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Abstract
Background: This study investigated the association between menopausal hor-
mone therapy (HT) use and the subgingival microbiome, for which published
information is limited.
Methods: This cross-sectional study included 1270 postmenopausal women,
aged 53–81 years, who completed clinical examinations. Detailed information
on HT use (type, delivery mode, duration) was obtained from questionnaires.
HT use was categorized into three groups (never, former, current). 16S rRNA
sequencing was performed on subgingival plaque samples obtained during den-
tal examinations. Operational taxonomic units were centered log2-ratio (CLR)
transformed to account for the compositional data structure. Analysis of variance
was used to compare mean microbial relative abundances across HT categories
with Benjamini-Hochberg correction.
Results: Significantly higher alpha diversity (Shannon Index) and beta diver-
sity (Aitchison distance) was observed in never compared with current HT users
(p < 0.05, each). Of the total 245 microbial taxa identified, 18 taxa differed sig-
nificantly among the three HT groups, 11 of which were higher in current users
and seven of which were lower in current users as compared with never users
(p < 0.05, each). Differences in relative abundance between never and current
HT users were materially unchanged after adjustment for age, body mass index,
and oral hygiene.
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Conclusions: Relative abundance of several subgingival bacteria differed sig-
nificantly between never and current HT users in a cohort of postmenopausal
women. Additional studies are needed to determine the extent that these rela-
tionships might account for the previously reported inverse association between
HT use and periodontal disease in older women.
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1 INTRODUCTION

Periodontitis is a chronic inflammatory disease, with seri-
ous health consequences including alveolar bone and
tooth loss, and masticatory dysfunction affecting nutri-
tional status, speech function, and quality of life.1 Peri-
odontal disease is ranked seventh in prevalence globally,
with 1.1 billion prevalent cases in 2019.2 In the United
States, 42% of adults aged ≥30 years have periodontitis,
with the highest prevalence being 60% among individu-
als aged ≥65 years.3 Periodontitis is associated with sig-
nificant changes in the composition of the subgingival
microbiome, with an observed dysbiotic state character-
ized by enrichment of disease-associated taxa such as Tan-
nerella forsythia and Treponema socranskii, and depletion
of health-associated taxa such as Actinomyces naeslundii
and Streptococcus sanguinis.4
The gingiva is a target tissue for progesterone and

estrogen. Effects of estrogen on the periodontal tissues
include stimulating proliferation of gingival fibroblasts,
reducing T-cell mediated inflammation, and inhibiting
polymorphonuclear leukocytes (PMNL) chemotaxis.5
Changes in endogenous female sex hormones have been
linked to several periodontal manifestations.5 During
puberty, increased secretion of female sex hormones is
associated with gingival inflammation and increased
prevalence of Prevotella intermedia.6 During pregnancy,
severity of gingival inflammation is correlated to female
sex hormone levels, with observed reduction in inflam-
mation following parturition.5 Moreover, pathobionts
identified in subgingival biofilms such as Treponema
denticola and P. intermedia, were shown to be affected by
female sex hormones in vitro.7,8
After menopause, lower estrogen levels are hypoth-

esized to affect periodontal disease through increased
inflammation and alveolar bone resorption9 and were
found to be associated with higher gingival inflammation
and clinical attachment loss during early menopause.10
Few epidemiological studies have described the associa-

tion between exogenous female sex hormones and the sub-
gingival bacteria. Jensen et al. reported 16-fold difference

in Bacteroides species in women aged 18 to 40 years using
oral contraceptives versus nonusers.11 Klinger et al. found
growth of subgingival P. intermedia can be affected by dif-
ferences in estradiol dose and type of progestin in oral con-
traceptives in women aged 20 to 32 years.12 Furthermore,
Tarkkila et al. studied effects ofmenopausal hormone ther-
apy (HT) in peri- and post-menopausal women aged 50 to
58 years during 2-year follow-up. They compared subgingi-
val plaque samples positive for certain periodontal bacte-
ria using polymerase chain reaction (PCR) and found HT
users had significantly lower frequency of Porphyromonas
gingivalis and T. forsythia than nonusers.13 However, these
studies were of small sample size and used targeted meth-
ods to assess prespecified microbes with limited ability
to detect and characterize compositional diversity of the
broader bacterial community.
The aim of our study was to investigate the relationship

between history of HT use and the composition and diver-
sity of the subgingival microbiome, measured using untar-
geted next generation sequencing methods, in a cohort of
community dwelling postmenopausal women.

2 MATERIALS ANDMETHODS

2.1 Study cohort

Our study included postmenopausal women, age 53 to 81
years, enrolled in the Buffalo Osteoporosis and Periodon-
titis (OsteoPerio) Study, an ancillary study of the Women’s
Health Initiative (WHI) observational study (WHI-OS) at
the Buffalo, New York, clinical center. Details on WHI-
OS andOsteoPerio study designs have been published.14–16
Briefly, between 1993 to 1998, 2200 women were recruited
into the WHI-OS at the Buffalo center. From 1997 to 2001,
thesewomenwere then recruited intoOsteoPerio ancillary
study to assess the relationship between osteoporosis and
periodontal disease. Comprehensive oral measures were
made and samples of subgingival plaque were obtained
and later sequenced for determination of the subgingival
microbiome.16
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F IGURE 1 Flowchart of participants into the Buffalo OsteoPerio study cohort. Adapted from Banack et al. (2018).

A total of 1342 participated in the OsteoPerio study at
baseline (1997–2001), of whom 1270 had available data on
subgingival plaque microbiome and information on HT
use for the present analysis. Questionnaires were used
to obtain information on age, race and ethnicity, oral
hygiene habits, medical history, and lifestyle habits includ-
ing smoking history. Body mass index (BMI; kg/m2) was
calculated using height (cm) and weight (kg) measured
in clinic using calibrated clinical scale and stadiometer.
Neighborhood socioeconomic status (nSES)was character-
ized using questionnaires and census tract information to
compute scores ranging from 0 to 100, with higher scores
indicating more affluent tracts.17
The University at Buffalo Institutional Review Board

approved all study protocols, andwritten informed consent
was obtained from participants. This manuscript followed
the STROBE guidelines for human observational studies.
Figure 1 shows flowchart of participant enrollment into the
OsteoPerio study.

