placebo lozenges were identical in appear-
ance, both lemon-flavoured, and prepared at ADM Denmark
as previously described (Lundtorp et al. 2023; Lundtorp Olsen,
Massarenti, et al. 2023). Each lozenge contained a minimum
of 1x108CFU of L. rhamnosus PB0O1 DSM14870 and L. curva-
tus EB10 DSM32307 and 491 mg xylitol. Participants were in-
structed verbally and in writing to slowly dissolve one lozenge
and swallow the saliva in the morning and in the evening after
oral hygiene procedure, avoiding food and drinks for the subse-
quent 30 min.
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2.5 | Collection of Samples

Paraffin, chew-stimulated saliva and subgingival plaque sam-
ples were collected as described (Lundtorp et al. 2023; Lundtorp
Olsen, Massarenti, et al. 2023; Belstrom et al. 2018; Lundtorp-
Olsen, Enevold, Juel Jensen, et al. 2021; Lundtorp-Olsen,
Enevold, Twetman, and Belstrom 2021). In brief, participants re-
frained from food and drink 2 h before sampling. Saliva was col-
lected first, followed by subgingival plaque from the two deepest
periodontal pockets (excluding third molars and distal sites on
second molars with impacted wisdom teeth). Samples were
collected before any instrumentation, with oral hygiene post-
poned until after sampling. All samples were collected between
8.00AM and 3.00 PM, immediately stored at —18°C, transferred
to —80°C within 6h and kept until analysis. Sampling times
were standardised across visits.

2.6 | Sample DNA Extraction, Library Preparation
and DNA Sequencing

DNA extraction, sequencing library preparation and 16S sequenc-
ing were performed as previously described (Lundtorp-Olsen,
Enevold, Juel Jensen, et al. 2021; Lundtorp-Olsen, Enevold,
Twetman, and Belstrom 2021). In brief, the V1-V3 region of the 16S
gene was targeted using MiSeq (Illumina, San Diego, CA, USA).

Metagenomic libraries were prepared with the Nextera XT Library
kit according to the manufacturer's instructions (Illumina). DNA
was simultaneously fragmented and tagged with dual index se-
quencing adapters. Library quality control was ensured using the
HSD5000 kit in the TapeStation 4200 equipment (Genomic DNA
and D1000 screentapes, Agilent, USA). NovaSeq 6000 sequencing
platform in a 150 paired-end reads configuration generated *.bcl
files as primary sequencing output (NovaSeq Control Software
(NCS) v1.6). Bel2fastq 2.20 program was used to translate the se-
quencing reads from bcl (Base Calling) to FASTQ format and re-
move sequencing adapters.

2.7 | Cytokine, Protein and Enzyme Analysis

Analyses of cytokines were performed following manufacturer’s
protocol as previously described (Lundtorp et al. 2023; Lundtorp
Olsen, Massarenti, et al. 2023; Yilmaz et al. 2023). In brief, sam-
ples were centrifuged for 5min at 9300g, and levels of interleu-
kin (IL)-8, IL-1f3, monocyte chemoattractant protein-1 (MCP-1)
and macrophage migration inhibitory factor (MIF) were mea-
sured from salivary supernatants by bead-based immunoassay.
The limit of detection (LOD) was 0.36 pg/mL for IL-8, 0.24pg/
mL for IL-13, 0.44pg/mL for MCP-1 and 2.45pg/mL for MIF.
For details, see Appendix 2.

The analyses of the proteins, amylase activity, total protease
activity (TPA), chitinase activity and albumin were performed
as previously described (Lundtorp et al. 2023; Lundtorp Olsen,
Massarenti, et al. 2023; Morquecho-Campos et al. 2020; Bikker
et al. 2019; Prodan et al. 2015). Briefly, samples were centrifuged
(10.000g, 10min) and the supernatant was aliquoted. Total pro-
tein concentration was analysed using Pierce BCA Protein Assay
Kit (ThermoFisher, CAT#23227) according to manufacturer's

instructions (Lundtorp et al. 2023; Lundtorp Olsen, Massarenti,
et al. 2023; Morquecho-Campos et al. 2020). Albumin was quan-
tified on rabbit anti-human albumin-coated microplates with bo-
vine serum albumin (BSA) standards (25-1500 ug/mL) (Bikker
et al. 2019; Prodan et al. 2015). Samples were diluted 1:2000 and
incubated with horseradish peroxidase (HRP)-conjugated anti-
human albumin, with o-phenylenediamine dihydrochloride as
substrate (Bikker et al. 2019; Prodan et al. 2015). Amylase ac-
tivity was determined by diluting the samples 1:100 in MILLI-Q
and mixing with 2-chloro-4-nitrophenyl a-D-maltotrioside
(Morquecho-Campos et al. 2020). TPA was assessed by mixing
50 uL PEK-54 substrate with 50 uL saliva, while chitinase activity
was measured mixing 50 uL 4-methylumbelliferyl §-D-N,N’,N"’-
triacetyl chitotriose substrate with 50puL saliva. TPA and chiti-
nase activity were measured fluorometrically at 37°Cforabout
1h at 5-min intervals. For details, see Appendix 3.

2.8 | Bioinformatic Processing and Statistics

Background information is presented by descriptive statistics.
Clinical data and data on cytokines, enzymes and albumin were
checked for normal distribution by Q-Q plots. Immunological
data were log-transformed. Comparisons within groups were
performed by ANOVA adjusted with Tukey's corrections for
multiple testing and ANCOVA between groups with baseline
measurements as covariates. Nicotine usage was considered a
confounder. An intention-to-treat (IIT) analysis was performed
to assess clinical effectiveness, as well as a dichotomous analysis
for clinical interpretation of periodontal therapy outcomes. To
evaluate the relationship between microbial shifts and clinical
or immunological improvements, principal component analy-
sis (PCA) and Spearman correlation were performed. A p value
<0.05 was considered significant for all analyses.

Bioinformatic processing of 16S samples was performed as
previously described (Lundtorp et al. 2023; Lundtorp Olsen,
Massarenti, et al. 2023; Lundtorp-Olsen, Enevold, Juel
Jensen, et al. 2021; Lundtorp-Olsen, Enevold, Twetman, and
Belstrom 2021; Lundtorp Olsen, Markvart, et al. 2023) by match-
ing the demultiplexed Illumina reads against the 16S rRNA
Human Oral Microbiome RefSeq database (HOMD) v. 15.2
(Escapa et al. 2018). The subgingival microbiota was character-
ised and compared according to relative abundance adjusted for
multiple testing by Benjamini-Hochberg's correction (Hochberg
and Benjamini 1990). Linear discriminant analysis effect size
(LEfSe) was used to identify differences between groups (Segata
et al. 2011) with significant differences identified by the com-
bined criteria of Kruskal-Wallis p <0.05, Wilcoxon p-adjusted
<0.05 and LDAscore >2. a-Diversity was compared between
groups by ANCOVA with baseline adjustment.

Metagenomic data were processed as previously described, with
minor modifications (Rodenes-Gavidia et al. 2023). In brief,
reads were standardised and assigned using Metaphlan (Blanco-
Miguez et al. 2023) to eHOMD (Escapa et al. 2018). Metagenomes
were annotated by Kyoto Encyclopaedia of Genes and Genomes
(KEGG) annotation (Kanehisa et al. 2016). Data were normalised
(McMurdie and Holmes 2013) and a-diversity was tested by the
Wilcoxon test. -Diversity was analysed by Bray-Curtis dissim-
ilarity matrix and PERMANOVA analysis (Vegan et al., 2019).

4
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DESeq2 (Love et al. 2014) was used to identify differentially abun-
dant taxa and genes (p<0.05 and if present in at least 50% of the
samples in one group). A gene set enrichment analysis (GSEA) was
conducted on KEGG modules based on the results from DESeq2
(Korotkevich et al. 2019). All analyses were performed using R and
R Studio. For details, see Appendix 4.

3 | Results
3.1 | Background Data and Compliance

Nineteen participants dropped out due to antibiotic prescription
(n=6), absence (n=7), withdrawal of consent (n=2), tooth ex-
traction (n =2), surgery (n =1) and non-compliance (n = 1). These
were excluded from further analysis. Groups were comparable
at baseline regarding diagnoses, age, sex, nicotine use, well-
regulated diabetes (fasting blood sugar levels: 4-7mmol/L) and
previous periodontal treatment (p > 0.05, Table S1). Compliance
was similar between groups, p>0.05 (mean forgotten lozenges;
placebo, n=25.6, probiotics, n=18.6, Figure S1).

3.2 | Sequencing Metadata

DNA extraction and library preparation succeeded for 180/183
subgingival samples (98.4%), yielding between 13.418 and
136.109 DNA reads after quality check (QC) and bioinformatic
processing. In total, 126 genera and 461 bacterial species were
identified, covering 96.42% and 61.96% of sequences, respec-
tively. For saliva, sequencing succeeded in all 183 samples,
yielding 5.7-51.2 million reads after QC and bioinformatic pro-
cessing and identifying 604 species.

