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Antimicrobial chemicals are used as preservatives in cosmetics, pharmaceuticals,
and food to prevent the growth of bacteria and fungi in the products. Unintentional
exposure in humans to such chemicals is well documented, but whether they also
interfere with human oral microbiome composition is largely unexplored. In this studly,
we explored whether the oral bacterial composition is affected by exposure to
antibacterial and environmental chemicals. Gingival fluid, urine, and interview data were
collected from 477 adults (18-47 years) from the RHINESSA study in Bergen, Norway.
Urine biomarkers of triclosan, triclocarban, parabens, benzophenone-3, bisphenols,
and 2,4- and 2,5-dichlorophenols (DCPs) were quantified (by mass spectrometry).
Microbiome analysis was based on 16S amplicon sequencing. Diversity and differential
abundance analyses were performed to identify how microbial communities may change
when comparing groups of different chemical exposure. We identified that high urine
levels (>75th percentile) of propyl parabens were associated with a lower abundance
of bacteria genera TM7 [G-3], Helicobacter, Megasphaera, Mitsuokella, Tannerella,
Propionibacteriaceae [G-2], and Dermabacter, as compared with low propylparaben
levels (<25™ percentile). High exposure to ethylparaben was associated with a higher
abundance of Paracoccus. High urine levels of bisphenol A were associated with a
lower abundance of Streptococcus and exposure to another environmental chemical,
2,4-DCP, was associated with a lower abundance of Treponema, Fretibacterium, and
Bacteroidales [G-2]. High exposure to antibacterial and environmental chemicals was
associated with an altered composition of gingiva bacteria; mostly commensal bacteriain
the oral cavity. Our results highlight a need for a better understanding of how antimicrobial
chemical exposure influences the human microbiome.
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INTRODUCTION

Antimicrobial chemicals are used as preservatives in cosmetics,
pharmaceuticals, food, food-wrapping, and kitchen utensils
(Dann and Hontela, 2011; Ferguson et al., 2017). The chemicals
are added to the products to prevent the growth of bacteria
and fungi (Calafat et al., 2010). Parabens have been used as
preservatives in foods, drugs, and cosmetics for more than 50
years, and have antimicrobial properties, especially against fungi
and Gram-positive bacteria. The mode of action for parabens
is thought to be disruption of bacterial membrane transport
processes (Freese et al., 1973) or inhibition of the DNA or RNA
synthesis (Nes and Eklund, 1983). The antimicrobial effectiveness
increases with the length of the alkyl chain. Butyl has the highest
molecular weight and thus the longest alkyl chain, followed by
propylparaben, ethylparaben, and methylparaben (Soni et al,
2005). Another antimicrobial compound, triclosan, prevents
bacteria growth by inhibiting the bacteria’s fatty acid synthesis
(Russell, 2004).

The main routes of exposure to these chemicals are through
the mouth or skin, with the most important sources being food
and personal care products (Ye et al., 2007; Calafat et al., 2008;
Philippat et al, 2015; Ferguson et al, 2017). Biomarkers of
exposure to these chemicals can be measured in urine, which
represents all routes of exposure (oral, inhaled, or dermal). In
a previous analysis of this study population, urine levels of
parabens were found to correlate strongly with the frequency
of use of personal care products in both men and women
(Vindenes et al., 2021). However, women report more frequent
use of cosmetic products, corresponding to higher urinary
levels of several phenols and paraben biomarkers than in men.
Biomarkers of the environmental chemicals, bisphenols, and
dichlorophenols were more commonly detected in urine from
men (Vindenes et al., 2021). Bisphenol analogs are present in
a variety of consumer products and foods (Liao and Kannan,
2014). The main source of exposure to bisphenols is believed to
be leakage from the coating of metal cans coming into contact
with food (Pacyga et al., 2019), whereas human exposure to the
herbicides and pesticide chemicals (2,4- and 2,5-dichlorophenol)
occur through air, water, and food (Ye et al., 2014).

Although it is well known that humans are extensively
exposed to these broad-spectrum antibacterial chemicals, their
interaction with the human microbiome is largely unexplored.
Few studies have assessed the association between chemical
exposure and oral microbiome. Stanaway and co-workers
(Stanaway et al., 2017) reported that blood concentration of
a non-antibacterial chemical, the insecticide Azinphos-methyl,
leads to significant perturbation of common bacterial genera
and less bacterial diversity in the buccal swab microbiome.

Abbreviations: ANCOM-BC, Analysis of compositions of microbiomes with
bias correction; LOD, Limit of detection; BMI, Body mass index; PCoA,
Principal coordinates analysis; PERMANO, Permutational multivariate analysis
of variance; PERMDISP, Permutational analysis of multivariate dispersion; PPB,
Propylparaben; MPB, Methylparaben; EPB, Ethylparaben; BPB, Butylparaben;
molar, TCS, Triclosan; TCC, Triclocarban; BP3, Benzophenone-3; 2,4-DCP, 2,4-
Dichlorophenols; 2,5-DCP, 2,5-Dichlorophenol; BPA, Bisphenol A; BPS, Bisphenol
S; and BPE Bisphenol F.

In mice models, both methylparaben (Hu et al, 2016) and
triclosan exposure were associated with an altered composition
of gut microbiota, especially a lower abundance of Bifidobacteria,
which has an anti-inflammatory effect (Hu et al, 2016; Gao
et al., 2017; Yang et al., 2018). However, in a cross-over study
with personal care products with and without triclosan and
triclocarban, no significant effects of TCS or TCC exposure
were observed for gut or oral microbiome composition (Poole
et al,, 2016). Although the intended use of the environmental
chemicals, the bisphenols and dichlorophenols, is not to exert
antibacterial effects, the 2,4-dichlorophenoxyacetic acid is used
in the production of insecticides and herbicides, and therefore
it is possible that dichlorophenols have some unintentional
bactericidal effect (Jerschow et al., 2014).

The effect of exposure to different chemicals on the oral
microbiome is not well known and data are scarce. This study
aimed to assess whether the oral bacterial composition is affected
by exposure to antibacterial or environmental chemicals in a
general Norwegian population.

METHODS

Study Population and Sample Collection
The study population includes 477 adult participants (>18
years of age) investigated as part of the RHINESSA generation
study (www.rhinessa.net) in Bergen, Norway. Data were gathered
in 2014-2015 using questionnaires, interviews, and clinical
examination. Weight and height were recorded during the
clinical examination. We collected information regarding the use
of antibiotics in the 4 weeks before the clinical examination,
and characteristics like educational level and smoking. The
questionnaires are available at www.rhinessa.net.

The clinical examination included urine and gingival fluid
sampling. The time of day for collection of urine and gingival
fluid samples was recorded, together with information on
whether the participants were fasting before sample collection.
Urine specific gravity was measured by a handheld Atago
refractometer PAL 10-S (ATAGO Co., Ltd, Bellevue, WA, USA)
before freezing the urine in polypropylene tubes (—80°C)
without preservatives. Community periodontal index (CPI) was
clinically assessed by a modified version of the WHO’s guidelines
(Ainamo et al., 1982), as previously described (Pérez Barrionuevo
etal.,2018): CPI 0 for healthy gingiva; CPI 1 for gingival bleeding;
CPI 2 for calculus; CPI 3 for periodontal pockets of 4-5mm;
and CPI 4 if periodontal pockets >6 mm. Ten index teeth were
examined to screen periodontal status: from the upper jaw: 17,
16, 11, 26, and 27, and from the lower jaw: 47, 46, 31, 36,
and 37. We also recorded if any of the 10 index teeth were
missing. Gingival fluid was collected with sterile paper points
(PROTAPER, Jacobsen Dental) from the gingival crevice (area
between the gingiva crest and the neck of the tooth) at five
per-protocol predetermined sites in the lower and upper jaws;
between the two frontal teeth, left frontal tooth (lateral side),
the right frontal tooth (lateral side), left molar number 6 (facing
molar 5), and right molar number 6, facing molar number 5.
Sterile procedures were applied with sterile mirrors and tweezers,
gloves, and surgical face masks. The paper points were frozen
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directly (-80°C) after collection in 2ml Microtubes safelock
Biopur tubes without buffer; with five paper points (from the
upper or the lower jaw) stored in one tube.