2.2 Hormone therapy use

Detailed information on HT use was obtained at OsteoPe-
rio Study enrollment from questionnaires. Type (estrogen,
estrogen + progestin), delivery mode (pills, transdermal
patch), and duration of usage (years) were collected. For
the primary analysis, women were categorized based on
HT history into three groups (never, former, current).

2.3 Periodontal assessment

Participants completed whole mouth dental examination
conducted by trained dental examiners.15,16 Decayed,

missing, and filled teeth were recorded along with reason
for missing teeth. For all teeth present (except third
molars) probing measures were obtained including gingi-
val bleeding on probing, probing depth (PD) and clinical
attachment level (CAL). Periodontal disease presence and
severity was defined using criteria from the Centers for
Disease Control and Prevention/American Academy of
Periodontology (CDC/AAP).18 Participants were catego-
rized into four groups: mild (≥2 interproximal sites with
≥3 mm CAL and ≥2 interproximal sites with ≥4 mm PD
[not on same tooth] or 1 site with ≥5 mm PD); moderate
(≥2 interproximal sites with ≥4 mm CAL [not on same
tooth] or ≥2 interproximal sites with ≥5 mm PD [not on
same tooth]); severe (≥2 interproximal sites with ≥6 mm
CAL [not on same tooth] and ≥1 interproximal site with
≥5 mm PD); and none (no evidence of mild, moderate,
or severe disease). As number of mild periodontal disease
was low in our sample (1%), none andmild were combined
for analyses. A new staging and grading classification
of periodontitis has been published by the European
Federation on Periodontitis (EFP).19 Because we did not
systematically collect all information required for this
new approach, we are not able to apply it in the present
study. Findings from a recent study show good agreement
between 2012 CDC/AAP and 2018 EFP approaches in
classifying periodontitis presence and severity.20

2.4 Subgingival plaque samples

Subgingival plaque samples were obtained at beginning of
the oral exam by placing fine paper points into the gingival
pockets of up to 12 prespecified teeth (six maxillary and
six mandibular arch teeth) following a standardized
protocol.21 Paper points collected separately from upper
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and lower arches were then placed directly into 4 ml of
lactated Ringer solution. The subgingival plaque solution
was then vortexed for dispersion of microorganisms,
aliquoted into 0.5 ml straws, frozen immediately at−80◦C,
and later placed in liquid nitrogen for long-term storage.21

2.5 Subgingival microbiome analysis

The procedures used to analyze the subgingival plaque
microbiome have been published.16,22 Briefly, metage-
nomic DNAwas isolated from subgingival plaque samples
using an automated system* and commercially available
kit† with enzymatic pretreatment for efficient isolation of
Gram-positive bacteria. After DNA purification, samples
were eluted in a 96-well plate. Each plate had 85–88
subgingival plaque samples, duplicate of blank extraction
negative controls, with subgingival plaque pools as a
positive control. Extracted DNA was then quantified
using commercial kits.‡ Bacterial 16S DNA was amplified
using 16S V3 (341F) forward and V4 (805R) reverse primer
pairs using commercial kits§ as previously detailed.22
The V3-V4 hypervariable region was selected based on
findings from our previous study showing the shorter
V3-V4 region provided more robust sequencing results
than longer regions as V1-V3.22 Sequencing was performed
in the Genomics and Bioinformatics Core Laboratory at
the State University of New York at Buffalo.
PCR amplifications and sequencing were performed on

96 samples at a time with both positive and negative con-
trols (three to six plaque pools, one mock DNA, three
extraction buffers, and one DNA-free water). To mini-
mize batch effects, batches of 85–88 participant samples
were processed together, randomly arranged on the 96-well
plates with negative and positive controls. The plate con-
trolswere examined for each batch to satisfy quality of each
plate.

2.6 Bioinformatics and statistical
analysis

Once paired-end reads were obtained, a custom Snake-
make pipeline was used to identify and annotate oper-
ational taxonomic units (OTUs). The pipeline, which
is publicly available at https://github.com/Wayne-Zen/
SnaMP, first performs read quality filtering with FastX23

* QIAsymphony SP, Qiagen, Valencia, CA, USA.
†QIAsymphony DSP Virus/Pathogen Mini Kit, Qiagen, Valencia, CA,
USA.
‡Quant-iT™ High-Sensitivity dsDNA Assay Kit, Invitrogen, Waltham,
MA, USA.
§MiSeq reagent kit V3 2 × 300, Illumina, San Diego, CA, USA.

and merges paired-end reads with the Paired-End reAd
mergeR (PEAR),24 and then identifies and annotates
OTUs using BLAST25 at 97% similarity against the Human
Oral Microbiome Database (HOMD version 14.5).26 The
pipeline produces an OTU abundance table and counts
of reads passing each step for quality control. Sequences
that did not match the database were discarded, and the
raw OTU table was filtered to remove OTUs with read
count<0.02% of total read count. As a quality control mea-
sure, rarefaction curves were used to determine a cutoff
to remove samples containing < 3000 sequence reads to
ensure adequate sampling.
Study participants were characterized for descriptive

purposes usingmeans and SDs for continuous variables, or
frequencies for categorical variables in the overall cohort
and according to HT use (never, former, current). We
applied a centered log2-ratio (CLR) transformation on
individual OTU relative abundance before further analy-
sis. This transformation is recommended by Gloor et al. to
account for complex compositional data structure, reduce
likelihood of spurious correlations, and enhancemeaning-
fulness of sub-composition comparisons.27 CLR distribu-
tion of eachOTUwas approximately normal and variances
in groups were similar by visual inspection. Positive CLR
value for a given taxon indicates higher relative abundance
compared with the overall composition geometric mean
of zero, conversely, negative values indicate lower relative
abundance. Moreover, fold differences for CLR values rel-
ative to the overall composition mean could be interpreted
using 2 to the power of base 2 logarithm. For example, a
CLR of three represents an eight-fold (23) higher abun-
dance relative to the composition mean. Alpha diversity
measures (bias-corrected Chao1 (richness), observed OTU
count (richness), and Shannon entropy (evenness)) were
used to assess species richness and evenness across HT
use categories. Beta diversity was visualized using prin-
cipal component analysis (PCA).28 The PCA was based
on the Aitchison distance measure (Euclidean distances)
between CLR transformed sample abundance vectors.29
To evaluate differences in alpha diversity, we used