3.3 | Subgingival Microbiota

PCA showed modest separation between groups 6 weeks post-
NSPT, but no clustering at 12weeks. a-diversity decreased sig-
nificantly more in the probiotic group at 12weeks (Shannon
p=0.01; Simpson p=0.03). Relative abundance analysis of the
20 most abundant species showed significantly higher abun-
dance of Capnocytophaga and Lautropia at Week 6 and Neisseria
at both 6 and 12weeks in the probiotic group compared to pla-
cebo. Fusobacterium was significantly more abundant in the
placebo group at Week 12 (Figure 2). LefSe identified 30 species
differing between groups (Figure 3), with Treponema socranskii,
Selenomonas sputigena, Dialister pneumosintes, Dialister in-
visus, Anaeroglobus geminatus and Fusobacterium nucleatum
enriched in the placebo group, while Streptococcus sanguinis,
Neisseria elongata and Neisseria oralis were enriched in probiot-
ics group after 12 weeks.

3.4 | Salivary Microbiota

In saliva, a-diversity decreased more in the probiotic group
from baseline to Week 6 (Richness p=0.043; Shannon p =0.034)
and to Week 12 (Richness p=0.007). PERMANOVA attributed
77.4% of variance to individual effects (p=0.001), 1% to NSPT
(p=0.002) and 2% to the probiotic intervention (p <0.001).

Composition heatmap (16S rRNA V1-V3, Genus level)

Baseline Week 6 Week 12

Prevotella - || SN SN 95 | 74 87 | 65

Fusobacterium = | 79 8.4 76 9 87 64 %
Treponema = | 104 9.6 6.9 5.9 8.1 6.4
Streptococcus = 3.7 3 95 7 76 9.8
Porphyromonas = = 82 8.1 6.5 3.9 5.7 4.1
Neisseria = 18 24 39 91 * 4 92 %

Actinomyces = 4 31 6.6 47 42 36
Corynebacterium = 25 28 42 43 55 5
Capnocytophaga = 3 25 35 55 % 37 45
Veillonella = 35 26 55 27 48 34
Alloprevotella = 33 46 32 19 35 1.8
Selenomonas = 3 3.8 28 25 3 27
Leptotrichia = 24 3.2 2.2 2.9 28 35
Rothia = 2 06 3 34 2.1 4

Lautropia = 1 23 2 42 * 14 35
Campylobacter = 23 1.9 22 23 23 22
Fretibacterium = 26 22 1.7 14 19 12
Parvimonas = 15 13 1.6 1.8 19 1
Saccharibacteria_(TM7)_[G-1] = o038 1.1 1.6 13 14 14
Tannerella = 16 1.8 1 0.9 1 09

1 1 1 1 1 1

(boépo (}\\Ge 00&90 @@0«3 Ooéoo 60,\\09

T T T

relative -

abundance (%)

FIGURE2 | Heatmap of 15 predominant genera. Impact of NSPT on
the subgingival microbiota for the placebo and probiotic group present-
ed as mean values of relative abundances of the 15 predominant genera.
*Significant differences between groups.

DESeq?2 identified 23 differentially abundant species. Several
species decreased in the probiotic group, while the microbiota
in the placebo group remained relatively stable throughout the
trial. Specifically, Tanerella forsythia and Campolybacter rec-
tus decreased more after Week 6, and Prevotella nigrescens and
C. rectus decreased more after Week 12 in the probiotic group
(Figure 4). Functionally, the probiotic group showed greater
decrease in abundance of genes related to oxidative phos-
phorylation, fatty acid biosynthesis, alanine, aspartate and
glutamate metabolism, valine, leucine and isoleucine degra-
dation, arginine and proline metabolism and citrate cycle and
increased genes related to B6 vitamin metabolism and ascor-
bate and aldarate metabolism compared to the placebo group
(p<0.05; Figure S2).

3.5 | Clinical Changes

All clinical parameters improved significantly within both
groups (p <0.05, Table S2A,B). From baseline to week 12, re-
ductions in BoP% and sites > 5mm were greater in the pro-
biotic group (p=0.036, p=0.03), remaining significant after
adjustment for smoking (p=0.049, p=0.016). Mean PPD
reduction was significant before but not after smoking ad-
justment (p=0.07 vs. p=0.03). At week 12, 5 placebo and 14
probiotic participants had BoP <10% (p=0.03), while 3 pro-
biotic and 0 placebo participants achieved periodontal health
(no PPD >4 mm with BoP and total BoP <10%; p=0.24).
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Lautropia_mirabilis =

Neisseria_elongata =

Kingella_denitrificans =
Peptostreptococcaceae_XI_G_7_XI_G_7_yurii_subspp_yurii_margaretiae =
Gemella_morbillorum =

Neisseria_oralis =

Eikenella_corrodens =

Pseudopropionibacterium_propionicum =
Actinomyces_sp_HMT_175 =

Bergeyella_sp_HMT_322 =
Saccharibacteria_TM7_G_1_TM7_G_1_bacterium_HMT_348 =
Peptidiphaga_sp_HMT_183 =

Porphyromonas_pasteri =

Week 6 — LEfSe - Species level

Groups

probiotics
placebo

Fusobacterium_nucleatum_subsp_animalis =

Actinomyces_sp_HMT_169 =

Veillonella_parvula =

1
1
1
1
1
1
1
1
1
1
1
1
1
|
|
|
1
1
1
1
Prevotella_denticola = |

Neisseria_elongata =
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FIGURE 3

An ITT analysis (including all dropouts) showed significant
group differences only for BoP% (p =0.014).

3.6 | Salivary Cytokines and Proteases

Six MIF samples below LOD were replaced with LOD/2. No
significant differences were observed between groups for any
cytokines, and the changes within groups were modest. From
baseline to 12weeks, albumin increased more in the placebo
group (p=0.008), while chitinase decreased more in the probi-
otics group (p=0.009; Figure 5, Table S3A-C).

3.7 | Sub-Analyses

Sub-analyses excluding smokers/diabetics confirmed signifi-
cant differences in PPD < 5mm and PPD >5mm but not BoP%.
Microbiologically, fewer species were significantly different be-
tween the groups. Immunological findings were almost identi-
cal to the original results (Table S4A-D, Figure S3A,B).

-2 -1 0 1 2
LDA score (log10)

| Subgingival differentially expressed species. LEfSe analysis is expressed by significant species at weeks 6 (A) and 12 (B).

3.8 | Correlation Analyses

Subgingival PCA revealed that BoP% and plaque positively cor-
related with PC1, while PPD and sites >5mm correlated with
PC1 and PC2. Sites <5mm were negatively associated with
PC1 and PC2. Immunological correlations were weak, but al-
bumin, amylase and chitinase correlated with both PC1 and
PC2, while IL-1f correlated with PC1 (Figure S4A,B). Salivary
PCA showed that the mean PPD, sites >5mm, BoP%, MCP-1,
albumin and IL-1§ positively correlated with both PC1 and
PC2, while sites < 5mm correlated negatively (Figure S4C,D).
Spearman correlations indicated strong correlation between the
20 most abundant subgingival species and clinical parameters,
while correlations with immune parameters and for the salivary
microbiota were weaker (Figure S5A-D).

4 | Discussion

The primary outcome supported our hypothesis because the pla-
cebo group showed significantly higher subgingival abundance
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FIGURE 4 | Differentially expressed species in the saliva presented by DESeq2. Heatmaps show the changes from baseline versus week 6 and
baseline versus week 12 between the placebo and probiotic groups and within the groups. Red indicates an increase, while blue indicates a decrease.
The figure only presents species with significantly different abundance between groups and species represented in >50% of samples in either the
placebo or probiotic group. *Significant differences.
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FIGURE 5 | Salivary levels of IL-1§3, IL-8, MIF and MCP-1 expressed in pg/mL and amylase activity (slope/min), chitinase activity (d¥/dT), total
protease activity (U/mL) and albumin concentration (ug/mL). Data are log,-transformed and presented by means and standard deviation (SD) for
the probiotic and placebo groups. Significant p-values and confidence intervals (CIs) are presented from comparison between groups by ANCOVA,
with baseline values as covariates.
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of T. socranski, S. sputigena, D. pneumosintes, D. invisus, A. gem-
inatur and F. nucleatum at Week 12, all strongly associated with
periodontitis (Antezack et al. 2023). In contrast, the probiotic
group was enriched with S. sanguinis, N. elongata and N. oralis.
In the saliva, probiotic consumption led to greater reductions in
periodontitis-associated species, including T. forsythia, C. rectus
and P. nigrescens (Antezack et al. 2023; Socransky et al. 1998;
Dabdoub et al. 2016), together with a greater reduction in a-
diversity, which is associated with periodontal health (Dabdoub
et al. 2016; Kumar et al. 2021) (p <0.05). Notably, T. forsythia be-
longs to Socransky's red complex, F. nucleatum and C. rectus be-
long to the orange complex and S. sanguinis belongs to the green
complex (Socransky et al. 1998). Previous probiotic studies using
gPCR, DNA-DNA checkerboard and culturing have reported sig-
nificant reductions in subgingival abundance of T. forsythia, P.
gingivalis, P. intermedia, T. denticola and F. nucleatum (Laleman
et al. 2015; El-Bagoory et al. 2021; Invernici et al. 2018; Tapashetti
et al. 2022; Teughels et al. 2013) as well as total counts of obli-
gate anaerobes (Tekce et al. 2015) following NSPT with probiotic
supplementation. However, other studies found no significant
differences (Teughels et al. 2013; Mayanagi et al. 2009; Morales
et al. 2018; de Oliveira et al. 2022; Pudgar et al. 2021).

