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Interindividual differences
contribute to variation in
microbiota composition more
than hormonal status:
A prospective study
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Martin Kostovcik4, Natalie Galanova1, Zuzana Reiss1,
Karel Pavelka2,3, Laszlo Wenchich2, Hana Hruskova5,6

and Miloslav Kverka1*

1Laboratory of Cellular and Molecular Immunology, Institute of Microbiology, Czech Academy of
Sciences, Prague, Czechia, 2Institute of Rheumatology, Prague, Czechia, 3Department of
Rheumatology, First Faculty of Medicine, Charles University in Prague, Prague, Czechia, 4Laboratory
of Fungal Genetics and Metabolism, Institute of Microbiology, Czech Academy of Sciences,
Prague, Czechia, 5Department of Obstetrics and Gynecology, Charles University in Prague, First
Faculty of Medicine, Prague, Czechia, 6General University Hospital in Prague, Prague, Czechia
Aims: Ovarian hormone deficiency is one of the main risk factors for

osteoporosis and bone fractures in women, and these risks can be mitigated

by menopausal hormone therapy. Recent evidence suggests that gut microbiota

may link changes in estrogen levels and bone metabolism. This study was

conducted to investigate the potential relationship between hormonal and

bone changes induced by oophorectomy and subsequent hormonal therapy

and shifts in gut microbiota composition.

Methods: We collected 159 stool and blood samples in several intervals from 58

women, who underwent bilateral oophorectomy. Changes in fecal microbiota were

assessed in paired samples collected from each woman before and after

oophorectomy or the start of hormone therapy. Bacterial composition was

determined by sequencing the 16S rRNA gene on Illumina MiSeq. Blood levels of

estradiol, FSH, biomarkers of bone metabolism, and indices of low-grade

inflammation were measured using laboratory analytical systems and commercial

ELISA. Areal bone mineral density (BMD) of the lumbar spine, proximal femur, and

femur neck was measured using dual-energy X-ray absorptiometry.

Results: We found no significant changes in gut microbiota composition 6

months after oophorectomy, despite major changes in hormone levels, BMD,

and bone metabolism. A small decrease in bacterial diversity was apparent 18

months after surgery in taxonomy-aware metrics. Hormonal therapy after

oophorectomy prevented bone loss but only marginally affected gut

microbiota. There were no significant differences in b-diversity related to

hormonal status, although several microbes (e.g., Lactococcus lactis) followed

estrogen levels. Body mass index (BMI) was the most significantly associated with

microbiota variance. Microbiota was not a suitable predictive factor for the state

of bone metabolism.
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Conclusions: We conclude that neither the loss of estrogens due to

oophorectomy nor their gain due to subsequent hormonal therapy is

associated with a specific gut microbiota signature. Sources of variability in

microbiota composition are more related to interindividual differences than

hormonal status.
KEYWORDS
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1 Introduction

Aging and postmenopausal decrease in the production of ovarian

hormones are the main risk factors for accelerated bone loss,

osteoporosis, and fractures in women (1). While 5-7 years of

hormone therapy significantly reduces the risk of fractures (2), it is

not enough to prevent postmenopausal osteoporosis (3). Estrogens

act on osteoclasts, osteoblasts, and osteocytes (4, 5) in the bone

microenvironment, mainly via their receptors (ERa, ERb, and the G

protein-coupled estrogen receptor). They increase the life span of

osteoblasts and osteocytes by preventing their apoptosis (6) and may

have an anabolic effect on the bone (7). Estrogen deficiency is

associated with impaired osteoblast activity (8) and maturation of

osteoclasts, decreased osteoclast apoptosis, and inflammatory

immune responses (9–12). This effect is driven mainly by increased

expression of pro-osteoclastogenic and inflammatory mediators by

macrophages, dendritic cells, neutrophils, T cells, and B cells (10, 12)

and increased reactive oxygen species formation and oxidative stress

levels in the bone microenvironment (13). Consequently, estrogen

deficiency results in the prevalence of osteoclastic bone resorption

over bone formation, accelerated bone loss, and deteriorated bone

quality (14, 15).