ANOVA for normally distributed data and Kruskal‒Wallis
test for skewed data. Aitchison distance based PER-
MANOVA was used to evaluate differences in beta
diversity.
The primary analysis including all OTUs was based on

HT use categorized into three groups (never, former, cur-
rent). ANOVA was used to compare CLR mean microbial
abundances across HT use categories. We used Benjamini-
Hochberg correction to account for multiple testing and
control for false positive findings.30 OTUs that showed a
statistically significant difference across categories of HT
use were further evaluated using Benjamini-Hochberg
corrected post-hoc comparison to determine significant

https://github.com/Wayne-Zen/SnaMP
https://github.com/Wayne-Zen/SnaMP


SOLIMAN et al. 1639

differences in microbial abundance between current and
never HT groups. Because there was uncertainty regarding
duration of use in the former HT group, the remainder
of this analysis focused on current and never HT users.
Microbiota that differed significantly between never and
current HT groups were analyzed using separate multi-
variable linear regressions wherein the dependent variable
was CLR microbial abundance and HT use (never, cur-
rent) was the independent variable. An unadjusted model
and a model adjusting for age (years), BMI (kg/m2), and
frequency of teeth flossing were evaluated. Smoking and
diabetes are known to influence subgingival microbiota,
however, because their prevalence was low in our cohort
(3.2% and 5%, respectively) they were not included in the
analysis.
We explored potential effect modification of an associa-

tion between HT use (never, current) and microbial abun-
dances stratifying on CDC/AAP categories of periodontal
disease (none/mild, moderate, severe), percent of sites
with gingival bleeding (< 30%, ≥30%), and oophorectomy
status (no, yes). Because cell sizes reduced with stratifi-
cation, tests of interaction had limited statistical power
and therefore were not formally conducted. As such, dif-
ferences between HT groups of sizeable magnitude across
stratifying variables were noted by visual inspection.
To examine potential functional characteristics of the

subgingival microbiota associated with HT use, we ran
an in-silico PICRUSt analysis (version 1.1.1).31 Enrichment
analysis was performed on level-3 Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways.32 Student t-test
with Benjamini-Hochberg correction for false discovery
were used to compare current and never HT users on
KEGG pathways. All statistical analyses reported herein
were performed at a two-sided alpha of 0.05 using statis-
tical software.¶

3 RESULTS

Characteristics of the 1270 study participants overall and
according to HT use categories are in Table 1. Overall, par-
ticipants were predominately White (97%) with mean age
of 66 years, mean BMI of 27 kg/m2, and, on average, 23
teeth present. Prevalence of former and current HT use
was 20% and 47%, respectively. There was low prevalence
of self-reported diagnosed diabetes (5%), and current smok-
ing (3%). According to CDC/AAP periodontal disease cate-
gories, 25% had none/mild disease, 58% had moderate dis-
ease, and 16% had severe disease.

¶ SAS v.9.4, SAS Institute, Cary, NC and R v4.1.0, R foundation, Vienna,
Austria.

When considering participant characteristics accord-
ing to HT use categories, current HT users were rela-
tively younger (mean age 64 years), had higher prevalence
of bilateral oophorectomy (23%), and higher none/mild
CDC/AAPdisease (28%). For currentHTusers,mean dura-
tion of use was 9.2 years, the majority reported taking
oral HT pills (95%) with the remaining reported using skin
patches (5%), 53% reported taking estrogen only formula-
tions while 47% were taking estrogen + progestin.
Sequencing analysis identified a total of 245 micro-

bial taxa in subgingival samples after filtering at 0.02%
abundance, as previously described.33 Figure 2 shows
alpha and beta diversity for all OTUs according to HT
use categories. No statistically significant differences in
alpha diversity were found based on observed OTU counts
(Figure 2A), and Chao1 index (Figure 2B). However,
there was a statistically significant difference in Shannon
index across HT use categories (uncorrected p = 0.044),
with pair-wise test showing never users had higher alpha
diversity than current users (p = 0.013) (Figure 2C).
For beta diversity, there was a statistically significant
difference between never and current users (PERMONA
p = 0.001) with no detectable difference in variance
(PERMDISP p = 0.078), although PCA plot inspection
shows considerable overlap between the two groups
(Figure 2D).
Of the total 245 bacterial taxa identified, there were

19 for which CLR mean abundance differed significantly
(corrected p ≤ 0.05) among HT use categories (Table 2).
Pair-wise tests showed all but one OTU (Prevotella sp.
Oral taxon 300; p = 0.828) differed significantly (cor-
rected p < 0.05) between current and never HT users. Of
the 18 bacteria that differed significantly between current
and never users, 11 were in higher abundance in current
users (Streptococcus oralis, Streptococcus sanguinis, Rothia
dentocariosa, Streptococcus intermedius, Actinomyces sp.
Oral taxon 169, Actinomyces massiliensis, Corynebacterium
durum, Veillonella rogosae, Actinomyces sp. Oral taxon
171, Haemophilus sp. Oral taxon 036, and Actinomyces sp.
Oral taxon 170), and seven were in higher abundance
in never users (TM7[G-1]sp. Oral taxon 349, Treponema
socranskii, Anaeroglobus geminatus, Tannerella forsythia,
Veillonellaceae [G-1] sp. Oral taxon 150, Fretibacterium
sp. Oral taxon 359, and Treponema maltophilum). OTUs
higher in current HT users belonged to phyla Firmicutes,
Actinobacteria, and Proteobacteria, while OTUs higher
in HT never users belonged to phyla Saccharibacteria,
Spirochaetes, Firmicutes, Bacteroidetes, Synergistetes. The
four OTUs demonstrating the largest difference in CLR
mean abundance between HT current and never users
were T. forsythia (CLR mean: current 1.27 vs. never 2.10),
F. sp. Oral taxon 359 (current −0.36 v.s never 0.47), S.
intermedius (current 4.0 vs. never 3.29), and TM7[G-1] sp.
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TABLE 1 Participant characteristics overall and according to menopausal HT use