The secondary clinical outcome supported the hypothesis be-
cause the probiotic group showed significantly lower BoP% and
fewer sites with PPD >5mm at 12weeks post-NSPT compared
with placebo (smoking-adjusted p-values: p=0.049, p=0.01,
Table 1). These results are supported by the dichotomous anal-
ysis and consistent with most prior probiotic studies reporting
reductions in PPD and BoP (Ho et al. 2020; Hu et al. 2021; Ikram
et al. 2018; Li et al. 2023; Martin-Cabezas et al. 2016; Mishra
et al. 2021; Ram et al. 2024; Song and Liu 2020; Vives-Soler and
Chimenos-Kiistner 2020). Some studies also reported superior
improvements in CAL and PI (Ho et al. 2020; Hu et al. 2021;
Ikram et al. 2018; Li et al. 2023; Martin-Cabezas et al. 2016;
Mishra et al. 2021; Ram et al. 2024; Song and Liu 2020;

TABLE1 | Clinical results.

Vives-Soler and Chimenos-Kiistner 2020), which were not ob-
served in the present study.

The immunological secondary outcome did not confirm the
hypothesis, because NSPT had only a minimal impact on cy-
tokines, enzymes and albumin levels in both groups (Figure 5).
This is surprising given the central role of inflammation in
periodontitis (Page and Schroeder 1976; Papapanou et al. 2018),
particularly the increase in albumin despite decreased BoP%.
One explanation is that BoP reflects immediate clinical gingival
inflammation, whereas salivary albumin, a plasma-derived pro-
tein, has a slower biological response and is influenced by sys-
temic and biological factors (Fazekas et al. 1992; Persson 2024;
Curtis et al. 1988; Rantonen and Meurman 2000; Anura 2014).
The smaller albumin increases and lower chitinase levels in
the probiotic group may indicate reduced vascular leakage
and tissue breakdown (Bikker et al. 2019). Previous studies
based on gingival crevicular fluid (GCF) reported reduced pro-
inflammatory markers (IL-13, IL-8, IL-17, TNF-a, MMP-8) and
increased anti-inflammatory markers (IL-10, TIMP-1) with pro-
biotics following NSPT (Invernici et al. 2018; Szkaradkiewicz
et al. 2014; Ince et al. 2015). Comparisons are limited by the
small heterogeneous studies and by our use of saliva instead of
GCF. Saliva was chosen to avoid site-specific bias, but our results
suggest that immune markers are diluted in saliva. The sample
size was calculated from microbiological data, and although the
microbiological and clinical outcomes indicate sufficient power,
the immunological results are most likely underpowered. A
post hoc analysis duplicating the dataset yielded similar find-
ings. Future studies should consider GCF, a broader panel of
cytokines or metaproteomic analysis to capture host immune
responses better.

A key limitation of the present study is its short-term study de-
sign, as significant clinical and microbial changes often occur
over 6-12months (Ausenda et al. 2023; Socransky et al. 2013;

Baseline Week 12

Placebo Probiotics Placebo Probiotics p [C1] Nicotine adjustment
PI% 84.4 (14) 83.3(15.2) 35.1(16.2) 37.4(19.4) 0.65 0.51
Mean (SD) [~12.04; 7.53] [-13.5; 6.68]
BoPY% 29.2(10.8) 32.7 (14.7) 18.7 (8.4) 15.6 (10.8) 0.042 0.03?
Mean (SD) [03;9.55] [0.41;9.75]
PPD 3(0.5) 3(0.3) 2.9(0.4) 2.7(0.3) 0.03? 0.07
Mean (SD) [-0.25; —0.01] [-0.23;0.01]
PPD < 5mm 136.9 (18.4) 138.8 (18.2) 144.5 (18.4) 150.3 (13.6) 0.03%[0.41; 8.32] 0.022[0.99; 9.17]
Mean n (SD)
PPD>5mm 22.4 (17.4) 20.4 (14.6) 14.8 (15.6) 8.9(9.1) 0.012 0.012
Mean n (SD) [-8.17; —=1.09] [-8.59; —1.19]
CAL 1.57 (1.1) 1.65 (0.9) 1.49 (1.1) 1.58 (0.9) 0.8 0.94
Mean (SD) [-0.17; 0.22] [-0.19; 0.21]

Note: P1%, BoP%, CAL and mean PD are reported as means and standard deviations (SD), with PD < 5mm, and PD >5mm quantified for placebo and probiotics at
baseline and Week 12. p-values and confidence intervals are shown from comparisons between groups at baseline versus Week 12 using ANCOVA, incorporating

baseline values as covariates with and without adjustments for smoking.
aSignificant differences between groups.
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Krajewski et al. 2025). The observed clinical changes were rel-
atively small, especially in the placebo group, and the mild but
diverse disease severity in our population may have made minor
improvements statistically significant. The inclusion of smokers
and individuals with diabetes is also a limitation, as these factors
act as confounders. However, post hoc analyses excluding these
participants yielded similar results despite being underpow-
ered, and their inclusion reflects real-world conditions. Selection
bias is another concern, as participants were recruited from the
Department of Odontology, where patients generally have fewer
resources, which also affects generalisability. Nevertheless, attri-
tion, performance and detection bias were minimised, and the in-
tervention was realistic, with at-home probiotic consumption and
high compliance. It should be noted that probiotics involve an ad-
ditional economic burden, and adherence might be higher among
better resourced individuals. Future studies would benefit from
longer follow-up, a broader population with solely generalised
periodontitis and larger sample sizes stratified for confounders—
ideally in a multi-centre design.

The major strength of the present study is the comprehensive
analysis of both clinical and immunological parameters of sub-
gingival and salivary microbiota. The differences observed be-
tween subgingival and salivary results likely reflect the distinct
ecological niches: the periodontal pocket as a localised environ-
ment versus saliva representing a composite of all oral niches
(Escapa et al. 2018; Belstrom 2020). The consistent direction of
changes in saliva and subgingival plaque further supports this
interpretation. The use of high-throughput, open-ended 16S
rRNA sequencing and metagenomics allowed detailed charac-
terisation of microbial communities compared to previous use
of qPCR, DNA-DNA checkerboard and culturing (Teughels
et al. 2013; Mayanagi et al. 2009; Morales et al. 2018; de Oliveira
et al. 2022; Pudgar et al. 2021). Pathway analysis in periodontitis
is still infrequent but has shown enrichment of anaerobic func-
tions, while healthy sites were dominated by carbohydrate me-
tabolism (Kumar et al. 2021; Wang et al. 2013; Shi et al. 2015).
Our results indicated a general reduction in gene abundance
rather than pathway-specific effect, although findings should
be interpreted with caution due to saliva-based sampling, the
incomplete KEGG database and the lack of metatranscriptomic
data. Combined with the limitations of 16S sequencing, future
studies should consider combining metagenomic and metatran-
scriptomic approaches to capture bacterial activity at the gene
level (Belstrom, Constancias, Markvart, et al. 2021; Belstrom,
Constancias, Drautz-Moses, et al. 2021).

Current probiotic evidence is affected by heterogeneity of dos-
ages, frequencies and strains, along with a high prevalence of
moderate to high bias (Ho et al. 2020; Hu et al. 2021; Ikram
et al. 2018; Li et al. 2023; Martin-Cabezas et al. 2016; Mishra
et al. 2021; Ram et al. 2024; Song and Liu 2020; Vives-Soler
and Chimenos-Kiistner 2020; Nguyen et al. 2020). Although
probiotics appear to enhance clinical, microbiological and
immunological outcomes when administered continuously,
the formulation of definitive conclusions is complicated, and
further well-designed, large-scale, standardised studies are
needed.

Within the limitations of this exploratory pilot study, daily
probiotic supplementation as an adjunct to NSPT reduces the

abundance of periodontitis-associated species compared with
placebo, supporting further investigations with longer follow-up
and larger sample sizes.

Author Contributions

SV.R.A., CM.L.-O,, D.B,, C.D. and M.M. designed the study. Clinical
examinations were performed by S.V.R.A. and PMPR and subgingival
instrumentation was performed by C.M.L.-O. Subgingival plaque and
saliva were collected by C.M.L.-O. at baseline and by S.V.R.A. at weeks
6 and 12. Cytokine activity was measured by M.G. and U.K.G. at Turku
University, Finland, and proteases by A.S. and F.J.B. at the Academic
Center for Dentistry Amsterdam (ACTA), Netherlands. Biostatistical
analysis of clinical data was performed by C.M.L.-O. and levels of cy-
tokines and proteases by C.M.L.-O. and L.M. C.M.L.-O. and D.B. wrote
the first draft of the manuscript, which was critically revised by C.D.,
M.M.,SV.R.A,,M.G., UK.G.,AV.S,, F.J.B. and L.M.