Quantification of Urine Biomarkers of
Chemical Exposure

Exposure to antibacterial and environmental chemicals were
quantified as biomarkers in urine. The chemicals can broadly
be categorized into three groups: (1) antibacterial/cosmetic
chemicals: methyl-, ethyl-, butyl- and propylparabens, triclosan,
triclocarban, and benzophenone-3 (the four parabens are also
combined into one exposure variable based on the molar
sum of the individual parabens); (2) bisphenols (plastic
chemicals): bisphenol A, bisphenol S, and bisphenol F; and
(3) herbicide/pesticide chemicals: 2,4- and 2,5-dichlorophenol.
The urine samples were shipped on dry ice to CDC (Atlanta,
GA, USA), where the total (free + conjugated) concentrations
of the chemicals were quantified using a modification of
the automated online solid-phase extraction high-performance
liquid chromatography-tandem mass spectrometry method
reported in Ye et al. (Ye et al, 2005). The limits of detection
(LOD) varied between 0.11 and 2.35 and with machine-read
values replacing the zeros for concentrations below LOD, as
previously described (Vindenes et al., 2021).

Bacterial DNA Extraction

Bacterial DNA was extracted from the gingival fluid samples
and based on all five paper points from the lower jaw. The
gingiva paper points were incubated at 37°C for 1h with 200
ul of lysozyme solution in PBS and 0.2 g of glass beads. After
adding 200 pl of ATL buffer with proteinase K, the samples were
incubated overnight. The next day, the samples were vortexed on
the tissue layer for 5min, and then centrifuged for 3 min at full
speed. A total of 350 Ll was transferred to a new tube and the
same amount of AL buffer was added and incubated for 10 min
at 70°C. The same amount of 100% ethanol was added, and all
were mixed, transferred on a spin column, and spun for 1 min
at 13,200 x g. The samples were washed two times (AW1 buffer
(500 1) and 1-min spin and AW2 buffer (500 pl) and 2-min
spin). Follow-throughs were discarded and the samples were air-
dried for 10 min. Elution buffer was then added, and membranes
were incubated for 3 min and spun for 1 min at 13,200 x g. Eluates
amount of 20 pl and on-column purification was performed with
minelute columns (Genesee).

16S rRNA Gene Amplicon Sequencing
Overall, 12.5 ng of total DNA was amplified using a combination
(4:1) of Universal and Bifidobacterium-specific primers targeting
the V1-V2 region of the bacterial 16S rRNA gene (Edwards et al.,
1989; Fierer et al., 2008). Primer sequences contained overhang
adapters appended to the 5’ end of each primer for compatibility
with the Illumina sequencing platform. The complete sequences
of the primers were:

e 8F-5 TCGTCGGCAGCGTCAGATGTGTATAAGAGACA-
GAGAGTTTGATCCTGGCTCAGS3’.

e BifidoF-5’ TCGTCGGCAGCGTCAGATGTGTATAAGA-
GACAGAGGGTTCGATTCTGGCTCAGS3, and

e 338R-5 GTCTCGTGGGCTCGGAGATGTGTATAAGA-
GACAGGCTGCCTCCCGTAGGAGT?3.

Master mixes contained 12.5 ng of total DNA, 0.2pM of
each primer, and 2x KAPA HiFi HotStart ReadyMix (KAPA
Biosystems, Wilmington, MA, USA). The thermal profile for the
amplification of each sample had an initial denaturing step at
95°C for 3 min, followed by the cycling of denaturing at 95°C
for 30s, annealing at 55°C for 30s, and a 30-s extension at
72°C (25 cycles), a 5-min extension at 72°C and a final hold
at 4°C. Each 16S amplicon was purified using the AMPure
XP reagent (Beckman Coulter, Indianapolis, IN, USA). In the
next step, each sample was amplified using a limited cycle PCR
program, adding Illumina sequencing adapters and dual-index
barcodes [index 1(i7) and index 2(i5)] (Illumina, San Diego,
CA, USA) to the amplicon target. The thermal profile for the
amplification of each sample had an initial denaturing step at
95°C for 3min, followed by a denaturing cycle of 95°C for
30s, annealing at 55°C for 30s and a 30-s extension at 72°C
(8 cycles), a 5-min extension at 72°C and a final hold at 4°C.
The final libraries were again purified using the AMPure XP
reagent (Beckman Coulter), quantified, and normalized before
pooling. The DNA library pool was then denatured with NaOH,
diluted with hybridization buffer, and heat-denatured before
loading on the MiSeq reagent cartridge (Illumina) and the MiSeq
instrument (Illumina). Automated cluster generation and paired-
end sequencing with dual reads were performed according to the
instructions of the manufacturer.

Sequencing Data Analysis

Multiplexed paired-end fastq files were produced from the
sequencing results of the Illumina MiSeq using the Illumina
software configureBclToFastq. The paired-end fastqs were
joined into a single multiplexed, single-end fastq using the
software tool fastq-join. Demultiplexing and quality filtering were
performed on the joined results. Quality analysis reports were
produced using the FastQC software. Bioinformatics analysis of
bacterial 16S amplicon sequencing data was conducted using the
Quantitative Insight Into Microbial Ecology (QIIME) software
(Caporaso et al, 2010). Operational taxonomic unit (OTU)
picking was performed on the quality-filtered results using
pick_de_novo_otus.py. Chimeric sequences were detected and
removed using ChimeraSlayer. To assign taxonomy, we used the
Human Oral Microbiome Database (www.homd.org), which is a
library that contains genomes from the human oral cavity (Chen
et al., 2010). A total of 47,443,921 reads were obtained for 477
subjects by V1-V2 16S RNA sequencing. An average number of
99,463 (from 10,017 to 292,207) reads per sample was used for
downstream analysis. A total of 242 distinct bacterial operational
taxonomic units (OTUs) were identified.

Statistical Analysis
Descriptive statistics are presented as mean = SD for continuous
variables and as frequency (percentage) for categorical variables.
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Different bacterial alpha diversity indices, namely, Shannon
diversity index, Faith’s phylogenetic diversity index (Faith’s PD),
and observed OTU count (at OTU level) were calculated to
examine the associations with various population characteristics.
Linear regression was implemented to test for statistical
significance. In addition, the Shannon diversity index (a
measure of richness, evenness, and divergence) was used to
further investigate the association between alpha diversity
at genus level and urine levels of chemical biomarkers,
using Wilcoxon rank-sum test. For beta diversity (at genus
level), Principal Coordinates Analysis (PCoA) was performed
to visualize Bray-Curtis distance matrices. Permutational
multivariate ANOVA (PERMANOVA) (Anderson and Walsh,
2013) and permutational analysis of multivariate dispersion
(PERMDISP) (Anderson, 2006) were applied to compare the
microbial community clustering between groups.

To test which taxa were differentially represented between
the exposure groups, we performed a differential abundance
analysis using analysis of compositions of microbiomes with
bias correction (ANCOM-BC) (Lin and Peddada, 2020) at
the genus level. This methodology is aimed at detecting
differentially abundant microbes between two or more groups
while controlling for other covariates.

We excluded participants (n = 14) who had used antibiotics
in the last 4 weeks before gingival sampling from our main
analyses, as the antibiotics are likely to affect the microbiome
diversity. The Shannon diversity index was significantly lower
(p = 0.004) for those reporting antibiotic use in the last 4
weeks before sampling compared to those who had not used
antibiotics. In this study, the question of interest was to detect
whether certain oral bacteria were differentially abundant with
respect to varying exposure levels of chemicals. The chemicals
were propylparaben (PPB), methylparaben (MPB), ethylparaben
(EPB), butylparaben (BPB), the sum of parabens (molar sum of
parabens), triclosan (T'CS), triclocarban (TCC), benzophenone-3
(BP3), 2,4-dichlorophenols (2,4-DCP), 2,5-dichlorophenol (2,5-
DCP), bisphenol A (BPA), bisphenol S (BPS), and bisphenol F
(BPF). Each chemical was analyzed with a separate model while
correcting for age, body mass index (BMI), smoking (never, ex-
smoker, and current smoker), and time of day of sampling (urine
and microbiome samples). Specifically, the chemicals for which
biomarkers were detected in at least 50% of the urine samples,
were categorized into four categories; Q1-Q4 represent the
quartiles of the urine biomarker concentration of the chemicals.
High chemical exposure refers to having a urine level above the
75th percentile (Q4). For chemicals for which the biomarkers
were detected in <50% of the urine samples (BPB, TCS, TCC,
and 2,5-DCP) we dichotomized the biomarkers according to
whether they were below or above the limit of detection which
is a commonly applied procedure (Savage et al., 2012; Quiros-
Alcald et al,, 2018; Vindenes et al., 2021). For chemicals that
were categorized into 4 groups, the ANCOM-BC global test
was first implemented to identify OTUs that were differentially
abundant in at least one group. p values obtained from the
global test were denoted as “screening p values” and adjusted
for multiple comparisons using the B-H procedure (Benjamini
and Hochberg, 1995). Then correspondingly, to each chemical,

for each OTU discovered significantly by the global test, the p
values for each pairwise comparison among the four exposure
groups (of each chemical) was derived from the ANCOM-BC
pairwise test. Furthermore, we also performed a test for patterns,
both increasing and decreasing, in the OTU abundance over the
four exposure groups. p values from the pattern analysis were
adjusted by the B-H procedure as well. For the dichotomized
exposures, only the two-group comparisons were applied. STATA
SE 17 (StataCorpLLC) and the R packages vegan, phyloseq, and
ANCOM-BC were used for statistical analysis.