History of hormone therapy use

Characteristic
Overall
(n = 1270)

Never
(n = 409)

Former
(n = 255)

Currenta

(n = 606)
Age (years) 66.2 (7.0) 68.1 (7.0) 67.3 (7.2) 64.4 (6.6)
BMI (kg/m2) 26.6 (5.1) 27.1 (5.4) 27.1 (5.6) 26.1 (4.7)
Neighborhood SES 76.1 (7.0) 75.2 (7.2) 76.1 (7.2) 76.8 (6.7)
Missing N (%) 2 (0.2%)

No. teeth present at examination 23.2 (5.3) 22.4 (5.9) 23.4 (5.1) 23.7 (4.9)
Years since menopause 16.8 (8.6) 17.8 (8.4) 18.3 (9.4) 15.5 (8.2)
Missing N (%) 37 (2.9%)

Percent of sites with gingival bleeding 35 (23) 37 (23) 34 (24) 33 (23)
Missing N (%) 7 (0.6%)

Race: White 1236 (97.3%) 399 (97.6%) 243 (95.3%) 594 (98.0%)
CDC/AAP periodontal disease
None/mild 315 (24.8%) 94 (23.4%) 53 (21.0%) 168 (27.9%)
Moderate 734 (57.8%) 241 (60.1%) 153 (60.5%) 340 (56.5%)
Severe 207 (16.3%) 66 (16.5%) 47 (18.6%) 94 (15.6%)
Missing N (%) 14 (1.1%)

Bilateral oophorectomy: Yes 209 (16.5%) 38 (9.4%) 37 (14.7%) 134 (22.5%)
Smoking status
Never 671 (52.8%) 232 (56.7%) 125 (49.0%) 314 (51.9%)
Former 558 (43.9%) 164 (40.1%) 115 (45.1%) 279 (46.1%)
Current 40 (3.2%) 13 (3.2%) 15 (5.9%) 12 (2.0%)
Missing N (%) 1 (0.1%)

History of diabetes treated with medication: Yes 64 (5.0%) 24 (5.9%) 17 (6.7%) 23 (3.8%)
Frequency of teeth flossing
Everyday 550 (43.3%) 179 (43.9%) 112 (44.3%) 259 (43.0%)

Note: Data are mean (SD) or N (%).
aFormulation (319 [52.6%] estrogen alone, 287 [47.4%] estrogen + progestin), dosage form (577 [95.2%] pills, 29 [4.8%] transdermal patch), duration of use (mean:
9.2 years, SD: 7.8).

Oral taxon 349 (current 2.45 vs. never 3.24). CLR mean
abundances for the remaining 226 OTUs not significantly
different across HT use categories (see Table S1 in online
Journal of Periodontology).
Table 3 shows results of the linear regression models for

the 18 OTUs that differed between HT current and never
users. After adjustment for age, BMI, and teeth flossing,
observed differences remained appreciably unchanged in
2 OTUs (TM7[G-1] sp. Oral taxon 349, and F. sp. Oral taxon
359), while differences in the 16 remaining OTUs were
attenuated. For 12 OTUs (S. oralis, R. dentocariosa, S. inter-
medius, TM7[G-1] sp. Oral taxon 349, T. forsythia, Actino-
myces sp. Oral taxon 169, A. massiliensis, V. rogosae, A. sp.
Oral taxon 171, F. sp. Oral taxon 359, T. maltophilum, A.
sp. Oral taxon 170) differences between the two HT groups
remained statistically significant, while for 6 OTUs (S. san-
guinis, T. socranskii, A. geminatus, V. [G-1] sp. Oral taxon
150, C. durum, H. sp. Oral taxon 036) differences were not

statistically significant after controlling for age, BMI, and
teeth flossing.
Table 4 shows results of the linear regression mod-

els stratified by CDC/AAP categories. For the unadjusted
model, differences between HT groups were of similar
direction for the 18 OTUs across CDC/AAP categories.
However, none/mild category had an appreciably larger
CLR mean difference for 3 OTUs (R. dentocariosa, V. [G-
1] sp. Oral taxon 150, and C. durum), the moderate cate-
gory had an appreciably larger difference for 1 OTU (A.
geminatus), and the severe category had an appreciably
larger difference for 8 OTUs (S. intermedius, T. socranskii,
T. forsythia, A. sp. Oral taxon 169, F. sp. Oral taxon 359, T.
maltophilum, H. sp. Oral taxon 036, and A. sp. Oral taxon
170). For themajority of bacteria, the pattern in differences
between HT never and current users remained consistent
following adjustment for age, BMI, and teeth flossing, with
some exceptionswhere attenuationwasmore pronounced,
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F IGURE 2 Alpha and beta diversity according to Hormone therapy use categories. (A) Alpha diversity (observed OTU count), (B) alpha
diversity (Chao1 index), (C) alpha diversity (Shannon index), (D) principal component analysis plot for beta diversity using Aitchison
distance. Abbreviation: PC, principal component

TABLE 2 Subgingival bacteria (n = 19) that differed significantly according to menopausal HT use

Hormone therapy use P-value
OTU label (species level
annotation)

Never
(n = 409)

Former
(n = 255)