While different types of osteoporosis differ in their

pathogenesis, the inflammatory response of innate (macrophages,

dendritic cells, neutrophils) and adaptive immunity (B and T cells)

always plays an important role (12, 16). Animal studies proposed

several mechanisms of indirect regulation of bone mass by the

microbiome. Expanding gut Th17 cells and subsequent pro-

inflammatory tuning by segmented filamentous bacteria may lead

to suboptimal skeletal development (17). Butyrate produced by

clostridia in the gut leads to the expansion of regulatory T (Treg)

cells that drive bone formation (18). Butyrate is also essential for the

ability of the parathyroid hormone (PTH) to increase bone mass

(19), again suggesting that hormonal regulation of bone metabolism

may act through microbiota. This is especially important in sex

steroid deficiency when gut permeability for luminal bacteria is

increased. This in turn triggers inflammatory pathways that induce

bone loss in conventional but not in germ-free mice (20).

Translocated microbial products stimulate intestinal T cells that

produce TNF and IL-17, which then move to the bone marrow,

where they create an inflammatory environment and drive bone

resorption (21). Apart from regulating gut permeability and
02
inflammation, gut microbiota may regulate bone mineral density

(BMD) via effects on calcium balance (transcellular and paracellular

transport, intestinal lumen pH, short-chain fatty acids) (22),

production of molecules with positive effects on the bone (23),

and the effects on the endocrine system (IGF-1, serotonin,

deconjugation of bile-secreted estrogens, biotransformation of

polycyclic aromatic hydrocarbons into products with estrogenic

activity) (24–26). The causal relationship between gut microbiota

dysbiosis and impaired intestinal barrier function has also been

demonstrated in a model of senile osteoporosis. The transfer of gut

microbiota from osteoporotic rats to young rats impaired intestinal

barrier function, increased bone turnover, and reduced bone mass

in the recipients (27).

Only a few observational studies examined the associations

between changes in estrogen levels, gut microbiome, and the

quantity and quality of bone mass in humans, but their

conclusions are not consistent. While some studies reported an

increased relative frequency of Firmicutes and a decreased presence

of Bacteroidetes in postmenopausal women compared with

premenopausal women or (age-matched) men (28), others found

similar microbiota composition in men and women and lower

Firmicutes/Bacteroidetes ratio in women with high levels of

estrogens (29, 30).

In summary, there are several possible mechanisms of

association between the circulating estrogen levels and the actions

of gut microbiota in postmenopausal osteoporosis. Under estrogen

deficiency, the permeability of the intestinal wall increases (31),

allowing bacterial products to enter the bloodstream. In response,

the pro-inflammatory cytokines TNF-a and IFN-g are released (32),
further increasing gut permeability. This facilitates the passage of

structural components and metabolic products of the intestinal

microbiota (microbe-associated molecular patterns, short-chain

fatty acids, endotoxins) into the circulation (33). Moreover,

intestinal microbiota can migrate to the lamina propria, which

again promotes inflammatory processes (34). Activated pro-

inflammatory T cells can then migrate to the bone marrow,

where they may influence bone remodeling (35). The aim of this

study was to determine if acute changes in estrogen levels that lead

to bone remodeling and bone mass decrease also induce marked gut

dysbiosis in humans. The associations between changes in estrogens

status, gut microbiome, BMD, and markers of bone remodeling and

low-grade inflammation were prospectively examined in
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premenopausal women before and after undergoing oophorectomy,

as well as in oophorectomized women on estrogen therapy.
2 Methods

2.1 Studied subjects

Between July 2018 and June 2020, out of 255 women who had

bilateral oophorectomy, 160 women were invited for assessment of

bone status through the Department of Obstetrics and Gynecology,

General University Hospital in Prague. The exclusion criteria

included estimated GFR <1.2 (ml/s/1.73 m2); alcohol abuse;

diabetes mellitus; active neoplastic diseases; liver diseases;

a s ce r ta ined endocr ine and rheumato log i c d i s ea se s ;

immunosuppressive treatment; treatment with corticosteroids,

a romata se inh ib i to r s , an t i -o s t eoporo t i c drugs , and

anticonvulsants; and history of fragility fractures. Out of 56

eligible women who responded to our invitation, 13 women did

not agree to follow-up visits, and 41 women agreed to baseline and

follow-up dual-energy X-ray absorptiometry (DXA) and blood

testing. Based on the gynecologist’s decision, hormone treatment

was initiated in 16 women. The check-ups were performed 6 and 12

months after surgery or at the beginning of therapy.