Acknowledgements

16S sequencing was performed by DNASense, Aalborg, Denmark,
and metagenomic sequencing by ADM Biopolis, Valencia, Spain. The
authors wish to express their gratitude to Associate Professor, Claus
Thorn Ekstrom (University of Copenhagen) for assistance with statis-
tical analyses and to ADM Biopolis for assistance with the salivary bio-
statistical analysis. Special thanks are due to Adria Pont and Araceli
Lamelas. Artificial intelligence (ChatGPT) was used to assist with sta-
tistical coding, grammar corrections and text shortening.

Funding

The study received financial support from the Innovation Fund
Denmark, grant number 1044-00093B, ADM Denmark A/S, Hundested,
Denmark, and ADM.

Ethics Statement

The present study was conducted according to the Helsinki Declaration
and approved by the regional ethical committee (H-21003295). The
study was registered at ClinicalTrials.gov (NCT05518747) on 22 August
2022 and reported to the local data authorisation of the Faculty of Health
and Medical Sciences, University of Copenhagen (514-0649/21-3000).

Consent

All participants signed informed consent before participation.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Raw sequences of 16S data are deposited at the European Nucleotide
Archive (ENA, www.ebi.ac.uk, accessed on 1 June 2025) with the ac-
cession number PRJEB87651. Raw metagenome, cytokine, enzyme and
albumin data, composition of the applied lozenges, trial protocol and
analysis plan in Danish are available upon request to the corresponding
author.

References

Antezack, A., D. Etchecopar-Etchart, B. La Scola, and V. Monnet-
Corti. 2023. “New Putative Periodontopathogens and Periodontal
Health-Associated Species: A Systematic Review and Meta-Analysis.”
Journal of Periodontal Research 58: 893-906. https://doi.org/10.1111/
jre.13173.

Journal of Clinical Periodontology, 2026

51017 SUOLULLOD SAIES.D) 3| dde 3 AQ POULACD 918 DI WO 8N J0 S3INI 10} ARIGIT BUIIUO /B|IA UO (SUONIPUOD-PLE-SLLLBILICD"AB | IW ARG pUIIUO//SANY) SUONIPUOD PUE SIS 13U 395 *[9202/G0/10] U0 ARidl1 T 8UIIO ABIM ‘N3N L Jo A1SIeAIuN AQ 9ET0Z 3d0l/TTTT'0T/10p/W0Y" &S| AR 1jBu 1 |Uo//:SANy Wo1) Papeojumod ‘0 *XTS0009T


http://clinicaltrials.gov
http://www.ebi.ac.uk
https://doi.org/10.1111/jre.13173
https://doi.org/10.1111/jre.13173

Anura, A. 2014. “Traumatic Oral Mucosal Lesions: A Mini Review and
Clinical Update.” Oral Health and Dental Management 13: 254-259.

Ausenda, F., E. Barbera, E. Cotti, E. Romeo, Z. S. Natto, and N. A.
Valente. 2023. “Clinical, Microbiological and Immunological Short,
Medium and Long-Term Effects of Different Strains of Probiotics as
an Adjunct to Non-Surgical Periodontal Therapy in Patients With
Periodontitis. Systematic Review With Meta-Analysis.” Japanese
Dental Science Review 59: 62-103. https://doi.org/10.1016/j.jdsr.2023.
02.001.

BBMap/BBtools:Bushnell B. 2015. “BBMap.” https://sourceforge.net/
projects/bbmap/.

Belstrom, D. 2020. “The Salivary Microbiota in Health and Disease.”
Journal of Oral Microbiology 12: 1723975. https://doi.org/10.1080/20002
297.2020.1723975.

Belstrom, D., F. Constancias, D. I. Drautz-Moses, et al. 2021.
“Periodontitis Associates With Species-Specific Gene Expression of the
Oral Microbiota.” npj Biofilms and Microbiomes 7: 76. https://doi.org/10.
1038/541522-021-00247-y.

Belstrom, D., F. Constancias, M. Markvart, M. Sikora, C. E. Serensen,
and M. Givskov. 2021. “Transcriptional Activity of Predominant
Streptococcus Species at Multiple Oral Sites Associate With Periodontal
Status.” Frontiers in Cellular and Infection Microbiology 11: 752664.
https://doi.org/10.3389/fcimb.2021.752664.

Belstrom, D., M. A. Grande, M. L. Sembler-Mgller, et al. 2018. “Influence
of Periodontal Treatment on Subgingival and Salivary Microbiotas.”
Journal of Periodontology 89: 531-539. https://doi.org/10.1002/jper.
17-0377.

Bikker, F. J., G. G. Nascimento, K. Nazmi, et al. 2019. “Salivary Total
Protease Activity Based on a Broad-Spectrum Fluorescence Resonance
Energy Transfer Approach to Monitor Induction and Resolution of
Gingival Inflammation.” Molecular Diagnosis & Therapy 23: 667-676.
https://doi.org/10.1007/s40291-019-00421-1.

Blanco-Miguez, A., F. Beghini, F. Cumbo, et al. 2023. “Extending and
Improving Metagenomic Taxonomic Profiling With Uncharacterized
Species Using MetaPhlAn 4.” Nature Biotechnology 41: 1633-1644.
https://doi.org/10.1038/s41587-023-01688-w.

Caton,J. G.,G. Armitage, T. Berglundh, et al. 2018. “A New Classification
Scheme for Periodontal and Peri-Implant Diseases and Conditions -
Introduction and Key Changes From the 1999 Classification.” Journal
of Clinical Periodontology 45, no. 20: S1-s8. https://doi.org/10.1111/jcpe.
12935.

Coelho, L. P, R. Alves, P. Monteiro, J. Huerta-Cepas, A. T. Freitas, and P.
Bork. 2019. “NG-Meta-Profiler: Fast Processing of Metagenomes Using
NGLess, a Domain-Specific Language.” Microbiome 7: 84. https://doi.
org/10.1186/s40168-019-0684-8.

Curtis, M. A., G. S. Griffiths, S. J. Price, S. K. Coulthurst, and N. W.
Johnson. 1988. “The Total Protein Concentration of Gingival Crevicular
Fluid. Variation With Sampling Time and Gingival Inflammation.”
Journal of Clinical Periodontology 15: 628-632. https://doi.org/10.
1111/j.1600-051x.1988.tb02263.x.

Dabdoub, S. M., S. M. Ganesan, and P. S. Kumar. 2016. “Comparative
Metagenomics Reveals Taxonomically Idiosyncratic Yet Functionally
Congruent Communities in Periodontitis.” Scientific Reports 6: 38993.
https://doi.org/10.1038/srep38993.

de Oliveira, A.M., T. G. B. Lourenco, and A. P. V. Colombo. 2022. “Impact
of Systemic Probiotics as Adjuncts to Subgingival Instrumentation on
the Oral-Gut Microbiota Associated With Periodontitis: A Randomized
Controlled Clinical Trial.” Journal of Periodontology 93: 31-44. https://
doi.org/10.1002/jper.21-0078.

El-Bagoory, G. K. M., H. M. El-Guindy, M. Y. M. Shoukheba, and E. A.
El-Zamarany. 2021. “The Adjunctive Effect of Probiotics to Nonsurgical
Treatment of Chronic Periodontitis: A Randomized Controlled Clinical

Trial.” Journal of Indian Society of Periodontology 25: 525-531. https://
doi.org/10.4103/jisp.jisp_114_21.

Escapa, I. F., T. Chen, Y. Huang, P. Gajare, F. E. Dewhirst, and K. P.
Lemon. 2018. “New Insights Into Human Nostril Microbiome From the
Expanded Human Oral Microbiome Database (¢eHOMD): A Resource
for the Microbiome of the Human Aerodigestive Tract.” mSystems 3.
https://doi.org/10.1128/mSystems.00187-18.

Fazekas, A., A. Gyorfi, F. Irmes, and L. Rosivall. 1992. “Effect of
Substance P Administration on Vascular Permeability in the Rat
Dental Pulp and Submandibular Gland.” Proceedings of the Finnish
Dental Society. Suomen Hammaslaakariseuran Toimituksia 88, no. 1:
481-486.

Frencken, J. E., P. Sharma, L. Stenhouse, D. Green, D. Laverty,
and T. Dietrich. 2017. “Global Epidemiology of Dental Caries and
Severe Periodontitis - a Comprehensive Review.” Journal of Clinical
Periodontology 44, no. 18: S94-s105. https://doi.org/10.1111/jcpe.
12677.

Hill, C., F. Guarner, G. Reid, et al. 2014. “Expert Consensus Document.
The International Scientific Association for Probiotics and Prebiotics
Consensus Statement on the Scope and Appropriate Use of the Term
Probiotic.” Nature Reviews. Gastroenterology & Hepatology 11: 506-514.
https://doi.org/10.1038/nrgastro.2014.66.