Current
(n = 606)

Across the three
HT groupsa

Current
vs. neverb

Streptococcus oralisc 7.58 (1.95) 7.87 (1.71) 7.99 (1.88) 0.050 0.001
Streptococcus sanguinis 4.38 (2.76) 4.58 (2.72) 4.99 (2.38) 0.028 0.001
Rothia dentocariosa 3.70 (3.09) 3.88 (3.02) 4.39 (2.95) 0.028 0.001
Streptococcus intermedius 3.29 (3.32) 3.41 (3.55) 4.10 (3.23) 0.019 0.001
TM7 [G-1] sp. oral taxon 349c 3.24 (3.27) 2.81 (3.49) 2.45 (3.48) 0.032 0.001
Treponema socranskiic 2.15 (2.62) 2.34 (2.52) 1.76 (2.55) 0.050 0.018
Anaeroglobus geminatusc 2.15 (3.58) 2.33 (3.50) 1.45 (3.46) 0.025 0.003
Tannerella forsythiac 2.10 (3.44) 2.08 (3.41) 1.27 (3.39) 0.019 0.001
Actinomyces sp. oral taxon 169 1.30 (3.13) 1.55 (3.21) 2.00 (3.01) 0.032 0.001
Prevotella sp. oral taxon 300 1.09 (2.92) 1.77 (3.00) 1.05 (3.01) 0.050 0.828
Actinomyces massiliensisc 0.85 (2.46) 0.94 (2.52) 1.44 (2.31) 0.019 0.001
Veillonellaceae [G-1] sp. oral taxon 150c 1.30 (2.99) 1.19 (3.15) 0.68 (3.20) 0.050 0.003
Corynebacterium durum 0.55 (2.91) 0.32 (2.89) 1.00 (2.84) 0.039 0.018
Veillonella rogosae 0.12 (3.25) 0.69 (3.13) 0.78 (3.15) 0.050 0.002
Actinomyces sp. oral taxon 171 0.12 (2.76) 0.21 (2.74) 0.70 (2.70) 0.034 0.001
Fretibacterium sp. oral taxon 359c 0.47 (3.92) −0.18 (3.72) −0.36 (3.57) 0.039 0.001
Treponema maltophilumc −0.38 (2.70) −0.73 (2.66) −0.98 (2.53) 0.039 0.001
Haemophilus sp. oral taxon 036 −1.39 (3.04) −1.74 (2.83) −0.92 (3.22) 0.028 0.020
Actinomyces sp. oral taxon 170 −1.75 (2.85) −1.92 (2.74) −1.18 (3.11) 0.025 0.003

Note: Data are CLR mean (SD) OTU.
aSignificant p-value from ANOVA F-test across the three HT categories after Benjamini-Hochberg correction.
bDifference between current and never users after Benjamini-Hochberg correction.
cPreviously shown in the OsteoPerio cohort to be associated with CDC/AAP periodontal categories (Genco et al. 2019).
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TABLE 3 Linear regression for CLR of subgingival bacteria (n = 18) that differed significantly between never and current HT use
adjusted by age, BMI, and teeth flossing

Unadjusted
Adjusted for age, BMI, and teeth
flossing

LSa mean
never
(n = 409)

LSa mean
never
(n = 409)

OTU label (species level
annotation)

LSa mean
current
(n = 606) βb (SEc) Pd

LSa mean
current
(n = 606) βb (SEc) Pd

Streptococcus oralis 7.58 0.41 (0.12) 0.001 7.53 0.32 (0.13) 0.012
7.99 7.85

Streptococcus sanguinis 4.38 0.61 (0.16) <0.001 4.47 0.31 (0.17) 0.061
4.99 4.78

Rothia dentocariosa 3.70 0.69 (0.19) <0.001 3.65 0.52 (0.20) 0.008
4.39 4.17

Streptococcus intermedius 3.29 0.81 (0.21) <0.001 3.28 0.70 (0.22) 0.001
4.10 3.98

TM7 [G-1] sp. oral taxon 349 3.24 −0.80 (0.22) <0.001 3.31 −0.73 (0.23) 0.001
2.45 2.57

Treponema socranskii 2.15 −0.39 (0.16) 0.017 2.12 −0.18 (0.17) 0.284
1.76 1.94

Anaeroglobus geminatus 2.15 −0.70 (0.22) 0.002 2.04 −0.41 (0.23) 0.074
1.45 1.63

Tannerella forsythia 2.10 −0.82 (0.22) <0.001 2.00 −0.73 (0.23) 0.001
1.27 1.27

Actinomyces sp. oral taxon 169 1.30 0.71 (0.20) <0.001 1.31 0.58 (0.20) 0.005
2.00 1.89

Actinomyces massiliensis 0.85 0.59 (0.15) <0.001 0.91 0.40 (0.16) 0.011
1.44 1.31

Veillonellaceae [G-1] sp. oral taxon 150 1.30 −0.62 (0.20) 0.002 1.27 −0.34 (0.21) 0.096
0.68 0.93

Corynebacterium durum 0.55 0.45 (0.18) 0.015 0.57 0.12 (0.19) 0.536
1.00 0.69

Veillonella rogosae 0.12 0.66 (0.20) 0.001 0.09 0.42 (0.21) 0.047
0.78 0.51

Actinomyces sp. oral taxon 171 0.12 0.59 (0.17) 0.001 0.11 0.45 (0.18) 0.013
0.70 0.57

Fretibacterium sp. oral taxon 359 0.47 −0.82 (0.24) 0.001 0.49 −0.84 (0.25) 0.001
−0.36 −0.35

Treponema maltophilum −0.38 −0.59 (0.17) <0.001 −0.34 −0.47 (0.17) 0.006
−0.98 −0.82

Haemophilus sp. _oral taxon 036 −1.39 0.47 (0.20) 0.021 −1.58 0.36 (0.21) 0.088
−0.92 −1.22

Actinomyces sp. oral taxon 170 −1.75 0.57 (0.19) 0.003 −1.77 0.40 (0.20) 0.047
−1.18 −1.37

aLeast square mean in the linear regression model.
bβ coefficients represent least square mean difference for HT current versus never users in the linear regression model.
cStandard error for β coefficients.
dUncorrected p value for β coefficients of mean difference for HT current versus never users.