Another 95 women were invited prior to a planned bilateral

oophorectomy. Forty-two of these women agreed to baseline DXA

and blood testing. Eleven were excluded: eight for receiving

hormone therapy immediately after surgery and three for high

biomarkers of bone remodeling. All patients were treated with

ampicillin during surgery. In 31 women, DXA and blood testing

were repeated 6 months after surgery, and hormone therapy was

then initiated in nine of them, while 22 women were not treated.

The check-ups were performed after 6 and 12 months. All women

had BMD within ±1 T score range.
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Between July 2018 and August 2021, prospective evaluation was

performed on 58 women scheduled for gynecological surgery or

followed for post-surgery hormonal therapy and referred for bone

evaluation by the Institute of Rheumatology, Prague, Czech

Republic (Figure 1). The most common types of surgery that

patients underwent were vaginal hysterectomy with adnexectomy

performed laparoscopically (82.8% of 58 patients), bilateral

adnexectomy (8.6%), abdominal hysterectomy with adnexectomy

(3.4%), and adnexectomy post-abdominal hysterectomy (1.7%).

The most common indications for surgery were benign tumors

(58.6%), prevention or prophylaxis (e.g., BRCA mutation carriers,

19%), menstrual disorders and conditions related to menstrual

bleeding (12.1%), and dysplasia and malignant tumors (5.2%).

Patients were divided into three analyzed groups. The first group

of 31 patients was sampled before and 6 months after the surgery.

The second group of 25 patients was sampled after surgery, just

before hormonal therapy, and after 12 months on estrogens.

Additionally, we compared the fecal microbiota of the group on

hormone therapy with 27 patients who were sampled after surgery

and remained untreated for another 12 months. The active

substance used for hormonal therapy was Estradiolum

hemihydricum (Estrofem, 1 mg daily) in 22 patients and

tibolonum (Ladybon, 2.5 mg daily) in two patients. No subject

had bone or calcium metabolic disease or was receiving drugs that

are known to affect bone or calcium metabolism. No woman had

received hormone replacement therapy before the study. The

subjects were advised to maintain their usual physical activity and

diet throughout the study.
2.2 Ethical approval

This study was approved by the Ethics Committee of the

Institute of Rheumatology, Prague, Czech Republic (Ref. number
FIGURE 1

Study design.
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5483/2017), and written informed consent was obtained from all

participants before their enrolment. All study procedures were

performed in compliance with the laws and regulations governing

the use of human subjects (Declaration of Helsinki).
2.3 Sample collection and processing

During the baseline medical examination, the medical history of

each patient was recorded. Clinical and laboratory parameters were

then measured usually every 6 months together with stool and

blood sample collection. Stool samples were freshly collected in

standardized, sterile collection tubes by the participants and

brought for their routine visits. All stool samples were delivered

within 4 h of collection and immediately frozen at −80°C until

analysis for microbiota composition. Venous blood samples were

obtained after an overnight fast, centrifuged at 1,200×g for 15 min at

4°C, and serum or EDTA plasma samples were divided into aliquots

and stored at −80°C until analysis.
2.4 Bone densitometry

Areal BMD of the lumbar spine, proximal femur, and femur

neck was evaluated using DXA (GE Healthcare Lunar software

version 14.1). Results were expressed in g/cm2 and the T-score was

calculated using the National Health and Nutrition Examination

Survey (NHANES) as reference. Quality control assurance

measurements were performed in accordance with the

manufacturer’s recommendations. The short-term in-vivo

precision error for the lumbar spine (L1–L4), total femur, and

femur neck was 0.7%, 0.9%, and 1.8%, respectively, and the long-

term in-vivo precision error was 0.31%. Trained examiners with

long-time experience conducted the measurements.
2.5 Biochemical analysis

The concentrations of serum total bone alkaline phosphatase

(B-ALP), 25-hydroxyvitamin D [25(OH)D], and PTH (Cat. Nos.