Ho, S. N., A. Acharya, S. Sidharthan, et al. 2020. “A Systematic Review
and Meta-Analysis of Clinical, Immunological, and Microbiological
Shift in Periodontitis After Nonsurgical Periodontal Therapy With
Adjunctive Use of Probiotics.” Journal of Evidence-Based Dental Practice
20:101397. https://doi.org/10.1016/j.jebdp.2020.101397.

Hochberg, Y., and Y. Benjamini. 1990. “More Powerful Procedures for
Multiple Significance Testing.” Statistics in Medicine 9: 811-818. https://
doi.org/10.1002/sim.4780090710.

Hopewell, S., A. W. Chan, G. S. Collins, et al. 2025. “CONSORT 2025
Statement: Updated Guideline for Reporting Randomized Trials.” BMJ
388: €081123. https://doi.org/10.1136/bmj-2024-081123.

Hu, D., T. Zhong, and Q. Dai. 2021. “Clinical Efficacy of Probiotics
as an Adjunctive Therapy to Scaling and Root Planning in the
Management of Periodontitis: A Systematic Review and Meta-
Analysis of Randomized Controlled Trails.” Journal of Evidence-
Based Dental Practice 21: 101547. https://doi.org/10.1016/j.jebdp.
2021.101547.

Hyatt, D., G.-L. Chen, P. F. LoCascio, M. L. Land, F. W. Larimer, and L. J.
Hauser. 2010. “Prodigal: Prokaryotic Gene Recognition and Translation
Initiation Site Identification.” BMC Bioinformatics 11: 119. https://doi.
org/10.1186/1471-2105-11-119.

Ikram, S., N. Hassan, M. A. Raffat, S. Mirza, and Z. Akram. 2018.
“Systematic Review and Meta-Analysis of Double-Blind, Placebo-
Controlled, Randomized Clinical Trials Using Probiotics in Chronic
Periodontitis.” Journal of Investigative and Clinical Dentistry 9: e12338.
https://doi.org/10.1111/jicd.12338.

Ince, G., H. Giirsoy, D. Ip¢i S, G. Cakar, E. Emekli-Alturfan,
and S. Yilmaz. 2015. “Clinical and Biochemical Evaluation of
Lozenges Containing Lactobacillus reuteri as an Adjunct to
Non-Surgical Periodontal Therapy in Chronic Periodontitis.” Journal
of Periodontology 86: 746-754. https://doi.org/10.1902/jop.2015.
140612.

Invernici, M. M., S. L. Salvador, P. H. F. Silva, et al. 2018. “Effects of
Bifidobacterium Probiotic on the Treatment of Chronic Periodontitis:
A Randomized Clinical Trial.” Journal of Clinical Periodontology 45:
1198-1210. https://doi.org/10.1111/jcpe.12995.

Kanehisa, M., Y. Sato, and K. Morishima. 2016. “BlastKOALA and
GhostKOALA: KEGG Tools for Functional Characterization of Genome
and Metagenome Sequences.” Journal of Molecular Biology 428: 726-
731. https://doi.org/10.1016/jjmb.2015.11.006.

10

Journal of Clinical Periodontology, 2026

85U0|7 SUOWLWLOD 3ATea1D 3|qed!|dde sy} Aq pausenob are ssjoie YO ‘8sn JO Se|nl 10} ARIqIT 8UIUO 48]/ UO (SUONIPUOD-PUe-SWLB/Woo" A3 1M Afelq 1 jpul|Uo//:Sdny) SUONIPUCD pue SWB | 84} 89S *[9202/50/70] Uo ARiqiTauliu Ajim ‘mynL jo Aiseaun Aq 9gT0, 8dol/TTTT 0T/10p/L00 A8 Areiq iUl uoy//:Sdny o1y pepeojumoq ‘0 ‘XTS0009T


https://doi.org/10.1016/j.jdsr.2023.02.001
https://doi.org/10.1016/j.jdsr.2023.02.001
https://sourceforge.net/projects/bbmap/
https://sourceforge.net/projects/bbmap/
https://doi.org/10.1080/20002297.2020.1723975
https://doi.org/10.1080/20002297.2020.1723975
https://doi.org/10.1038/s41522-021-00247-y
https://doi.org/10.1038/s41522-021-00247-y
https://doi.org/10.3389/fcimb.2021.752664
https://doi.org/10.1002/jper.17-0377
https://doi.org/10.1002/jper.17-0377
https://doi.org/10.1007/s40291-019-00421-1
https://doi.org/10.1038/s41587-023-01688-w
https://doi.org/10.1111/jcpe.12935
https://doi.org/10.1111/jcpe.12935
https://doi.org/10.1186/s40168-019-0684-8
https://doi.org/10.1186/s40168-019-0684-8
https://doi.org/10.1111/j.1600-051x.1988.tb02263.x
https://doi.org/10.1111/j.1600-051x.1988.tb02263.x
https://doi.org/10.1038/srep38993
https://doi.org/10.1002/jper.21-0078
https://doi.org/10.1002/jper.21-0078
https://doi.org/10.4103/jisp.jisp_114_21
https://doi.org/10.4103/jisp.jisp_114_21
https://doi.org/10.1128/mSystems.00187-18
https://doi.org/10.1111/jcpe.12677
https://doi.org/10.1111/jcpe.12677
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1016/j.jebdp.2020.101397
https://doi.org/10.1002/sim.4780090710
https://doi.org/10.1002/sim.4780090710
https://doi.org/10.1136/bmj-2024-081123
https://doi.org/10.1016/j.jebdp.2021.101547
https://doi.org/10.1016/j.jebdp.2021.101547
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1111/jicd.12338
https://doi.org/10.1902/jop.2015.140612
https://doi.org/10.1902/jop.2015.140612
https://doi.org/10.1111/jcpe.12995
https://doi.org/10.1016/j.jmb.2015.11.006

Koo, T. K., and M. Y. Li. 2016. “A Guideline of Selecting and Reporting
Intraclass Correlation Coefficients for Reliability Research.” Journal of
Chiropractic Medicine 15: 155-163. https://doi.org/10.1016/j.jcm.2016.
02.012.

Korotkevich, G., V. Sukhov, and A. Sergushichev. 2019. “Fast Gene Set
Enrichment Analysis.” biorxiv: 060012. https://doi.org/10.1101/060012.

Krajewski, A., J. Perussolo, P. Ercal, N. Gkranias, and N. Donos. 2025.
“The Effect of Non-Surgical Periodontal Therapy on Subgingival
Microbiota: A Systematic Review and Meta-Analysis.” Journal of
Periodontal Research 60: 963-993. https://doi.org/10.1111/jre.13409.

Kumar, P. S., S. M. Dabdoub, and S. M. Ganesan. 2021. “Probing
Periodontal Microbial Dark Matter Using Metataxonomics and
Metagenomics.” Periodontology 2000 85: 12-27. https://doi.org/10.1111/
prd.12349.

Laleman, I., E. Yilmaz, O. Ozcelik, et al. 2015. “The Effect of
a Streptococci Containing Probiotic in Periodontal Therapy: A
Randomized Controlled Trial.” Journal of Clinical Periodontology 42:
1032-1041. https://doi.org/10.1111/jcpe.12464.

Landis, J. R., and G. G. Koch. 1977. “The Measurement of Observer
Agreement for Categorical Data.” Biometrics 33: 159-174.

Li, D., C.-M. Liu, R. Luo, K. Sadakane, and T.-W. Lam. 2015.
“MEGAHIT: An Ultra-Fast Single-Node Solution for Large and
Complex Metagenomics Assembly via Succinct de Bruijn Graph.”
Bioinformatics 31: 1674-1676. https://doi.org/10.1093/bioinforma
tics/btv033.

Li, H. n.d. “SeqTK, Toolkit for Processing Sequences in FASTA/Q
Formats.” https://github.com/lh3/seqtk.

Li, J., G. Zhao, H. M. Zhang, and F. F. Zhu. 2023. “Probiotic Adjuvant
Treatment in Combination With Scaling and Root Planing in Chronic
Periodontitis: A Systematic Review and Meta-Analysis.” Beneficial
Microbes 14: 95-108. https://doi.org/10.3920/bm2022.0056.

Love, M. 1., W. Huber, and S. Anders. 2014. “Moderated Estimation of
Fold Change and Dispersion for RNA-Seq Data With DESeq2.” Genome
Biology 15: 550. https://doi.org/10.1186/513059-014-0550-8.

Lundtorp, C., L. Massarenti, V. F. D. Vendius, et al. 2023. “Probiotics
Support Resilience of the Oral Microbiota During Resolution After
Experimental Gingivitis-A Randomized, Double-Blinded, Placebo-
Controlled Trial.” Nutrients 15. https://doi.org/10.3390/nu15224805.

Lundtorp Olsen, C., M. Markvart, V. F. D. Vendius, C. Damgaard, and
D. Belstrom. 2023. “Short-Term Sugar Stress Induces Compositional
Changes and Loss of Diversity of the Supragingival Microbiota.”
Journal of Oral Microbiology 15: 2189770. https://doi.org/10.1080/20002
297.2023.2189770.