SOLIMAN et al. 1643

T
A
B
L
E

4
Su
bg
in
gi
va
lb
ac
te
ria

(n
=
18
)t
ha
td
iff
er
ed

si
gn
ifi
ca
nt
ly
be
tw
ee
n
ne
ve
ra
nd

cu
rr
en
tH

T
us
e
st
ra
tif
ie
d
by

C
D
C
/A
A
P
ca
te
go
rie
s

C
D
C
/A
A
P
no
ne
/m

ild
N
=
26
2

C
D
C
/A
A
P
m
od
er
at
e
N
=
58
1

C
D
C
/A
A
P
se
ve
re
N
=
16
0

LS
a
m
ea
n

ne
ve
r

(n
=
94
)

LS
a
m
ea
n

ne
ve
r

(n
=
24
1)

LS
a
m
ea
n

ne
ve
r

(n
=
66
)

O
TU

la
be
l(
sp
ec
ie
s
le
ve
la
nn

ot
at
io
n)

LS
a
m
ea
n

cu
rr
en
t

(n
=
16
8)

βb
(S
Ec
)

βd
(S
Ec
)

LS
a
m
ea
n

cu
rr
en
t

(n
=
34
0)

βb
(S
Ec
)

βd
(S
Ec
)

LS
a
m
ea
n

cu
rr
en
t

(n
=
94
)

βb
(S
Ec
)

βd
(S
Ec
)

St
re
pt
oc
oc
cu
so
ra
lis

7.
77

0.
38
(0
.2
4)

0.
19
(0
.2
5)

7.
69

0.
44

(0
.1
6)

0.
37
(0
.1
6)

6.
98

0.
27
(0
.3
2)

0.
21
(0
.3
3)

8.
15

8.
12

7.
25

St
re
pt
oc
oc
cu
ss
an
gu
in
is

4.
83

0.
55
(0
.3
2)

0.
24
(0
.3
3)

4.
42

0.
55

(0
.2
1)

0.
27
(0
.2
1)

3.
77

0.
69
(0
.4
3)

0.
37
(0
.4
4)

5.
38

4.
97

4.
46

Ro
th
ia
de
nt
oc
ar
io
sa

3.
55

1.
11
(0
.3
5)

0.
91

(0
.3
7)

4.
01

0.
50

(0
.2
5)

0.
42
(0
.2
6)

3.
03

0.
46

(0
.5
4)

0.
01
(0
.5
6)

4.
67

4.
51

3.
49

St
re
pt
oc
oc
cu
si
nt
er
m
ed
iu
s

3.
72

0.
63
(0
.4
0)

0.
65
(0
.4
2)

3.
46

0.
74
(0
.2
7)

0.
65

(0
.2
8)

2.
18

1.0
2
(0
.5
5)

0.
62
(0
.5
8)

4.
34

4.
20

3.
20

TM
7
[G
-1
]s
p.
or
al
ta
xo
n
34
9

2.
76

−
0.
93

(0
.4
5)

−
0.
71
(0
.4
7)

3.
19

−
0.
71
(0
.2
8)

−
0.
77
(0
.3
0)

4.
14

−
0.
75
(0
.5
2)

−
0.
37
(0
.5
5)

1.8
3

2.
48

3.
38

Tr
ep
on
em

a
so
cr
an
sk
ii

1.1
9

−
0.
11
(0
.3
2)

0.
17
(0
.3
3)

2.
17

−
0.
36
(0
.2
1)

−
0.
17
(0
.2
2)

3.
42

−
0.
70
(0
.4
0)

−
0.
47
(0
.4
2)

1.0
8

1.8
1

2.
72

A
na
er
og
lo
bu
sg
em

in
at
us

1.3
8

−
0.
35
(0
.4
5)

0.
15
(0
.4
7)

2.
16

−
0.
79

(0
.3
0)

−
0.
55
(0
.3
1)

3.
03

−
0.
47
(0
.5
1)

−
0.
35
(0
.5
4)

1.0
3

1.3
7

2.
57

Ta
nn
er
el
la
fo
rs
yt
hi
a

1.0
5

−
0.
90

(0
.3
9)

−
0.
78
(0
.4
1)

1.8
9

−
0.
52
(0
.2
9)

−
0.
44

(0
.3
0)

4.
37

−
1.
51
(0
.5
3)

−
1.
3
(0
.5
5)

0.
14

1.3
7

2.
86

A
ct
in
om

yc
es
sp
.o
ra
lt
ax
on

16
9

1.7
5

0.
23
(0
.3
9)

0.
07
(0
.4
1)

1.4
0

0.
75
(0
.2
6)

0.
66

(0
.2
7)

0.
34

1.
16

(0
.4
9)

0.
88
(0
.5
1)

1.9
9

2.
15

1.5
0

A
ct
in
om

yc
es
m
as
sil
ie
ns
is

1.1
2

0.
64

(0
.3
0)

0.
27
(0
.3
1)

0.
99

0.
49

(0
.2
0)

0.
33
(0
.2
0)

0.
10

0.
70
(0
.3
7)

0.
62
(0
.4
0)

1.7
6

1.4
8

0.
79

Ve
ill
on
el
la
ce
ae
[G
-1
]s
p.
or
al
ta
xo
n
15
0

0.
81

−
0.
88

(0
.3
9)

−
0.
48

(0
.4
1)

1.2
1

−
0.
53

(0
.2
6)

−
0.
30

(0
.2
7)

2.
25

−
0.
41
(0
.4
6)

−
0.
24
(0
.4
9)

−
0.
07

0.
68

1.8
3

Co
ry
ne
ba
ct
er
iu
m
du
ru
m

0.
60

0.
86

(0
.3
6)