310970, 310600, and 310630, respectively) were determined using

the Liaison XL (Diaorin S.p.A., Saluggia, Italy) analytical system.

Beta-carboxy-terminal type I collagen crosslinks (b-CTX),
procollagen 1 N-terminal propeptide (P1NP), estradiol, follicle-

stimulating hormone (FSH), and thyroid-stimulating hormone

(TSH) (Cat. Nos. 09005773190, 03141071190, 06656021190,

11775863122, and 08429324190, respectively) were determined

using the Cobas e601 (Roche, Basel, Switzerland) analytical

system. Serum hsCRP, creatinine, glucose, phosphate, calcium,

and g-glutamyltransferase (GMT) (Cat. Nos. OSR6199,

OSR61204, OSR6121, OSR6122, OSR61117, and OSR6120,

respectively) were determined using the Beckman Coulter AU680

(Beckman Coulter, USA) analytical system. Serum IL-6 receptor

(IL-6R) was quantified using the Human IL-6R alpha Quantikine

ELISA (Cat. No. DR600, Bio-Techne, Minneapolis, MN, USA),

EDTA plasma tumor necrosis factor receptor 1A (TNF-R) was
Frontiers in Endocrinology 04
determined using the sTNF-R (60 kDa) Human ELISA (Cat. No.

RAF114R, Biovendor, Brno, Czech Republic), and EDTA plasma

sclerostin was assessed using the Bioactive Sclerostin ELISA (Cat.

No . B I -20472 , B iomed ica Mediz inproduk te GmbH,

Vienna, Austria).
2.6 DNA isolation and sequencing

The bacterial composition in stool samples was analyzed by 16S

rRNA amplicon-based Illumina MiSeq sequencing as previously

published, with minor modifications (36). Briefly, bacterial DNA

from stool samples was extracted using ZymoBIOMICS™ DNA

Miniprep Kit (Zymo Research, Irvine, CA, USA), according to the

manufacturer’s protocol. The extracted DNA was measured by

NanoDrop (Thermo Fisher Scientific, Waltham, USA) and

diluted to 10 ng/µl. Next, the V3-V4 region of the bacterial 16S

rRNA gene was amplified by PCR with degenerate primers 341F

( 5 ′ -CCTACGGGNGGCWGCAG-3 ′ ) a nd 8 06R ( 5 ′ -
GGACTACHVGGGTWTCTAAT-3′). Each 25-µl PCR reaction

contained either 5 µl of template or UltraPure™ DNase/RNase-

Free distilled water (Thermo Fisher Scientific) as non-template

control. The amplification was performed with KAPA HiFi

HotStart Ready Mix (Roche), containing 12.5 µl of 2× KAPA

HiFi HotStart ReadyMix, 0.75 µl of 10 mM forward primer, 0.75

µl of 10 mM reverse primer, and 6 µl of distilled water. Thermal

cycling parameters were 35 cycles of denaturation (95°C, 3 min),

annealing (60°C, 30 s), extension (72°C, 30 s), and final elongation

(72°C, 5 min). The length of the amplicons was verified on agarose

gel electrophoresis, and three PCR products from each sample were

pooled to minimize random PCR bias. Next, these pooled PCR

amplicons were normalized by the SequalPrep™ Normalization

Plate (96) Kit (Thermo Fisher Scientific). The whole library was

then concentrated to 50 µl in a centrifugal vacuum concentrator

(Eppendorf SE, Hamburg, Germany) and ligated to sequencing

adapters with the KAPA HyperPrep Kit (Roche). Next, the DNA

concentration was quantified with the KAPA Library

Quantification kit (Roche) and used for amplicon sequencing on

the MiSeq platform (Illumina, San Diego, CA, USA) at the CEITEC

Genomics Core Facility (Brno, Czech Republic).
2.7 Bioinformatics

Sequencing data were processed using QIIME 2.0 2021.8 (37).