Lundtorp Olsen, C., L. Massarenti, V. F. D. Vendius, et al. 2023.
“Probiotics Partly Suppress the Impact of Sugar Stress on the Oral
Microbiota-A Randomized, Double-Blinded, Placebo-Controlled Trial.”
Nutrients 15: 4810. https://doi.org/10.3390/nu15224810.

Lundtorp-Olsen, C., C. Enevold, C. A. Juel Jensen, S. N. Stofberg, S.
Twetman, and D. Belstrom. 2021. “Impact of Probiotics on the Salivary
Microbiota and Salivary Levels of Inflammation-Related Proteins
During Short-Term Sugar Stress: A Randomized Controlled Trial.”
Pathogens 10. https://doi.org/10.3390/pathogens10040392.

Lundtorp-Olsen, C., C. Enevold, S. Twetman, and D. Belstrom. 2021.
“Probiotics Do Not Alter the Long-Term Stability of the Supragingival
Microbiota in Healthy Subjects: A Randomized Controlled Trial.”
Pathogens 10: 391. https://doi.org/10.3390/pathogens10040391.

Lundtorp-Olsen, C., M. Markvart, S. Twetman, and D. Belstrom. 2024.
“Effect of Probiotic Supplements on the Oral Microbiota-A Narrative
Review.” Pathogens 13. https://doi.org/10.3390/pathogens13050419.

Martin-Cabezas, R., J. L. Davideau, H. Tenenbaum, and O. Huck. 2016.
“Clinical Efficacy of Probiotics asan Adjunctive Therapy to Non-Surgical

Periodontal Treatment of Chronic Periodontitis: A Systematic Review
and Meta-Analysis.” Journal of Clinical Periodontology 43: 520-530.
https://doi.org/10.1111/jcpe.12545.

Mayanagi, G., M. Kimura, S. Nakaya, et al. 2009. “Probiotic Effects
of Orally Administered Lactobacillus salivarius WB21-Containing
Tablets on Periodontopathic Bacteria: A Double-Blinded, Placebo-
Controlled, Randomized Clinical Trial.” Journal of Clinical
Periodontology 36: 506-513. https://doi.org/10.1111/j.1600-051X.
2009.01392.x.

McMurdie, P. J., and S. Holmes. 2013. “Phyloseq: An R Package for
Reproducible Interactive Analysis and Graphics of Microbiome Census
Data.” PLoS One 8: e61217. https://doi.org/10.1371/journal.pone.
0061217.

Mishra, S., S. R. Misra, S. Panda, et al. 2021. “Role of Probiotics in
Adjunct to Non-Surgical Periodontal Therapy in Patients With Chronic
Periodontitis: A Systematic Review and Meta-Analysis.” Journal of
Biological Regulators and Homeostatic Agents 35: 67-78. https://doi.org/
10.23812/21-2suppl-6.

Morales, A., A. Gandolfo, J. Bravo, et al. 2018. “Microbiological and
Clinical Effects of Probiotics and Antibiotics on Nonsurgical Treatment
of Chronic Periodontitis: A Randomized Placebo- Controlled Trial With
9-Month Follow-Up.” Journal of Applied Oral Science 26: €20170075.
https://doi.org/10.1590/1678-7757-2017-0075.

Morquecho-Campos, P., F. J. Bikker, K. Nazmi, K. de Graaf, M. L. Laine,
and S. Boesveldt. 2020. “A Stepwise Approach Investigating Salivary
Responses Upon Multisensory Food Cues.” Physiology & Behavior 226:
113116. https://doi.org/10.1016/j.physbeh.2020.113116.

Nguyen, T., H. Brody, G. H. Lin, et al. 2020. “Probiotics, Including Nisin-
Based Probiotics, Improve Clinical and Microbial Outcomes Relevant
to Oral and Systemic Diseases.” Periodontology 82: 173-185. https://doi.
org/10.1111/prd.12324.

Page, R. C.,and H. E. Schroeder. 1976. “Pathogenesis of Inflammatory
Periodontal Disease. A Summary of Current Work.” Laboratory
Investigation; a Journal of Technical Methods and Pathology 34:
235-249.

Papapanou, P. N., M. Sanz, N. Buduneli, et al. 2018. “Periodontitis:
Consensus Report of Workgroup 2 of the 2017 World Workshop on the
Classification of Periodontal and Peri-Implant Diseases and Conditions.”
Journal of Clinical Periodontology 45, no. 20: S162-s170. https://doi.org/
10.1111/jcpe.12946.

Patro, R., G. Duggal, M. I. Love, R. A. Irizarry, and C. Kingsford. 2017.
“Salmon Provides Fast and Bias-Aware Quantification of Transcript
Expression.” Nature Methods 14: 417-419. https://doi.org/10.1038/
nmeth.4197.

Persson, C. 2024. “Well-Controlled Mucosal Exudation of Plasma
Proteins in Airways With Intact and Regenerating Epithelium.”
Physiological Reports 12: €16096. https://doi.org/10.14814/phy2.16096.

Plaza-Diaz, J., F. J. Ruiz-Ojeda, M. Gil-Campos, and A. Gil. 2019.
“Mechanisms of Action of Probiotics.” Advances in Nutrition 10: S49—
$66. https://doi.org/10.1093/advances/nmy063.

Prodan, A., H. S. Brand, A. J. Ligtenberg, et al. 2015. “Interindividual
Variation, Correlations, and Sex-Related Differences in the Salivary
Biochemistry of Young Healthy Adults.” European Journal of Oral
Sciences 123: 149-157. https://doi.org/10.1111/e0s.12182.

Pudgar, P., K. Povsi¢, K. Cuk, K. Seme, M. Petelin, and R. Gagpersic.
2021. “Probiotic Strains of Lactobacillus Brevis and Lactobacillus planta-
rum as Adjunct to Non-Surgical Periodontal Therapy: 3-Month Results
of a Randomized Controlled Clinical Trial.” Clinical Oral Investigations
25:1411-1422. https://doi.org/10.1007/s00784-020-03449-4.

Ram, J.,, K. H. Awan, C. M. T. Freitas, S. Bhandi, F. W. Licari, and S.
Patil. 2024. “Clinical Effects of Lactobacillus reuteri Probiotic in Chronic
Periodontitis - a Systematic Review.” European Review for Medical and

Journal of Clinical Periodontology, 2026

11

85U0|7 SUOWLWLOD 3ATea1D 3|qed!|dde sy} Aq pausenob are ssjoie YO ‘8sn JO Se|nl 10} ARIqIT 8UIUO 48]/ UO (SUONIPUOD-PUe-SWLB/Woo" A3 1M Afelq 1 jpul|Uo//:Sdny) SUONIPUCD pue SWB | 84} 89S *[9202/50/70] Uo ARiqiTauliu Ajim ‘mynL jo Aiseaun Aq 9gT0, 8dol/TTTT 0T/10p/L00 A8 Areiq iUl uoy//:Sdny o1y pepeojumoq ‘0 ‘XTS0009T


https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1101/060012
https://doi.org/10.1111/jre.13409
https://doi.org/10.1111/prd.12349
https://doi.org/10.1111/prd.12349
https://doi.org/10.1111/jcpe.12464
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1093/bioinformatics/btv033
https://github.com/lh3/seqtk
https://doi.org/10.3920/bm2022.0056
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.3390/nu15224805
https://doi.org/10.1080/20002297.2023.2189770
https://doi.org/10.1080/20002297.2023.2189770
https://doi.org/10.3390/nu15224810
https://doi.org/10.3390/pathogens10040392
https://doi.org/10.3390/pathogens10040391
https://doi.org/10.3390/pathogens13050419
https://doi.org/10.1111/jcpe.12545
https://doi.org/10.1111/j.1600-051X.2009.01392.x
https://doi.org/10.1111/j.1600-051X.2009.01392.x
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.23812/21-2supp1-6
https://doi.org/10.23812/21-2supp1-6
https://doi.org/10.1590/1678-7757-2017-0075
https://doi.org/10.1016/j.physbeh.2020.113116
https://doi.org/10.1111/prd.12324
https://doi.org/10.1111/prd.12324
https://doi.org/10.1111/jcpe.12946
https://doi.org/10.1111/jcpe.12946
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.14814/phy2.16096
https://doi.org/10.1093/advances/nmy063
https://doi.org/10.1111/eos.12182
https://doi.org/10.1007/s00784-020-03449-4

Pharmacological Sciences 28: 1695-1707. https://doi.org/10.26355/eur-
rev_202403_35584.

Rantonen, P. J., and J. H. Meurman. 2000. “Correlations Between
Total Protein, Lysozyme, Immunoglobulins, Amylase, and Albumin
in Stimulated Whole Saliva During Daytime.” Acta Odontologica
Scandinavica 58: 160-165. https://doi.org/10.1080/000163500429154.