0.
38
(0
.3
6)

0.
73

0.
18
(0
.2
4)

−
0.
13
(0
.2
5)

−
0.
08

0.
63
(0
.4
6)

0.
32
(0
.4
9)

1.4
6

0.
91

0.
54

Ve
ill
on
el
la
ro
go
sa
e

0.
37

0.
51
(0
.4
1)

0.
05
(0
.4
3)

0.
16

0.
69

(0
.2
7)

0.
44

(0
.2
8)

−
0.
11

0.
51
(0
.5
0)

0.
47
(0
.5
3)

0.
88

0.
85

0.
41

(C
on
tin
ue
s)



1644 SOLIMAN et al.

T
A
B
L
E

4
(C
on
tin
ue
d)

C
D
C
/A
A
P
no
ne
/m

ild
N
=
26
2

C
D
C
/A
A
P
m
od
er
at
e
N
=
58
1

C
D
C
/A
A
P
se
ve
re
N
=
16
0

LS
a
m
ea
n

ne
ve
r

(n
=
94
)

LS
a
m
ea
n

ne
ve
r

(n
=
24
1)

LS
a
m
ea
n

ne
ve
r

(n
=
66
)

O
TU

la
be
l(
sp
ec
ie
s
le
ve
la
nn

ot
at
io
n)

LS
a
m
ea
n

cu
rr
en
t

(n
=
16
8)

βb
(S
Ec
)

βd
(S
Ec
)

LS
a
m
ea
n

cu
rr
en
t

(n
=
34
0)

βb
(S
Ec
)

βd
(S
Ec
)

LS
a
m
ea
n

cu
rr
en
t

(n
=
94
)

βb
(S
Ec
)

βd
(S
Ec
)

A
ct
in
om

yc
es
sp
.o
ra
lt
ax
on

17
1

−
0.
13

1.
10

(0
.3
4)

0.
93

(0
.3
5)

0.
44

0.
24
(0
.2
3)

0.
13
(0
.2
4)

−
0.
61

0.
94

(0
.4
4)

0.
68
(0
.4
7)

0.
97

0.
68

0.
33

Fr
et
ib
ac
te
riu

m
sp
.o
ra
lt
ax
on

35
9

−
0.
51

−
0.
84

(0
.3
8)

−
0.
89

(0
.4
0)

0.
13

−
0.
45
(0
.3
1)

−
0.
47
(0
.3
2)

2.
99

−
1.
66

(0
.6
9)

−
1.
45

(0
.7
2)

−
1.3
5

−
0.
32

1.3
3

Tr
ep
on
em

a
m
al
to
ph
ilu
m

−
1.1
9

−
0.
43
(0
.2
8)

−
0.
34
(0
.2
9)

−
0.
50

−
0.
47

(0
.2
1)

−
0.
34
(0
.2
2)

1.2
3

−
1.
11
(0
.4
9)

−
1.
05

(0
.5
2)

−
1.6
2

−
0.
97

0.
12

H
ae
m
op
hi
lu
ss
p.
or
al
ta
xo
n
03
6

−
0.
71

0.
22
(0
.4
2)

0.
11
(0
.4
4)

−
1.3
5

0.
33
(0
.2
6)

0.
25
(0
.2
7)

−
2.
71

1.
44

(0
.4
7)

1.
15
(0
.4
9)

−
0.
49

−
1.0
2

−
1.2
7

A
ct
in
om

yc
es
sp
.o
ra
lt
ax
on

17
0

−
1.3
2

0.
51
(0
.3
9)

0.
13
(0
.4
1)

−
1.7
2

0.
41
(0
.2
5)

0.
29
(0
.2
6)

−
2.
47

1.
14

(0
.4
8)

0.
95
(0
.5
1)

−
0.
81

−
1.3
1

−
1.3
3

N
ot
e:
Bo
ld
te
xt
in
di
ca
te
su
nc
or
re
ct
ed

p
va
lu
e
(≤
0.
05
)f
ro
m
fo
rβ

co
ef
fic
ie
nt
so
fm

ea
n
di
ffe
re
nc
e
fo
rH

T
cu
rr
en
tv
er
su
sn
ev
er
us
er
s.

a L
ea
st
sq
ua
re
m
ea
n
in
th
e
lin
ea
rr
eg
re
ss
io
n
m
od
el
.

b β
co
ef
fic
ie
nt
sr
ep
re
se
nt
le
as
ts
qu
ar
e
m
ea
n
di
ffe
re
nc
e
fo
rH

T
cu
rr
en
tv
er
su
sn
ev
er
us
er
si
n
th
e
lin
ea
rr
eg
re
ss
io
n
m
od
el
.

c S
ta
nd
ar
d
er
ro
rf
or
β
co
ef
fic
ie
nt
s.

d L
in
ea
rr
eg
re
ss
io
n
m
od
el
ad
ju
st
ed

fo
ra
ge
,B
M
I,
an
d
te
et
h
flo
ss
in
g.



SOLIMAN et al. 1645

such as for R. dentocariosa, T. socranskii, A. geminatus, and
C. durum.
Of the 18 OTUs that differed significantly between cur-

rent and never users, we conducted further exploratory
analysis within current users according to HT formula-
tion (estrogen vs. estrogen + progestin) and median dura-
tion of use (<8 vs. ≥8 years), oophorectomy status (no vs.
yes), and percent of sites with gingival bleeding (<30% vs.
≥30%). There was no statistically significant difference in
bacterial abundance according to formulation or median
duration of use (see Tables S2 and S3 in online Journal of
Periodontology), oophorectomy status, though small sam-
ple size limited this analysis (see Table S4 in online Jour-
nal of Periodontology) or gingival bleeding (see Table S5 in
online Journal of Periodontology).
Results of in-silico PICRUSt analysis resulted in 35 path-

ways that differed significantly between HT current and
never users (corrected p < 0.05). Of these, nine functional
pathways were more evident and 26 pathways less evident
for bacteria among HT current users than never users.
Enriched bacterial functional pathways included cellu-
lar adhesion and signaling, and carbohydrate metabolism,
whereas less enriched pathways included oxidative gly-
colysis, lipid metabolism, and bacterial chemotaxis. See
Figure S1 in online Journal of Periodontology for complete
findings from the PICRUSt analysis.