RESULTS

Study Population Characteristics

The women (n = 223) in the RHINESSA study in Bergen,
Norway, were slightly younger than the men (n = 254) (mean
age: 27.2 and 28.7 years, respectively). The women had a slightly
higher educational level, lower BMI, and were less likely to be
current smokers as compared to the male participants (Table 1).
The chemicals show large variation in terms of the percentage
of urine samples with detectable levels. The highest level of
detection was found for MPB and PPB and BPA (95% detection),
whereas triclocarban and triclosan were detectable (above LOD)
in only 5% and 26% of the samples, respectively (Table 1,
Figure 1). Urinary concentrations of parabens and TCS increased
with the reported frequency of use of mouthwash (Table 2). CPI
scores were available for 411 RHINESSA participants (10 teeth
scored per person). Only 12 participants had a CPI score of
3 (4-5mm periodontal pockets) and none had deeper pockets,
and the majority of the study participants (82%) had a healthy
periodontal state (CPI 0). Among the 411 participants, 27 (6.6%,
17 men and 10 women) had one or more missing tooth. In total,
44/4110 teeth (1.1%) were missing.

Alpha and Beta Diversity, and Association
With Urine Chemicals

Bacterial alpha diversities (Faith’s phylogenetic diversity index
and OTU count) were higher among men than women (Table 3).
Faith’s phylogenetic diversity index was lower for those who
had not fasted on the day of sample collection and for gingival
collection later in the day (Table 3), although no difference was
observed by the other alpha-diversity indices such as Shannon
diversity index (richness, evenness, and divergence) and OTU
count. Shannon diversity and the OTU count decreased with
increasing frequency of use of mouthwash (Table 3).

Shannon diversity index was not associated with the presence
of urine biomarkers of exposure to TCS, BPB, TCC, and 2,5-
DCP (Supplementary Figures 1A-D) but it increased with the
increasing exposure of urine biomarker concentrations of MPB
(Figure 2A). Similar patterns were observed for PPB (Figure 2B)
and BP3 concentrations (Figure 2C).

Permutational multivariate ANOVA (PERMANOVA) test
is often implemented to test for between-sample diversity
(beta diversity) among microbes. Of note is that a significant
PERMANOVA test either implies that the observed differences
are due to different spatial medians or due to the heterogeneity
of dispersions; therefore, a follow-up PERMDISP test is also
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TABLE 1 | Characteristics of study population (total, n = 477) and separately for
women and men.

All Women Men
(n = 477) (n = 223) (n = 254)
Age
Min-Max 18-47 18-45 18-47
Mean (SD) 27.98 £ 6.75 2719 £ 6.57 28.67 £ 6.84
BMI
Min-Max 17.08-46.50 17.20-42.89 17.08-46.49
Mean (SD) 25.07 + 4.56 23.97 + 4.50 25.97 + 4.40
Batch [n (%)]]
Old 279 (58) 132 (59) 147 (58)
New 198 (42) 91 (41) 107 (42)
Smoking [n (%)]
Never 288 (65) 144 (68) 144 (62)
Previous 106 (24) 50 (23) 56 (24)
Current 51 (11) 19 (9) 32 (14)
Education [n (%)]
Primary 102 2(1) 8(3)
Secondary 179 (40) 74 (35) 105 (45)
Tertiary 259 (58) 138 (64) 121 (52)
Ethylparaben (EPB) ng/mL
Minmax 0.08-2,957 0.13-2,957 0.078-706
Mean (SD) 20.56 (147) 33.85 (205) 8.73 (54.19)
Propylparaben (PPB) ng/mL
Min-max 0.053-780 0.12-780 0.053-460
Mean (SD) 21.76 (66.08) 36.77 (82.59) 8.40 (42.67)
Methylparaben (MPB) ng/mL
Min-max 0.21-3,726 0.78-3,726 0.21-1,355
Mean (SD) 102.96 (288) 166.12 (382) 46.73 (144)
Butylparaben (BPB) ng/mL
Below LOD, n (%) 293 (63) 87 (40) 206 (84)
Above LOD, n (%) 172 (37) 132 (60) 40 (16)
Molar sum of parabens ng/mL
Min-max 16.62-810,624 142-810,624 16.62-345,512
Mean (SD) 21,594 (57,495) 34,716 (75,438) 9,912 (30,098)
Benzophenone-3 (BP3) ng/mL
Min-max 0.06-6,040 0.06-6,040 0.14-2,075
Mean (SD) 118 (517) 223 (726) 24.40 (137)
Bisphenol A (BPA) ng/mL
Min-max 0.14-21.95 0.14-16.72 0.31-21.95
Mean (SD) 2.01 (2.29) 1.88(2.22) 2.12 (2.35)
Bisphenol F (BPF) ng/mL
Min-max 0.05-80.58 0.05-80.58 0.06-20.49
Mean (SD) 0.86 (4.16) 0.94 (5.63) 0.79 (2.14)
Bisphenol S (BPS)
Min-max 0.037-8.36 0.042-3.14 0.037-8.36
Mean (SD) 0.23 (0.47) 0.23 (0.34) 0.23 (0.55)
2,4-dichlorophenol (2,4-DCP) ng/mL
Min-max 0.04-7.45 0.04-3.14 0.04-7.45
Mean (SD) 0.24 (0.45) 0.23 (0.31) 0.25 (0.54)
2,5-dichlorophenol (2,5-DCP) ng/mL
Below LOD, n (%) 285 (61) 154 (70) 131 (53)
(Continued)

TABLE 1 | Continued

All Women Men

(n = 477) (n =223) (n = 254)
Above LOD, n (%) 180 (39) 65 (30) 115 (47)
Triclocarban (TCC) ng/mL
Below LOD, n (%) 444 (95) 208 (95) 236 (96)
Above LOD, n (%) 21 (5) 11(5) 10 (4)
Triclosan (TCS) ng/mL
Below LOD, n (%) 342 (74) 151 (69) 191 (78)
Above LOD, n (%) 123 (26) 68 (31) 55 (22)

LOD, Limit of detection.
Information missing for smoking (n = 32), education (n = 29), chemical biomarkers (n =
12), and BMI (n = 1).

performed to test the null hypothesis of “no difference in
dispersion between groups.” Although beta diversities were
not identified to be significantly different by most of the
chemical exposures (Supplementary Figure 2), PERMANOVA
and PERMDISP tests for microbial community clustering
revealed a significant difference between different MPB exposures
(Figure 3A), PPB exposures (Figure 3B), combined molar sum
of parabens (Figure 3C), and 2,4-DCP (Figure 3D). It is clear
to tell from the figures that the differences between exposures
of MBP and combined parabens are driven by the location
effect (different spatial medians), the difference between 2,4-DCP
exposures is solely driven by heterogeneous dispersions (different
group variations), and the difference between PPB exposures is
determined by both the location and dispersion effects.

Bacteria Taxa Distribution for Gingival

Samples

The most prevalent bacterial phyla contributing to the gingival
fluid samples were Firmicutes (27.7%), Bacteriodetes (24.7%),
Fusobacteria (18.4%), Proteobacteria (15.6%), and Actinobacteria
(8.5%) (Figure 4). At the genera level, Fusobacterium (15.2%,
phylum: Fusobacteria), Streptococcus (9.7%, phylum: Firmicutes),
and Prevotella (8.4%, phylum: Bacteroidetes) were the most
prevalent bacteria and were present in all gingival samples (data
not shown).

ANCOM-BC Analyses for Antibacterial

Chemicals and Gingival Fluid Microbiome

ANCOM-BC methodology was applied to determine taxa that
were differentially abundant among the four chemical exposure
categories (quartiles of urine biomarker concentrations) adjusted
for age, BMI, smoking, and time of day of collection of the
urine and gingival samples. The pairwise testing of the 2nd,
3rd, and 4th quartile exposure group compared to the reference
group (1st quartile and the lowest urine concentration) showed
a significantly higher abundance (p < 0.01) in genus Paracoccus
for the highest exposure to EPB exposure group compared to
the lowest exposure group (Table 4, Figure 5A). High exposure
to PPB was associated with a lower abundance of the genera
Dermabacter, Megasphaera, Mitsuokella, TM7 [G-3], Tannerella,
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TABLE 2 | Specific-gravity-adjusted urine chemical concentrations (ng/ml) by reported frequency of use of mouthwash for n = 464 participants with information available
on reported frequency of use of mouthwash and available urine biomarker concentrations.