Raw reads were first demultiplexed and quality filtered using the q2-

demux plugin and then denoised using the DADA2 algorithm, and

a feature table with counts of amplicon sequence variants (ASVs)

per sample was produced (38). Taxonomy was assigned using the

q2-feature-classifier classify-sklearn (39), using a trained naive

Bayes classifier against the SILVA_138_SSURef_Nr99 bacterial

reference database. Rarefaction analysis of the final ASV tables

was performed to assess the completeness of the dataset and the

admissible data resampling level for statistical analysis. Both a-
diversity (within samples) and b-diversity (among samples) were

calculated with QIIME 2.0.
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Faith’s phylogenetic diversity (PD), observed ASVs, Shannon

diversity index, Simpson’s evenness measure E, and Pielou’s evenness

index were analyzed as different metrics of a-diversity. Faith’s PD

reflects community diversity with incorporated information on

phylogenetic relationships, the Shannon diversity index indicates

community diversity without phylogenetic relationships, and

observed ASVs reflect community richness. Variation in a-diversity
was analyzed using the linear mixed-effects (LME) models in a

longitudinal manner with a-diversity indices as the response variable

and patient identity defining the dependent samples, to account for

repeated-measures sampling experiment design.

Beta diversity was presented in principal coordinate analysis

(PCoA) plots and assessed using weighted (quantitative) UniFrac

distances. Permutational multivariate analysis of variance

(PERMANOVA) was used to confirm the statistical significance

of the differences in b-diversity between patient groups. Adonis

(permutational multivariate analysis of variance using distance

matrices) from the treated/untreated groups based on weighted

UniFrac dissimilarity was performed to investigate and rank the

effect of nine variables commonly associated with variation in

overall microbial composition (40, 41).

Changes in microbial abundances after intervention (surgery or

hormonal therapy) were ranked with Songbird analysis (42) while

accounting for several covariates. Only the models that converged

under the baseline model and with the highest predictive accuracy

(highest pseudo Q2) are shown. The statistical significance of the

differences in microbiota composition was analyzed by differential

abundance analysis (ANCOM) (43). Sequences are publicly

available in the Sequence Read Archive (SRA) under the

BioProject accession number PRJNA914622.
2.8 Statistics

All variables were tested for normal distribution by the

D’Agostino–Pearson test. Based on the results, the paired data

were compared using a non-parametric Wilcoxon matched-pairs

signed rank test or a paired t-test. Differences in continuous

variables between two independent groups were analyzed by a

non-parametric Mann–Whitney test or by an unpaired t-test.

Comparison of multiple experimental groups was performed

using a non-parametric Kruskal–Wallis or Friedman test with

Dunn’s multiple comparison test or by two-way ANOVA with

Sidak’s multiple comparison test. Statistical comparison was

performed with GraphPad Prism statistical software (version

8.0.2., GraphPad Software, San Diego, CA, USA).
3 Results

3.1 Oophorectomy markedly changes the
biomarkers of bone metabolism but not
gut microbiota composition

We evaluated the samples from 31 patients sampled before

oophorectomy and 6 months later. Oophorectomy significantly
Frontiers in Endocrinology 05
decreased BMD and serum estradiol levels, while it increased the

levels of FSH and markers of bone remodeling and low-grade

inflammation (Table 1). No significant changes were found for

hsCRP, creatinine, GMT, and TSH (data not shown). On the other

hand, surgery did not induce significant changes in a-diversity
(Figure 2A; Supplementary Figure 1A) or b-diversity (Figures 2B,

C), despite the mild trend of decreased a-diversity. The changes in
microbial abundance were ranked with Songbird, testing the effect

of surgery with BMI and GMT included as random effects.