4 DISCUSSION

The objective of our studywas to investigate the association
between history of HT use and the composition and diver-
sity of the subgingival microbiome in postmenopausal
women. We used data from next generation sequencing
and found 19 bacterial taxa differed significantly across HT
use categories, of which 18 differed significantly between
current and never HT users. Furthermore, there was a sta-
tistically significant difference in beta diversity and alpha
diversity (Shannon index) between never and current HT
users.
Several periodontal changes inwomenhave been shown

to be associated with changes in both endogenous and
exogenous female sex hormones.34 It is thought these
changes may be explained by direct effect of estrogen
and/or progesterone on the periodontium as a target
tissue.5 Genco and Grossi proposed a biological model
by which lower estrogen levels could contribute to peri-
odontal disease including up-regulation of monocytes and
macrophages, with subsequent increase in proinflamma-
tory cytokines, leading to connective tissue destruction
and alveolar bone resorption.9 A randomized clinical trial
showed HT significantly increased alveolar bone mass
comparedwith placebo.35 Moreover, others have pointed to

a possible direct effect of female sex hormones on the com-
position of periodontal bacteria.36 However, most stud-
ies on exogenous female sex hormone and oral bacteria
were conducted on premenopausal women and investi-
gated oral contraceptives, which have relatively higher
concentrations of estrogen and progestin thanmenopausal
HT.11,12 To our knowledge, our study is the first to inves-
tigate this relationship in postmenopausal women using
high-throughput sequencing to better characterize the
subgingival microbiome.
Previous studies have shown periodontitis is charac-

terized by increased diversity of microbial communities.4
Griffen et al. found alpha and beta diversity to be higher in
those with chronic periodontitis versus healthy controls.37
Genco et al. used the OsteoPerio cohort and reported
higher alpha and beta diversity in severe compared with
none/mild periodontal disease defined using CDC/AAP
criteria.33 This is similar to other pathological conditions
as bacterial vaginosis, where the vaginal microbiome
shows higher diversity in diseased states.38,39 In our study,
HT never users had significantly higher alpha (Shannon
index) and beta diversity than current users.
At the phyla level, HT current users had higher abun-

dance of OTUs belonging to the phyla Actinobacteria,
Firmicutes, and Proteobacteria. Previous bioinformatic
analysis suggested these phyla might express genes for
steroid hormone metabolism.40,41 Results in the present
study based on PICRUSt analysis at the species level
did not reveal higher enrichment of pathways involving
steroid metabolism in current HT users than never users.
Bacterial functional pathways involved with carbohydrate
metabolism and cellular adhesion were significantly
enriched in HT current users, whereas pathways involving
oxidative glycolysis, lipid metabolism, and chemotaxis
were less enriched in HT current users. While in-silico
PICRUSt provides an ability to speculate about bacte-
rial functional pathways, studies that directly measure
functional expression of bacterial genes, such as transcrip-
tomics, are needed to definitively characterize bacterial
function in relation to exogenous menopausal hormone
use. Another alternative explanation is that observed
difference between HT current and never users is due to
increased enrichment of subgingival pathobionts acquired
with increased inflammation and longer-term alveolar
bone loss that is associated with decreasing endogenous
estrogen levels during menopause.
Current HT use was associated with significantly lower

abundance of T. forsythia and T. socranskii, pathobionts
known to be associated with periodontitis,42,43 as well as
several pathobionts (TM7[G-1] sp. Oral taxon 349, A. gem-
inatus, Veillonellaceae [G-1] sp. Oral taxon 150, Fretibac-
terium sp. Oral taxon 359, and T. maltophilum) previ-
ously shown in this cohort to be elevated in severe and
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moderate periodontal disease.33 Moreover, current HT use
was associated with higher abundance of bacteria associ-
ated with mild periodontal disease such as S. oralis and
A. massiliensis.33 Previously, HT use was found to be asso-
ciated with lower T. Forsythia in subgingival plaque sam-
ples among peri- and postmenopausal women in a 2-year
prospective study by Tarkkila et al.13 However, their study
was of smaller sample size and used targeted PCR to test a
limited number of bacteria.
The strengths and limitations of our study should

be considered when interpreting its findings. Strengths
includes using a large sample of postmenopausal women
whose selection into the study was not based on peri-
odontal disease allowing more generalizability of find-
ings. Also, use of untargeted next generation sequencing
techniques provided an opportunity to identify more sub-
gingival bacteria compared with previous targeted meth-
ods, and adjustment for potential confounders such as
age and BMI. Limitations include cross-sectional design,
which does not establish temporality and precludes causal
inference between HT use and periodontal microbiome
composition, and potential for residual confounding given
the observational nature of the data. Because the OsteoPe-
rio Study is ancillary to the WHI which did not include
men, our findings are restricted to women. Taxonomic
OTU annotationwas completed usingHOMDversion 14.5,
which could result in an incomplete characterization of
microbiota as additional taxa are added to future versions.
At present, the impact that long-term sample storage at
−80◦C has on results while not entirely clear, is thought
to be less concerning with DNA-based analyses as 16S
sequencing.44 Last, complete information on measured
endogenous hormone concentrations were not available
for consideration in this analysis.

5 CONCLUSIONS

In our cross-sectional study, HT use was associated with
favorable periodontal profile in terms of lower abundance
of bacteria like T. forsythia and T. socranskii, known patho-
bionts for more severe periodontal disease. HT was also
associatedwith lowermicrobial diversity. Prospective stud-
ies are needed where changes in menopausal HT use can
be characterized and then related with the composition
and diversity of the subgingival microbiome in women.
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