Reported frequency of use of mouthwash

Urine biomarker Never or <1/week Once week Once daily Twice daily p-value*
Median [max] Median [max] Median [max] Median [max]
Ethylparaben 1.45 [209] 1.71 [289] 2.22 [471] 3.35[2,957] 0.1
Propylparaben 1.12[780] 1.74 [460] 2.14 [632] 13.52 [331] 0.0002
Methylparaben 14.57 [1,824] 15.49 [1,148] 23.51[3,269] 67.80 [3,726] 0.002
Butylparaben 0.10[29] 0.14 [137] 0.10 [40] 0.17 [19] 0.1
Bisphenol A 1.33[21.9] 1.33[8.9] 1.31[20.3] 1.41[16.7] 0.8
Bisphenol F 0.26 [20.5] 0.27 [4.7] 0.30[3.9] 0.36 [80.6] 0.5
Bisphenol S 0.15 [3.13] 0.15[1.39] 0.15[8.4] 0.16 [1.12] 0.8
Benzophenone-3 7.48 [4,525] 11.12 [2,156] 7.70 [6,040] 9.00 [2,075] 0.6
2,4 Dichlorophenol 0.16 [7.4] 0.16 [1.0] 0.15[3.1] 0.19[1.6] 0.1
2,5-Dichlorophenol 0.12[15.0] 0.12 [1.69] 0.09 [4.1] 0.16 [0.4] 0.1
Triclocarban 0.06 [0.9] 0.07 [0.4] 0.06 [0.8] 0.10[0.5] 0.5
Triclosan 0.95 [748] 1.04 [278] 1.11[860] 1.75[49.4] 0.04

*p value from Kruskal-Wallis for differences between urine concentrations by frequency of use of mouthwash.

Propionibacteriaceae [G-2], and Helicobacter as compared to
the lowest level of PPB exposure (Table 4, Figure 5B). Another
ubiquitous chemical present in almost all urine samples is
BPA, for which high exposure was associated with a lower
abundance of Streptococcus spp (Table 4, Figure 5C). In our
study population, the genus Streptococcus contributed to as much
as 9.7% of the gingival microbiome and was present in all
the gingival samples. The exposure of 2,4-DCP was associated
with a statistically significant lower abundance of Treponema

in the 2nd and 4th quartiles and with Fretibacterium and
Bacteriodales [G-2] in the 2nd quartile (Table 4, Figure 5D).
Treponema belongs to the phylum Spirochaetes, and the 2.7%
mean contribution in the relative abundance of Treponema to the
overall genera composition (data not shown) corresponds to the
2.7% contribution of the phylum Spirochaetes to the overall phyla
composition across all samples (Figure 4). Likewise, the genus
Fretibacterium (from the phylum Synergistetes) contributed
0.4% to the overall genera composition which corresponds
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TABLE 3 | Linear regression modeling for change (B) in alpha-diversity indices (Shannon diversity index, Faith’s PD, and OTU count) by population characteristics.

Shannon diversity index *p-value Faith PD index *p-value OTU count *p-value
[B+ SD] [B+ SD] [B+ SD]
Gender
Women ref 0.3 ref <0.001 ref 0.03
Men 0.05 + 0.05 3.82 +1.04 16.13 £ 7.22
Fasting
Yes ref ref 0.05 ref 0.9
No 0.02 + 0.06 —2.07 £1.06 —0.42 £7.36
Education
Primary school ref 0.5 ref 0.97 ref 0.04
Secondary school 0.05+0.19 —3.66 + 3.62 —12.01 £ 25.75
University or college 0.006 + 0.19 —3.21 £ 3.59 —26.55 + 25.54
Smoking
Never ref 0.6 ref 0.9 ref 0.2
Previous 0.02 +0.07 —0.56 +1.23 2.84 +£9.18
Current 0.04 £+ 0.09 0.10 £ 1.65 15.44 £ 12.31
Time of day of sample collection
Before 10 AM ref 0.8 ref 0.007 ref 0.6
10 AM—12 PM —0.05 £ 0.08 0.44 £1.54 —2.38 £ 11.15
12-2 PM 0.06 +0.08 —1.89+1.55 4.92 +11.21
After 2 PM —0.05 £ 0.09 —3.64 £1.77 —12.48 +£12.80
BMI group
<18.5 —0.18 £ 0.21 0.2 —3.65 £ 4.10 0.1 —21.28 £+ 28.33 4
>18.5-25 ref ref ref
>25-30 0.12 £+ 0.06 1.24 +£1.20 8.45 +8.27
>30 0.40 £+ 0.08 1.72+1.64 2.86 +11.34
Mouthwash
Never ref 0.03 ref 0.7 ref 0.02
Once a week —0.02 +£0.07 2.35+1.35 -0.38+9.28
Once a day —0.13 £ 0.07 —-0.17 £1.32 —16.86 + 9.09
Twice a day —0.17 £ 0.12 —1.96 £ 2.37 —32.40 + 16.30
Use of fluoride toothpaste
Never ref 0.8 ref 0.3 ref 0.9
Once a daily 0.06 +0.17 0.49 + 3.32 18.44 £ 22.94
Twice a day —0.04+0.16 1.95+ 3.03 7.54 £+ 20.89
>Twice a day 0.11 +£0.19 2.63 + 3.68 20.63 + 25.36

*p value for linear association across all categories. Information missing for smoking (n = 32), education (n = 29), time of day of sample collection (n = 4), and BMI, use of mouthwash

and fluoride toothpaste (n = 1).

to the 0.4% contribution of Synergistetes to the overall phyla
composition. Thus, chemical exposure is associated with altered
taxon composition also on the phylum level.

In addition to the pairwise testing of the quartiles, we also
tested whether there was a monotonic trend across the quartiles.
In line with our findings from the pairwise comparisons,
a monotonic decrease in Streptococcus spp. abundance was
observed with an increase in exposure to BPA (p < 0.001)
(Supplementary Figure 3A) and Peptostreptococcaceae [XI]
[G-1] decreased monotonically (p < 0.001) with an increase
in BPS exposure (Figure 6, Supplementary Figure 3B). The
genera Dermabacter, Propionibacteriaceae [G-2], Mitsuokella,
Megasphera, Lachnoanaerobaculum, and Pedobacter spp
decreased monotonically with an increase in PPB concentrations

(Figure 6, Supplementary Figure 3C). Increasing exposure to
MPB was associated with increased abundance of Anoxybacillus
and Paracoccus spp; with a doubling from 1st to 4th quartile and
a 1-fold (natural log) decrease in TM7 from 1st to 4th quartile
(Supplementary Figure 3D). An increase in Fretibacterium
spp and decrease in TM7 [G-3] and Ruminococcaceae [G-1]
spp was observed for increasing exposure to all parabens
combined (Figure 6, Supplementary Figure 3E), whereas genus
Lachnoanaerobaculum decreased and Paracoccus spp increased
with increasing exposure to EPB (Supplementary Figure 3F).
Compared to urine samples with no detectable level of butyl
parabens, biomarkers of exposure to BPB were associated with
a lower abundance of several bacteria genera; five of these taxa
had a p < 0.01 (Figures 5E, 6). These included some of the taxa
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identified to be associated with PPB exposure as well, namely,
Helicobacter, Tannerella, and Propionibacteriaceae [G-2]. The
same was observed for triclocarban (Figure 5F and Figure 6).
However, only 5% of the participants had detectable levels of
triclocarban, thus the size of the exposure groups is fairly small,
and the results should be interpreted with caution.

DISCUSSION

This study found that urine biomarkers of antimicrobial
and environmental chemicals are associated with an altered

composition of the oral microbiome. High exposure to PPB,
which is known to have antimicrobial effects, and exposure
to BPB which is the paraben that most effectively Kkills
bacteria were associated with a lower abundance of several
commensal oral bacteria genera, such as Dermabacter, Tannerella,
Propionibacteriaceae [G-2], and Helicobacter spp. Increasing
exposure to the ubiquitous environmental chemical, BPA, was
associated with a lower abundance of Streptococcus.