Rodenes-Gavidia, A., A. Lamelas, S. Bloor, et al. 2023. “An Insight Into
the Functional Alterations in the Gut Microbiome of Healthy Adults in
Response to a Multi-Strain Probiotic Intake: A Single Arm Open Label
Trial.” Frontiers in Cellular and Infection Microbiology 13: 1240267.
https://doi.org/10.3389/fcimb.2023.1240267.

Sanz, M., D. Herrera, M. Kebschull, et al. 2020. “Treatment of Stage
I-IIT Periodontitis-The EFP S3 Level Clinical Practice Guideline.”
Journal of Clinical Periodontology 47, no. 22: 4-60. https://doi.org/10.
1111/jcpe.13290.

Segata, N., J. Izard, L. Waldron, et al. 2011. “Metagenomic Biomarker
Discovery and Explanation.” Genome Biology 12: R60. https://doi.org/
10.1186/gb-2011-12-6-160.

Shi, B., M. Chang, J. Martin, et al. 2015. “Dynamic Changes in the
Subgingival Microbiome and Their Potential for Diagnosis and
Prognosis of Periodontitis.” MBio 6: €01926-01914. https://doi.org/10.
1128/mBi0.01926-14.

Socransky, S. S., A. D. Haffajee, M. A. Cugini, C. Smith, and R. L.
Kent Jr. 1998. “Microbial Complexes in Subgingival Plaque.” Journal
of Clinical Periodontology 25: 134-144. https://doi.org/10.1111/j.1600-
051x.1998.tb02419.x.

Socransky, S. S., A. D. Haffajee, R. Teles, et al. 2013. “Effect of
Periodontal Therapy on the Subgingival Microbiota Over a 2-Year
Monitoring Period. I. Overall Effect and Kinetics of Change.” Journal of
Clinical Periodontology 40: 771-780. https://doi.org/10.1111/jcpe.12117.

Song, D., and X. R. Liu. 2020. “Role of Probiotics Containing
Lactobacillus reuteri in Adjunct to Scaling and Root Planing for
Management of Patients With Chronic Periodontitis: A Meta-Analysis.”
European Review for Medical and Pharmacological Sciences 24: 4495-
4505. https://doi.org/10.26355/eurrev_202004_21032.

Szkaradkiewicz, A. K., J. Stopa, and T. M. Karpinski. 2014. “Effect of
Oral Administration Involving a Probiotic Strain of Lactobacillus reu-
teri on Pro-Inflammatory Cytokine Response in Patients With Chronic
Periodontitis.” Archivum Immunologiae et Therapiae Experimentalis 62:
495-500. https://doi.org/10.1007/s00005-014-0277-y.

Tapashetti, R. P., M. W. Ansari, G. Fatima, N. Bhutani, N. Sameen, and P.
Hm. 2022. “Effects of Probiotics Mouthwash on Levels of Red Complex
Bacteria in Chronic Periodontitis Patients: A Clinico-Microbiological
Study.” Journal of Contemporary Dental Practice 23: 320-326.

Tekce, M., G. Ince, H. Gursoy, et al. 2015. “Clinical and Microbiological
Effects of Probiotic Lozenges in the Treatment of Chronic Periodontitis:
A 1-Year Follow-Up Study.” Journal of Clinical Periodontology 42: 363—
372. https://doi.org/10.1111/jcpe.12387.

Teughels, W., A. Durukan, O. Ozcelik, M. Pauwels, M. Quirynen,
and M. C. Haytac. 2013. “Clinical and Microbiological Effects
of Lactobacillus reuteri Probiotics in the Treatment of Chronic
Periodontitis: A Randomized Placebo-Controlled Study.” Journal of
Clinical Periodontology 40: 1025-1035. https://doi.org/10.1111/jcpe.
12155.

Van Dyke, T. E., P. M. Bartold, and E. C. Reynolds. 2020. “The Nexus
Between Periodontal Inflammation and Dysbiosis.” Frontiers in
Immunology 11: 511. https://doi.org/10.3389/fimmu.2020.00511.

Vegan, J. B. F. Oksanen, M. Friendly, R. Kindt, et al. 2019. “vegan:
Community Ecology Package. R Package Version 2.5-6.”

Vives-Soler, A., and E. Chimenos-Kiistner. 2020. “Effect of Probiotics
as a Complement to Non-Surgical Periodontal Therapy in Chronic

Periodontitis: A Systematic Review.” Medicina Oral, Patologia Oral y
Cirugia Bucal 25: e161-e167. https://doi.org/10.4317/medoral.23147.

Wang, J., J. Qi, H. Zhao, et al. 2013. “Metagenomic Sequencing Reveals
Microbiota and Its Functional Potential Associated With Periodontal
Disease.” Scientific Reports 3: 1843. https://doi.org/10.1038/srep01843.

Wen, C., Z. Zheng, T. Shao, et al. 2017. “Quantitative Metagenomics
Reveals Unique Gut Microbiome Biomarkersin Ankylosing Spondylitis.”
Genome Biology 18: 142. https://doi.org/10.1186/s13059-017-1271-6.

Yilmaz, M., E. Demir, M. Giirsoy, E. Firatli, V. Loimaranta, and U.
K. Giirsoy. 2023. “Salivary Levels of BAFF, TWEAK, and Soluble
CD163 and Salivary Arginase Activity Before and After Periodontal
Treatment.” Journal of Periodontal Research 58: 646-654. https://doi.
org/10.1111/jre.13124.

Supporting Information

Additional supporting information can be found online in the
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ance for the placebo group (A) and the probiotic group (B). Figure S2:
Metagenomic pathway analysis comparing baseline with Week 6 and
baseline with Week 12 within the placebo and probiotic groups and be-
tween the groups. A blue bar indicates a decrease in the given pathway
from baseline to Week 6 or Week 12, while a red bar indicates an in-
crease. Only pathways showing significant differences between groups
are displayed. Figure S3: Microbiological sub-analyses excluding
smokers and diabetics. The 20 most abundant genera at baseline, Week
6 and Week 12 are presented in (A). Significant differences are marked
with as asterisk (*). Significantly different species identified by LEfSe
are presented in (B) at Week 6 and Week 12. Figure S4: Subgingival
PCA plots with clinical variables (A) and immunological variables (B),
and salivary PCA plots with clinical variables (C) and immunological
variables (D). Figure S5: Spearman correlations between the 20 most
abundant subgingival species and clinical parameters (A) and immuno-
logical markers (B). Spearman correlations between the 20 most abun-
dant salivary species and clinical parameters (C) and immunological
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probiotic groups, presented by sex, age, distribution of diagnoses and
distribution of self-reported smoking status, diabetes and previous peri-
odontal treatment. Table S2: Clinical results reported for P1%, BoP%,
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MCP-1, amylase activity, chitinase activity, total protease activity and
albumin concentration presented within the placebo group (A), within
the probiotic group (B) and between groups (C). Table S4: Sub-analyses
excluding nicotine users and diabetics. Clinical results within the pla-
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results between groups (C) and immunological results between the
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Introduction
Background and rationale 6 Scientific background and rationale 4
Objectives 7 Specific objectives related to benefits and harms 4
Methods
Patient and public involvement 8 Details of patient or public involvement in the design, conduct and 5
reporting of the trial
Trial design 9 Description of trial design including type of trial (e.g., parallel group, 5
crossover), allocation ratio, and framework (e.g., superiority, equivalence,
non-inferiority, exploratory)
Changes to trial protocol 10 Important changes to the trial after it commenced including any outcomes —
or analyses that were not prespecified, with reason
Trial setting 11 Settings (e.g., community, hospital) and locations (e.g., countries, sites) 5
where the trial was conducted
Eligibility criteria 12a Eligibility criteria for participants 5,6
12b If applicable, eligibility criteria for sites and for individuals delivering the
interventions (e.g., surgeons, physiotherapists)
Intervention and comparator 13 Intervention and comparator with sufficient details to allow replication. 5-7
If relevant, where additional materials describing the intervention and
comparator (e.g., intervention manual) can be accessed
Outcomes 14 Prespecified primary and secondary outcomes, including the specific 4
measurement variable (e.g., systolic blood pressure), analysis metric (e.g.,
change from baseline, final value, time to event), method of aggregation
(e.g., median, proportion), and time point for each outcome
Harms 15 How harms were defined and assessed (e.g., systematically, —
non-systematically)
Sample size 16a How sample size was determined, including all assumptions supporting the 5
sample size calculation
16b Explanation of any interim analyses and stopping guidelines —
Randomisation:
Sequence generation 17a Who generated the random allocation sequence and the method used 5
17b Type of randomisation and details of any restriction (e.g., stratification, 5
blocking and block size)
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Reported on
Section/topic No. CONSORT 2025 checklist item description page no.
Reported on
page no.
Allocation concealment 18 Mechanism used to implement the random allocation sequence 5
mechanism (e.g., central computer/telephone; sequentially numbered, opaque,
sealed containers), describing any steps to conceal the sequence until
interventions were assigned
Implementation 19 Whether the personnel who enrolled and those who assigned participants 5
to the interventions had access to the random allocation sequence
Blinding 20a Who was blinded after assignment to interventions (e.g., participants, care 5
providers, outcome assessors, data analysts)
20b If blinded, how blinding was achieved and description of the similarity of 6
interventions
Statistical methods 2la Statistical methods used to compare groups for primary and secondary 8
outcomes, including harms
21b Definition of who is included in each analysis (e.g., all randomized 8
participants), and in which group
21c How missing data were handled in the analysis 8
21d Methods for any additional analyses (e.g., subgroup and sensitivity —
analyses), distinguishing prespecified from post hoc
Results
Participant flow, including flow 22a For each group, the numbers of participants who were randomly assigned, 9
diagram received intended intervention, and were analysed for the primary outcome
22b For each group, losses and exclusions after randomisation, together with 9
reasons
Recruitment 23a Dates defining the periods of recruitment and follow-up for outcomes of 5
benefits and harms
23b If relevant, why the trial ended or was stopped —
Intervention and comparator 24a Intervention and comparator as they were actually administered (e.g., 6,9
delivery where appropriate, who delivered the intervention/comparator, how
participants adhered, whether they were delivered as intended (fidelity))
24b Concomitant care received during the trial for each group —
Baseline data 25 A table showing baseline demographic and clinical characteristics for each 9
group
Numbers analysed, outcomes 26 For each primary and secondary outcome, by group: 9-11
and estimation « the number of participants included in the analysis
« the number of participants with available data at the outcome time point
« result for each group, and the estimated effect size and its precision (such
as 95% confidence interval)
« for binary outcomes, presentation of both absolute and relative effect size
Harms 27 All harms or unintended events in each group —
Ancillary analyses 28 Any other analyses performed, including subgroup and sensitivity 11
analyses, distinguishing pre-specified from post hoc
Discussion
Interpretation 29 Interpretation consistent with results, balancing benefits and harms, and 12-14
considering other relevant evidence
Limitations 30 Trial limitations, addressing sources of potential bias, imprecision, 12-14