To the best of our knowledge, this is the first study to
report associations between urine biomarkers of antimicrobial
and environmental chemicals and oral microbiome composition.
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FIGURE 3 | Principal coordinates analysis (PCoA) plot of the oral microbiome beta diversity (Bray-Curtis dissimilarity) at the genus level. Ellipses stand for 68% of data
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the plot. (A) Methylparaben; (B) propylparaben; (C) molar sum of parabens; and (D) 2,4-dichlorophenol.

The oral microbiome is characterized by a long-term stable
microbiome (Rasiah et al., 2005) and is the body site with
the greatest amount of core taxon (defined as taxa shared
among 95% or more of the individuals) as compared to
other body sites such as gut or skin (Moon and Lee, 2016).
The healthy oral microbiome is affected by host-specific
factors such as age and ethnicity and most likely genetics
(Mason et al., 2013).

We found that microbial diversity changes little by population
characteristics, except for use of mouthwash and gender. We
noted that alpha diversities, namely, Faith’s phylogenetic diversity
index and OTU count are slightly higher in men as compared
to women. There are two potential reasons that could lead to
this heterogeneity. The most important aspect is the unbalanced
distribution of periodontal diseases between men and women.
Although we lack information on periodontal disease, it is known
that crude periodontal status markers, such as CPI, can serve as
a surrogate endpoint for periodontal health. Based on data from

this study population, we have previously reported a higher CPI
score among males and for current smokers (Pérez Barrionuevo
et al., 2018). Furthermore, it is well-known that smoking affects
periodontal health (Barbour et al., 1997), and evidence for the
association between smoking and chronic periodontitis has been
demonstrated in diverse populations (Nociti et al., 2015).

In this study, we did not find statistically significant
differences in smoking status between men and women.
Therefore, it is possible that the higher alpha diversities observed
for men are due to the slightly higher CPI scores as compared
to women. Results showed a higher bacterial diversity in
participants reporting frequent gum-bleeding when brushing
teeth and in those with the highest CPI score (Bertelsen et al.,
in revision, Journal of Clinical Periodontology).

There is a trend of increasing alpha diversity in the overweight
(BMI 25-30) compared to groups with normal BMI (18.5-
24), in line with previous studies on the oral microbiome and
obesity (Yang et al.,, 2019). Together with the knowledge that
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FIGURE 4 | Pie charts representing the main phyla that constitute the oral microbiome in the study population.

TABLE 4 | Pairwise test comparing the corresponding group with the reference group (1st quartile) of urine chemical biomarker exposure and bacterial genera.

Chemical Significant taxa [genus (P: phylum)] Screening 2nd Q-1stQ 3rd Q-1st Q 4th Q-1stQ Samples with
p-value LFC (SE) LFC (SE) LFC (SE) genera present (%)
Ethyl paraben  Achromobacter (P: Proteobacteria) 0 —0.071 (0.094) —0.236 (0.089)° —0.063 (0.101) 10.5
Paracoccus (P: Proteobacteria) 0.038 —0.052 (0.252)  0.006 (0.262) 0.758 (0.238)° 97.9
Propyl paraben Dermabacter (P: Actinobacteria) 0.005 —0.023 (0.109) —0.232(0.102)2 —0.411 (0.101)° 10.9
Megasphaera (P: Firmicutes) 0.005 —0.111(0.255) —0.703 (0.246)° —0.916 (0.237)" 46.3
Mitsuokella spp (P: Firmicutes) 0.005 —0.252 (0.209) —0.596 (0.194)° —0.814 (0.196)" 16.3
Saccharibacteria (TM7) [G—3] [P: Saccharibacteria (TM7)] 0.007 0.266 (0.262) —0.085 (0.266) —0.803 (0.258)" 67.7
Eikenella (P: Proteobacteria) 0.011 —0.046 (0.191)  0.505 (0.161)° 0.095 (0.170) 98.5
Tannerella (P: Bacteroidetes) 0.023 —0.013 (0.160) 0.124 (0.152)  —0.516 (0.167)° 99.7
Fusobacterium (P: Fusobacteria) 0.029 0.009 (0.132) 0.360 (0.117)° 0.062 (0.119) 100
Propionibacteriaceae [G—2] (P: Actinobacteria) 0.029 —0.349 (0.168)" —0.509 (0.165)° —0.649 (0.165)" 24.7
Helicobacter (P: Proteobacteria) 0.033 0.071 (0.154) 0.141 (0.155)  —0.330 (0.128)? 12.1
Bisphenol A Leptothrix (P: Fusobacteria) 0.021 0.628 (0.177)°  0.715(0.182)°  0.435 (0.180)* 411
Streptococcus (P: Firmicutes) 0.021 —0.264 (0.158)  0.031(0.153)  —0.596 (0.160)" 100
2,4-DCP Treponema (P:Spirochaetes) 0.009 —1.000 (0.308)°  0.296 (0.285) —0.686 (0.315) 941
Fretibacterium (P: Synergistetes) 0.031 —0.911 (0.342)°  0.462 (0.350) —0.587 (0.367) 68.1
Bacteriodales [G—2] (P: Bacteroidetes) 0.040 —1.089 (0.349)°  0.273 (0.304) —0.546 (0.343) 88.7

ap < 0.05; °p < 0.01. Adjusted for age, smoking, BMI, education, and time of day of sampling collections. ANCOM-BC global test (whether each genus is differentially abundant in at
least one quartile of urine chemical biomarker exposure) was used to obtain the screening p values. For each pairwise comparison, log fold change (LFC, natural log) and SE is given
together with p values if statistically significant different from 1st quartile. Statistically significant values are highlighted in bold.

p values are not provided for nonsignificant associations (p > 0.05).

phenolic chemicals can be stored in adipose tissue (Artacho-  levels and microbiome composition. Furthermore, exposure to
Cordon et al, 2017), we adjusted for BMI in our models antibacterial and environmental chemicals had little influence on
when assessing associations between urine chemical biomarker  the overall diversity in the oral samples. On the other hand, we
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found that the typical antibacterial chemicals that are used as
preservatives in a range of cosmetics and personal care products,
the parabens, were associated with the differential abundance of
several bacteria genera.

The main contributing source for human exposure to
parabens and other antimicrobial chemicals are personal care
products (Bledzka et al., 2014), but both MPB and PPB are
permitted for use as direct food additives and as indirect
food additives in food-packaging materials (Soni et al., 2001,
2002). Urine biomarker levels of exposure to parabens correlate
well with the reported frequency of use of personal care
products (Vindenes et al., 2021). Furthermore, we found that the
urine biomarker levels of parabens increased with the reported
frequency of use of mouthwash, similar to reports from the
NHANES study (Ferguson et al., 2017). In this study, we found
that several bacterial taxa were less abundant among those with
high concentrations of a urinary biomarker of propyl paraben

and for those exposed to butyl parabens; many of these bacterial
phyla belong to the Firmicutes and Proteobacteria. Whereas, with
increasing exposure to EPB, there was an increase in the genus
Paracoccus, also a member of the Proteobacteria phylum, but a
monotonic decrease in the abundance of Lachnoanaerobaculum
spp (from the Firmicutes phylum). Paracoccus spp is present in
almost all the gingival samples (98%) and thus is likely to be part
of the commensal microbiome of the oral cavity. BPB is the most
efficient of the parabens and therefore only minor amounts of
this compound can be added to consumer products, mirrored
by the low percentage of urine samples with detectable levels in
this study. Nevertheless, detectable urine levels of this chemical
were associated with decreasing relative abundance of a total of
16 different bacteria genera.

A lower abundance of Bacteroidales [G-2] and Treponema was
associated with a higher level of 2,4-DCP, both are anaerobic
Gram-negative bacteria, and have species that are associated
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with periodontitis (Kumar et al., 2003). Treponema is also a
known member of the “red complex” associated with periodontal
disease (Socransky et al, 1998). Another bacteria associated
with the environmental chemical, 2,4-DCP, was Fretibacterium,
a Gram-negative (obligatory anaerobic) bacillus dependent on
other oral bacteria to grow. Putative periodontopathogens, such
as Fretibacterium and Treponema, are often present at low
levels in healthy subjects, but if the subgingival nutritional
environment changes, taxa implicated in periodontitis may
increase in abundance with concomitant decreases in health-
associated species (Naginyte et al., 2019). The intended use
of 2,4-DCP is not as a preservative, but rather primarily
in the production of phenoxy acid herbicides such as 2,4-
diphenoxyacetic acid and in the synthesis of pharmaceuticals and
antiseptics. However, DCPs are found to lower bacterial numbers
in marine plankton communities (Kuiper and Hanstveit, 1984),
and 2,4-DCP is a known degradation product of triclosan in
the environment.

Triclosan (TCS) is one of the best-known antimicrobial
agents. However, due to the effectiveness of the chemical and
its potential to induce antibiotic-resistant bacteria (Carey and
Mcnamara, 2014), it is being phased out from many products.
This may be the reason for the low number of samples with
measurable amounts of TCS in this study (27%) as compared to
our previous publication from a Norwegian population with 47%
of the samples having detectable levels (Bertelsen et al., 2013). In
this study, we did not find differences in gingival bacterial taxon
between participants with and without detectable levels of urine
biomarkers of TCS.

Increasing exposure to BPA was associated with decreasing
abundance of Streptococcus spp. Streptococcus is one of the
principal bacteria genera found in the healthy oral cavity and
contributes to almost 10% of the overall abundance. Many of the
numerous species of Streptococcus are commensals and some are
associated with caries development (Corby et al., 2005).

The strengths of this study are the well-defined study
population with state-of-the-art measurements of both urine
chemicals and microbiome in gingival samples, and the relatively
large number of study participants considering the literature
within the field of microbiome. The gingival samples were
analyzed at two different time points, but by the same laboratory
technician and with the same methodology. Although we cannot
rule out a potential batch effect, we have overcome this limitation
by applying a novel biostatistical model, ANCOM-BC (Lin and
Peddada, 2020) which takes into account the compositional
nature of the data (Gloor et al., 2017) and which also controls
for potential batch effect. This is one of the first studies
where the ANCOM-BC biostatistical approach has been applied.
ANCOM-BC allows for reporting directionality and effect size for
abundances and at the same time control for covariates in the
models. The model also takes into consideration multiple testing.
The ANCOM-BC pattern analysis is still under development and
so less reliable than those of pairwise tests but gives an innovative
aspect to our article.

A limitation of this study is the simplified dental protocol
and sampling procedure. This was necessary to enable a uniform
collection of samples that can easily be adopted in any of our
study centers and by field workers without dental training.

Unfortunately, we do not have information on recent scaling
or root planning, which could potentially have an impact on
the gingival bacteria community. We collected information
on the use of any antibiotics but did not ask about dental
prophylaxis, in particular. Participants who had used antibiotics
during the last 4 weeks were excluded from the analyses.
We are unable to distinguish between periodontally healthy,
gingivitis, and periodontitis cases and the CPI score may only
provide indications on periodontal pocketing and inflammation.
However, only 12 participants had a CPI score of 3 and none
had a score of 4, and the majority (82%) were considered
periodontally healthy when using CPI as a surrogate marker for
periodontal status.

The use of primers should not impact the interpretation of
the results. However, the choice of the V1-V2 primer set may
have implications for comparison with other studies which have
used the standard V3-V4 primer set. Still, the V1-V2 primer
set may in many cases be a better fit than the V3-V4 primers
(Kameoka et al., 2021). In particular for oral microbiota, the use
of V1-V2 (V3) region primers is more suitable than the V3-V4
region, providing greater phyla type richness and evenness than
V3-V4 and therefore gives a more representative assessment of
the population diversity and community for oral bacterial genera
(Zheng et al., 2015).

Urine was collected as a spot sample; a single spot of urine
sample has previously been found to be representative of a
person’s daily exposure to parabens (Fisher et al., 2017). Although
some of the compounds have a relatively short half-life, the daily
use of personal care products and often continued use of the same
cosmetic brands lead to continuous exposure to the compounds
(Bertelsen et al., 2014; Guidry et al., 2015).

CONCLUSIONS

Parabens have been used for decades and are still widely used
as a preservative in foods and personal care products. This is
despite regulations limiting the quantity of parabens allowed
to be used in products for humans. Our findings suggest
that oral microbiome composition was altered in relation to
antibacterial and environmental chemical exposure. Our results
highlight a need for a better understanding of how cosmetics
and environmental chemical exposure influence the human
microbiome and the potential clinical relevance of our findings.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The Dryad repository, accessible at: https://doi.org/
10.5061/dryad.r2280gbfh; GitHub, accessible at: https://github.
com/FrederickHuangLin/Oral-Microbiome-and-Chemical-
Exposure.

ETHICS STATEMENT

Ethical approval was obtained from the Regional Committee
for Medical and Health Research Ethics in Western Norway
(approval number #2012/1077). The patients/participants

Frontiers in Microbiology | www.frontiersin.org

13

April 2022 | Volume 13 | Article 790496


https://doi.org/10.5061/dryad.r2280gbfh
https://doi.org/10.5061/dryad.r2280gbfh
https://github.com/FrederickHuangLin/Oral-Microbiome-and-Chemical-Exposure
https://github.com/FrederickHuangLin/Oral-Microbiome-and-Chemical-Exposure
https://github.com/FrederickHuangLin/Oral-Microbiome-and-Chemical-Exposure
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Vindenes et al.

Chemicals and Oral Microbiome

provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

HV, HL, RS, and RB analyzed the data. RB, HV, HL, and SP
drafted the article. HV, HL, SP, CS, and RB participated in the
study design. HV, CS, FR, TR-K, and RB participated in the
coordination and collection of data and providing the data. All
authors were involved in critically discussing the results, revising
the manuscript, and approval of the final manuscript.

FUNDING

This project was funded by the Research Council of Norway
(Grants Nos. 230827 and 273838) and the Western Norwegian
Regional Health Authorities (Grant No. 912128). The Bergen

REFERENCES

Ainamo, J., Barmes, D., Beagrie, G., Cutress, T., Martin, J., and Sardo-Infirri, J.
(1982). Development of the World Health Organization (WHO) community
periodontal index of treatment needs (CPITN). Int Dent J. 32, 281-291.

Anderson, M. J. (2006). Distance-Based Tests for Homogeneity of Multivariate
Dispersions. Biometrics 62, 245-253. doi: 10.1111/j.1541-0420.2005.00440.x

Anderson, M. J., and Walsh, D. C. I. (2013). PERMANOVA, ANOSIM, and the
Mantel test in the face of heterogeneous dispersions: What null hypothesis are
you testing? Ecol. Monographs. 83, 557-574. doi: 10.1890/12-2010.1

Artacho-Cordon, F., Arrebola, J.P., Nielsen, O., Hernandez, P., Skakkebaek,
N.E., Fernandez, M.F., et al. (2017). Assumed non-persistent environmental
chemicals in human adipose tissue; matrix stability and correlation
with levels measured in urine and serum. Environ Res. 156, 120-127.
doi: 10.1016/j.envres.2017.03.030

Barbour, S.E., Nakashima, K., Zhang, ].B., Tangada, S., Hahn, C.L., Schenkein,
H.A,, et al. (1997). Tobacco and smoking: environmental factors that modify
the host response (immune system) and have an impact on periodontal health.
Crit. Rev. Oral Biol. Med. 8, 437-460. doi: 10.1177/10454411970080040501

Benjamini, Y., and Hochberg, Y. (1995). Controlling the False Discovery
Rate: A Practical and Powerful Approach to Multiple Testing.
J. Royal Statistical Soc. Series B (Methodological). 57, 289-300.
doi: 10.1111/j.2517-6161.1995.tb02031.x

Bertelsen, R.J., Engel, S.M., Jusko, T.A., Calafat, A.M., Hoppin, J.A., London, S.J.,
et al. (2014). Reliability of triclosan measures in repeated urine samples from
Norwegian pregnant women. J. Expo. Sci. Environ. Epidemiol. 24,517-521.
doi: 10.1038/jes.2013.95

Bertelsen, R.J., Longnecker, M.P., Lovik, M., Calafat, A.M., Carlsen, K.H., London,
S.J., et al. (2013). Triclosan exposure and allergic sensitization in Norwegian
children. Allergy. 68, 84-91. doi: 10.1111/all.12058

Bledzka, D., Gromadzinska, J., and Wasowicz, W. (2014).
From environmental studies to human health. Environ. Int. 67, 27-42.
doi: 10.1016/j.envint.2014.02.007

Calafat, A. M., Wong, L. Y., Ye, X,, Reidy, J. A,, and Needham, L. L. (2008).
Concentrations of the sunscreen agent benzophenone-3 in residents of the
United States: National Health and Nutrition Examination Survey 2003-2004.
Environ. Health Perspect. 116, 893-897. doi: 10.1289/ehp.11269

Calafat, A. M., Ye, X., Wong, L. Y., Bishop, A. M., and Needham, L. L. (2010).
Urinary concentrations of four parabens in the U.S. population: 2005-2006.
Environ Health Perspect. 118, 679-685. doi: 10.1289/ehp.0901560

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello,
EK, et al. (2010). QIIME allows analysis of high-throughput community
sequencing data. Nat. Methods. 7, 335-333. doi: 10.1038/nmeth.£.303

Parabens.