generalisability, and, if relevant, multiplicity of analyses

Note: 2025 Hopewell et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (https://creativecommons.org/licen
ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited (Hopewell et al. 2025). We
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Appendix 2
Cytokines

Following manufacturer’s protocol, samples were centrifuged for 5min
at 9300g and levels of interleukin (IL)-8, IL-1(3, monocyte chemoattrac-
tant protein-1 (MCP-1) and macrophage migration inhibitory factor
(MIF) were measured from salivary supernatants using the Luminex
XMAP technique (Luminex Corporation, Austin, TX, USA) with opti-
mised commercial kits (Bio-Plex Pro Human Cytokine Screening panel,
Bio-Rad Laboratories). The limit of detection (LOD) was as follows:
0.36 pg/mL for IL-8, 0.24 pg/mL for IL-1f3, 0.44 pg/mL for MCP-1 and
2.45pg/mL for MIF. Mean intra-assay coefficient of variation (%) was
3.2% for IL-8, 3.6% for IL-13, 3.2% for MCP-1 and 3.4% for MIF.

Appendix 3
Proteins

Saliva samples were centrifuged after collection at 10,000g at 4°C
for 10min and the supernatant was aliquoted. Per the manufactur-
er's instructions, the total protein concentration was analysed as de-
scribed (Lundtorp et al. 2023; Lundtorp Olsen, Massarenti, et al. 2023;
Morquecho-Campos et al. 2020) by Pierce BCA Protein Assay Kit
(ThermoFisher, West Palm Beach, FL, USA, Cat#23227). Albumin was
measured essentially as previously described (Bikker et al. 2019; Prodan
et al. 2015) In brief, microplates were coated with rabbit anti-human
albumin (cat# A0001 DAKO, Glostrup, Denmark). An albumin con-
centration series (BSA: 25-1500 ug/mL) was included as a reference on
each plate and used to calculate the albumin concentration in samples.
Saliva samples were 1:2000 diluted. Anti-human albumin (horseradish
peroxidase [HRP]; Bior-byt via bioconnect, Cat# ORB243267) was used
as conjugate and albumin was detected using o-phenylenediamine di-
hydrochloride (OPD) as substrate (Thermo Fisher #34006 West Palm
Beach, FL, USA) according to the instructions of the manufacturer.
Salivary amylase activity was measured by diluting the samples 1:100
in MILLI-Q and mixing them with alpha-amylase substrate consisting
of 2-chloro-4-nitrophenyl-a-D-maltotrioside (Apollo Scientific, Denton,
UK, BITJ00020) as described earlier (Morquecho-Campos et al. 2020).
Total protease activity (TPA) was measured using PEK-54 substrate
([FITC]-NIeKKKK VLPIQLNAATDK-[KDbc]) as described elsewhere
(Bikker et al. 2019), with a working solution of 32uM diluted in TBS.
Fifty microlitres of saliva and 50 uL of PEK-54 substrate were added to a
black 96-well plate (non-binding), resulting in a final PEK-54 substrate
concentration of 16 uM. Reaction mixtures were placed in a fluores-
cence microplate reader with a 485nm excitation filter and a 530nm
emission filter (gain 800), and fluorescence was measured for approxi-
mately 1h at 37°C using 5-min scanning intervals. Proteolytic activity
was expressed as the increase in fluorescence per min (F/min). To mea-
sure the chitinase activity, 50 uL of 4-methylumbelliferyl §-D-N,N’,N"’-
triacetyl chitotriose substrate with a final concentration of 12.7 uM was
mixed with 50 uL saliva in a black 96-well plate (non-binding). In every
plate, a chitinase control enzyme at a concentration of 0.001 mg/mL was
used as reference. Reaction mixes were placed in a fluorescence micro-
plate reader with a 360 nm excitation filter and a 450 nm emission filter
and fluorescence was measured for approximately 1h at 37°C at 5-min
intervals.

Appendix 4

Biostatistics

Background information is presented by descriptive statistics. Clinical
data and data on cytokines, enzymes and albumin were checked for
normal distributions by Q-Q plots, and data on cytokines, enzymes
and albumin were log,-transformed. Comparisons within groups were
performed by ANOVA adjusted with Tukey's corrections for multiple
testing and ANCOVA between groups with baseline measurements

as covariates. Smoking is a known inhibitor of the treatment outcome

of periodontitis and is considered a confounder. A p-value <0.05 was
considered significant for all analyses.

Bioinformatic processing of 16S samples was performed as previously
described (Lundtorp et al. 2023; Lundtorp Olsen, Massarenti, et al. 2023;
Lundtorp-Olsen, Enevold, Juel Jensen, et al. 2021; Lundtorp-Olsen,
Enevold, Twetman, and Belstrom 2021; Lundtorp Olsen, Markvart,
et al. 2023), by matching the demultiplexed Illumina reads against the
16S rRNA Human Oral Microbiome RefSeq database (HOMD) v. 15.2
(Escapa et al. 2018). The subgingival microbiota was characterised and
compared according to relative abundance adjusted for multiple testing
by Benjamini-Hochberg's correction (Hochberg and Benjamini 1990).
Linear discriminant analysis effect size (LEfSe) was used to identify dif-
ferences between groups (Segata et al. 2011) with significant differences
identified by the combined criteria of Kruskal-Wallis p <0.05, Wilcoxon
p-adjusted <0.05 and LDAscore > 2. a-Diversity was compared between
groups by ANCOVA with baseline adjustment.

Metagenomic data were processed as previously described with minor
modifications (Rodenes-Gavidia et al. 2023). In brief, optical duplicates,
human genome sequences and low-quality score reads were removed
(BBMap/BBtools:Bushnell B 2015; Coelho et al. 2019). The number of
reads was standardised to 15 million (Li, n.d.) and taxonomically as-
signed using Metaphlan v.4 (Blanco-Miguez et al. 2023), and sequences
were mapped using Salmon (Patro et al. 2017) to eHOMD v.10.1 metage-
nome database (Escapa et al. 2018), which was enriched with other con-
structed metagenomes from our study as described (Wen et al. 2017).
Metagenomes were assembled using MEGAHIT genome assembler
(Li et al. 2015), and contigs > 500bp were used to predict genes (Hyatt
et al. 2010), which were annotated by the Kyoto Encyclopaedia of Genes
and Genomes (KEGG) annotation (Kanehisa et al. 2016). Genes were
selected if they had >10 counts in >10% of the samples and a KEGG
annotation included in prokaryotic pathways.

Data were normalised by rarefaction (McMurdie and Holmes 2013)
prior to a-diversity calculation, and its changes by groups were tested
by the Wilcoxon test. 3-Diversity was analysed by the Bray-Curtis dis-
similarity matrix and PERMANOVA analysis (Vegan et al., 2019) after
normalisation by relative abundances. DESeq2 (Love et al. 2014) was
used to identify differentially abundant taxa and genes using its normal-
isation method. A taxon or gene was considered differentially abundant
if the corrected p-value was <0.05 and if present in at least 50% of the
samples in one group. A gene set enrichment analysis (GSEA) was con-
ducted on KEGG modules based on the differential abundance statistics
from DESeq2 (Korotkevich et al. 2019). All analyses were performed
using R and R Studio.
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