RHINESSA study was funded by the Research Council of
Norway (Grants Nos. 214123 and 228174) and the Western
Norwegian Regional Health Authorities (Grants Nos. 912011,
911892, and 911631). This project has received funding from
the European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation program (Grant
Agreement No. 804199). The research of SDP was funded in
part by the Intramural Research Program 429 of the Eunice
Kennedy Shriver National Institute of Child Health and Human
Development (NICHD), 430 National Institutes of Health,
Bethesda, USA.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.790496/full#supplementary-material

Carey, D. E,, and Mcnamara, P. J. (2014). The impact of triclosan on the
spread of antibiotic resistance in the environment. Front. Microbiol. 5, 780.
doi: 10.3389/fmicb.2014.00780

Chen, T., Yu, W. H,, Izard, J., Baranova, O. V., Lakshmanan, A., and Dewhirst,
F. E. (2010). The human oral microbiome database: a web accessible resource
for investigating oral microbe taxonomic and genomic information. Database
(Oxford). 2010, baq013. doi: 10.1093/database/baq013

Corby, P.M., Lyons-Weiler, J., Bretz, W.A., Hart, T.C., Aas, J.A., Boumenna,
T., et al. (2005). Microbial risk indicators of early childhood caries. J. Clin.
Microbiol. 43, 5753-5759. doi: 10.1128/JCM.43.11.5753-5759.2005

Dann, A. B., and Hontela, A. (2011). Triclosan: environmental exposure, toxicity
and mechanisms of action. J. Appl. Toxicol. 31, 285-311. doi: 10.1002/jat.1660

Edwards, U., Rogall, T., Blocker, H., Emde, M., and Bottger, E. C. (1989). Isolation
and direct complete nucleotide determination of entire genes. Characterization
of a gene coding for 16S ribosomal RNA. Nucleic Acids Res. 17, 7843-7853
doi: 10.1093/nar/17.19.7843

Ferguson, K. K., Colacino, J. A., Lewis, R. C., and Meeker, J. D. (2017). Personal care
product use among adults in NHANES: associations between urinary phthalate
metabolites and phenols and use of mouthwash and sunscreen. J. Expo. Sci.
Environ. Epidemiol. 27, 326-332. doi: 10.1038/jes.2016.27

Fierer, N., Hamady, M., Lauber, C. L., and Knight, R. (2008). The influence of sex,
handedness, and washing on the diversity of hand surface bacteria. Proc. Natl.
Acad. Sci. U S A. 105, 17994-17999. doi: 10.1073/pnas.0807920105

Fisher, M., Macpherson, S., Braun, J.M., Hauser, R., Walker, M., Feeley, M.,
et al. (2017). Paraben concentrations in maternal urine and breast milk and
its association with personal care product use. Environ. Sci. Technol. 51,
4009-4017. doi: 10.1021/acs.est.6b04302

Freese, E., Sheu, C. W., and Galliers, E. (1973). Function of lipophilic acids as
antimicrobial food additives. Nature. 241, 321-325. doi: 10.1038/241321a0

Gao, B., Tu, P., Bian, X., Chi, L., Ru, H., and Lu, K. (2017). Profound perturbation
induced by triclosan exposure in mouse gut microbiome: a less resilient
microbial community with elevated antibiotic and metal resistomes. BMC
Pharmacol. Toxicol. 18, 46. doi: 10.1186/s40360-017-0150-9

Gloor, G. B., Macklaim, J. M., Pawlowsky-Glahn, V., and Egozcue, J. J. (2017).
Microbiome datasets are compositional: and this is not optional. Front.
Microbiol. 8, 2224. doi: 10.3389/fmicb.2017.02224

Guidry, V.T., Longnecker, M.P., Aase, H., Eggesbo, M., Zeiner, P., Reichborn-
Kjennerud, T., et al. (2015). Measurement of total and free urinary phenol and
paraben concentrations over the course of pregnancy: assessing reliability and
contamination of specimens in the norwegian mother and child cohort study.
Environ. Health Perspect. 123, 705-711. doi: 10.1289/ehp.1408325

Hu, J., Raikhel, V., Gopalakrishnan, K., Fernandez-Hernandez, H., Lambertini,
L., Manservisi, F., et al. (2016). Effect of postnatal low-dose exposure

Frontiers in Microbiology | www.frontiersin.org

14

April 2022 | Volume 13 | Article 790496


https://www.frontiersin.org/articles/10.3389/fmicb.2022.790496/full#supplementary-material
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1890/12-2010.1
https://doi.org/10.1016/j.envres.2017.03.030
https://doi.org/10.1177/10454411970080040501
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1038/jes.2013.95
https://doi.org/10.1111/all.12058
https://doi.org/10.1016/j.envint.2014.02.007
https://doi.org/10.1289/ehp.11269
https://doi.org/10.1289/ehp.0901560
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.3389/fmicb.2014.00780
https://doi.org/10.1093/database/baq013
https://doi.org/10.1128/JCM.43.11.5753-5759.2005
https://doi.org/10.1002/jat.1660
https://doi.org/10.1093/nar/17.19.7843
https://doi.org/10.1038/jes.2016.27
https://doi.org/10.1073/pnas.0807920105
https://doi.org/10.1021/acs.est.6b04302
https://doi.org/10.1038/241321a0
https://doi.org/10.1186/s40360-017-0150-9
https://doi.org/10.3389/fmicb.2017.02224
https://doi.org/10.1289/ehp.1408325
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Vindenes et al.

Chemicals and Oral Microbiome

to environmental chemicals on the gut microbiome in a rodent model.
Microbiome. 4, 26 doi: 10.1186/s40168-016-0173-2

Jerschow, E., Parikh, P., Mcginn, A.P., De Vos, G., Jariwala, S., Hudes,
G., et al. (2014). Relationship between urine dichlorophenol levels and
asthma morbidity. Ann. Allergy Asthma. Immunol. 112, 511-518.e511.
doi: 10.1016/j.anai.2014.03.011

Kameoka, S., Motooka, D., Watanabe, S., Kubo, R., Jung, N., Midorikawa, Y., et al.
(2021). Benchmark of 16S rRNA gene amplicon sequencing using Japanese gut
microbiome data from the V1-V2 and V3-V4 primer sets. BMC Genom. 22,
527. doi: 10.1186/s12864-021-07746-4

Kuiper, J., and Hanstveit, A. O. (1984). Fate and effects of 4-chlorophenol and 2,4-
dichlorophenol in marine plankton communities in experimental enclosures.
Ecotoxicol Environ Saf. 8, 15-33. doi: 10.1016/0147-6513(84)90039-3

Kumar, P. S., Griffen, A. L., Barton, J. A., Paster, B. J., Moeschberger, M. L., and
Leys, E. J. (2003). New bacterial species associated with chronic periodontitis. J.
Dent. Res. 82, 338-344. doi: 10.1177/154405910308200503

Liao, C., and Kannan, K. (2014). A survey of alkylphenols, bisphenols, and triclosan
in personal care products from China and the United States. Arch. Environ.
Contam. Toxicol. 67, 50-59. doi: 10.1007/500244-014-0016-8

Lin, H., and Peddada, S. D. (2020). Analysis of compositions of microbiomes with
bias correction. Nat Commun. 11, 3514. doi: 10.1038/s41467-020-17041-7

Mason, M. R,, Nagaraja, H. N., Camerlengo, T., Joshi, V., and Kumar, P. S. (2013).
Deep sequencing identifies ethnicity-specific bacterial signatures in the oral
microbiome. PLoS ONE. 8, €77287. doi: 10.1371/journal.pone.0077287

Moon, J. H., and Lee, ]J. H. (2016). Probing the diversity of healthy
oral microbiome with bioinformatics approaches. BMB Rep. 49, 662-670.
doi: 10.5483/BMBRep.2016.49.12.164

Naginyte, M., Do, T., Meade, J., Devine, D. A., and Marsh, P. D. (2019). Enrichment
of periodontal pathogens from the biofilms of healthy adults. Sci. Rep. 9, 5491
doi: 10.1038/541598-019-41882-y

Nes, I. F., and Eklund, T. (1983). The effect of parabens on DNA, RNA and protein
synthesis in Escherichia coli and Bacillus subtilis. J. Appl. Bacteriol. 54, 237-242
doi: 10.1111/j.1365-2672.1983.tb02612.x

Nociti, F. H. Jr., Casati, M. Z., and Duarte, P. M. (2015). Current perspective
of the impact of smoking on the progression and treatment of periodontitis.
Periodontol. 67, 187-210. doi: 10.1111/prd.12063

Pacyga, D. C,, Sathyanarayana, S., and Strakovsky, R. S. (2019). Dietary predictors
of phthalate and bisphenol exposures in pregnant women. Adv. Nutr. 10,
803-815. doi: 10.1093/advances/nmz029

Pérez Barrionuevo, A.M., Goémez Real, F. Igland, J., Johannessen, A,
Omenaas, E., Franklin, K.A., et al. (2018). Periodontal health status
and lung function in two Norwegian cohorts. PLoS ONE. 13, 0191410
doi: 10.1371/journal.pone.0191410

Philippat, C., Bennett, D., Calafat, A. M., and Picciotto, I. H. (2015). Exposure
to select phthalates and phenols through use of personal care products
among Californian adults and their children. Environ. Res. 140, 369-376.
doi: 10.1016/j.envres.2015.04.009

Poole, A.C., Pischel, L, Ley, C., Suh, G., Goodrich, J.K., Haggerty, T.D.,
et al. (2016). Crossover Control Study of the Effect of Personal
Care Products Containing Triclosan on the Microbiome. mSphere. 1.
doi: 10.1128/mSphere.00056-15

Quirés-Alcald, L., Buckley, J. P, and Boyle, M. (2018). Parabens and
measures of adiposity among adults and children from the U.S. general
population: NHANES 2007-2014. Int. ]. Hyg. Environ. Health. 221, 652-660.
doi: 10.1016/j.ijheh.2018.03.006

Rasiah, I. A, Wong, L., Anderson, S. A., and Sissons, C. H. (2005). Variation in
bacterial DGGE patterns from human saliva: over time, between individuals
and in corresponding dental plaque microcosms. Arch. Oral Biol. 50, 779-787.
doi: 10.1016/j.archoralbio.2005.02.001

Russell, A. D. (2004). Whither triclosan? J. Antimicrob. Chemother. 53, 693-695
doi: 10.1093/jac/dkh171

Savage, J. H., Matsui, E. C., Wood, R. A, and Keet, C. A. (2012). Urinary levels of
triclosan and parabens are associated with aeroallergen and food sensitization.
J. Allergy Clin. Immunol. 130, 453-460.e457 doi: 10.1016/j.jaci.2012.05.006

Socransky, S. S., Haffajee, A. D., Cugini, M. A., Smith, C., and Kent, R. L. Jr. (1998).
Microbial complexes in subgingival plaque. J. Clin. Periodontol. 25, 134-144
doi: 10.1111/j.1600-051X.1998.tb02419.x

Soni, M. G., Burdock, G. A, Taylor, S. L., and Greenberg, N. A. (2001). Safety
assessment of propyl paraben: a review of the published literature. Food Chem.
Toxicol. 39, 513-532 doi: 10.1016/S0278-6915(00)00162-9

Soni, M. G., Carabin, I. G., and Burdock, G. A. (2005). Safety assessment of
esters of p-hydroxybenzoic acid (parabens). Food Chem. Toxicol. 43,985-1015.
doi: 10.1016/j.ct.2005.01.020

Soni, M. G., Taylor, S. L., Greenberg, N. A., and Burdock, G. A. (2002). Evaluation
of the health aspects of methyl paraben: a review of the published literature.
Food Chem. Toxicol. 40, 1335-1373. doi: 10.1016/S0278-6915(02)00107-2

Stanaway, I.B., Wallace, ].C., Shojaie, A., Griffith, W.C., Hong, S., Wilder, C.S., et al.
(2017). Human oral buccal microbiomes are associated with farmworker status
and azinphos-methyl agricultural pesticide exposure. Appl. Environ. Microbiol.
83. doi: 10.1128/AEM.02149-16

Vindenes, H. K., Svanes, C., Lygre, S. H. L, Real, F. G. Ringel-Kulka,
T., and Bertelsen, R. J. (2021). Exposure to environmental phenols and
parabens, and relation to body mass index, eczema and respiratory
outcomes in the Norwegian RHINESSA study. Environ. Health. 20, 81.
doi: 10.1186/512940-021-00767-2

Yang, H., Wang, W., Romano, K.A., Gu, M., Sanidad, K.Z., Kim, D., et al.
(2018). A common antimicrobial additive increases colonic inflammation
and colitis-associated colon tumorigenesis in mice. Sci. Transl. Med. 10.
doi: 10.1126/scitranslmed.aan4116

Yang, Y., Cai, Q. Zheng, W., Steinwandel, M. Blot, W], Shu, X.O,
et al. (2019). Oral microbiome and obesity in a large study of low-
income and African-American populations. J Oral. Microbiol. 11, 1650597.
doi: 10.1080/20002297.2019.1650597

Ye, X., Bishop, A. M., Reidy, J. A., Needham, L. L., and Calafat, A. M. (2007).
Temporal stability of the conjugated species of bisphenol A, parabens, and other
environmental phenols in human urine. J. Expo. Sci. Environ. Epidemiol. 17,
567-572. doi: 10.1038/sj.jes.7500566

Ye, X., Kuklenyik, Z., Needham, L. L., and Calafat, A. M. (2005). Automated
on-line column-switching HPLC-MS/MS method with peak focusing for
the determination of nine environmental phenols in urine. Anal Chem. 77,
5407-5413 doi: 10.1021/ac050390d

Ye, X., Wong, L. Y., Zhou, X., and Calafat, A. M. (2014). Urinary concentrations
of 2,4-dichlorophenol and 2,5-dichlorophenol in the U.S. population (National
Health and Nutrition Examination Survey, 2003-2010): trends and predictors.
Environ. Health Perspect. 122, 351-355. doi: 10.1289/ehp.1306816

Zheng, W., Tsompana, M., Ruscitto, A., Sharma, A., Genco, R, Sun,
Y., et al. (2015). An accurate and efficient experimental approach for
characterization of the complex oral microbiota. Microbiome. 3, 48.
doi: 10.1186/s40168-015-0110-9

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Vindenes, Lin, Shigdel, Ringel-Kulka, Real, Svanes, Peddada and
Bertelsen. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 790496


https://doi.org/10.1186/s40168-016-0173-2
https://doi.org/10.1016/j.anai.2014.03.011
https://doi.org/10.1186/s12864-021-07746-4
https://doi.org/10.1016/0147-6513(84)90039-3
https://doi.org/10.1177/154405910308200503
https://doi.org/10.1007/s00244-014-0016-8
https://doi.org/10.1038/s41467-020-17041-7
https://doi.org/10.1371/journal.pone.0077287
https://doi.org/10.5483/BMBRep.2016.49.12.164
https://doi.org/10.1038/s41598-019-41882-y
https://doi.org/10.1111/j.1365-2672.1983.tb02612.x
https://doi.org/10.1111/prd.12063
https://doi.org/10.1093/advances/nmz029
https://doi.org/10.1371/journal.pone.0191410
https://doi.org/10.1016/j.envres.2015.04.009
https://doi.org/10.1128/mSphere.00056-15
https://doi.org/10.1016/j.ijheh.2018.03.006
https://doi.org/10.1016/j.archoralbio.2005.02.001
https://doi.org/10.1093/jac/dkh171
https://doi.org/10.1016/j.jaci.2012.05.006
https://doi.org/10.1111/j.1600-051X.1998.tb02419.x
https://doi.org/10.1016/S0278-6915(00)00162-9
https://doi.org/10.1016/j.fct.2005.01.020
https://doi.org/10.1016/S0278-6915(02)00107-2
https://doi.org/10.1128/AEM.02149-16
https://doi.org/10.1186/s12940-021-00767-2
https://doi.org/10.1126/scitranslmed.aan4116
https://doi.org/10.1080/20002297.2019.1650597
https://doi.org/10.1038/sj.jes.7500566
https://doi.org/10.1021/ac050390d
https://doi.org/10.1289/ehp.1306816
https://doi.org/10.1186/s40168-015-0110-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

	Exposure to Antibacterial Chemicals Is Associated With Altered Composition of Oral Microbiome
	Introduction
	Methods
	Study Population and Sample Collection
	Quantification of Urine Biomarkers of Chemical Exposure
	Bacterial DNA Extraction
	16S rRNA Gene Amplicon Sequencing
	Sequencing Data Analysis
	Statistical Analysis

	Results
	Study Population Characteristics
	Alpha and Beta Diversity, and Association With Urine Chemicals
	Bacteria Taxa Distribution for Gingival Samples
	ANCOM-BC Analyses for Antibacterial Chemicals and Gingival Fluid Microbiome

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