Although these variables improved the model, its predictive

accuracy on cross-validation samples was low (pseudo Q2 =

0.06961). By ranking the identified microbes, this analysis allows

for the identification of the strongest microbial feature associated

with a particular variable. Changes in the abundance of several taxa

were associated with the state after the surgery, although the

associations were not very strong and several taxa were defined

with multiple sequence variants associated even with the opposite

state (Figure 2D). Therefore, while certain microbes have higher

(e.g., genus Faecalibacterium or Bacteroides uniformis) or lower

(e.g., Lactococcus lactis or Akkermansia muciniphila) abundance

after surgery, the differences induced by surgery were quite low. In a

subset of patients that were followed for a longer time, there was a

significant decrease in Faith’s PD 18 months after surgery as well as

a small decrease in Pielou’s evenness 6 months after surgery, while

other metrics of a-diversity and overall shifts in b-diversity
remained the same (Figures 2E, F; Supplementary Figure 1B). In

this long-followed cohort, the increase in serum b-CTX and P1NP

reached maximum levels 6 and 12 months after surgery,

respectively. The values of markers of bone remodeling,

sclerostin, TNF-R, IL-6R, and FSH remained increased over 6 to

12 months. Consequently, the decrease in spine and femur BMD

continued progressively (Table 1; Figure 2G).
3.2 Hormonal therapy after oophorectomy
has only a marginal effect on gut
microbiota

Fifty-two women were examined approximately 1 year after

oophorectomy and followed up for 1 year. Of these women, 27

received menopausal hormone therapy shortly after the initial

examination and 25 were left untreated. As compared with

baseline measurement, biomarkers of bone remodeling, sclerostin,

TNF-R, IL-6R, and FSH remained significantly increased in

untreated women, while their lumbar spine BMD decreased

(Table 2). Treated women had a significant increase in BMD at

the lumbar spine and femur neck, an increase in serum estradiol,

and a significant decrease in serum FSH, calcium, phosphate, b-
CTX, P1NP, osteocalcin, bone ALP, sclerostin, IL6-R, and plasma

TNF-R (Table 2).

Faith’s PD and Simpson’s and Pielou’s evenness indices were not

significantly changed, while the other metrics of a-diversity (observed
ASV and Shannon diversity index) were significantly increased

(Figure 3A; Supplementary Figure 1C). The changes in microbial

abundances were ranked with Songbird (42), testing the effect of

therapy with BMI, GMT, vitamin D, diagnosis, and age included as
frontiersin.org
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random effects. Although these variables led to the best model, its

predictive accuracy on cross-validation samples was quite low (pseudo

Q2 = 0.105333). There is a small increase in the class Clostridia

(Figure 3B), but the overall b-diversity did not differ between the

groups (Figure 3C). Erysipelotrichaceae UCG-003 sp. is the most

strongly associated genus with therapy, while Bifidobacterium sp. was

the genus least associated with therapy (Figure 3D). Neither of these

changes is, however, statistically significant.
Frontiers in Endocrinology 06
3.3 Women treated with hormonal therapy
have similar gut microbiota dynamics as
untreated women

After 12 months post-surgery, Faith’s PD continued to decrease

in untreated women, while it remained stable in treated women

(Figure 4A). Other metrics of a-diversity were not significantly

different between the groups, although the observed ASVs in treated
TABLE 1 Prospective laboratory data in women before and after oophorectomy.

Variable Before 6 months 12 months 18 months p

Follow-up (years) 0 0.55 ± 0.11 1.07 ± 0.13 1.55 ± 0.18

n 31 31 22 11

Age (years) 47.6 ± 4.3

BMI (kg/m2) 27.9 ± 6.0 28.1 ± 6.5 28.4 ± 6.6 28.4 ± 6.3 0.157

Spine BMD (g/cm2) 1.272 ± 0.157 1.216 ± 0.150* 1.189 ± 0.144*,** 1.146 ± 0.130*,** <0.001

DSpine BMD (%) 0 −4.42 ± 2.72* −6.46 ± 2.98*,** −7.81 ± 2.98*,** <0.001

Proximal femur BMD (g/cm2) 1.079 ± 0.171 1.052 ± 0.164 1.023 ± 0.166*,** 0.990 ± 0.151*,** <0.001

DProximal femur BMD (%) 0 −2.42 ± 2.64* −3.66 ± 3.18* −3.94 ± 3.67*,** <0.001

Femur neck BMD (g/cm2) 1.010 ± 0.159 0.984 ± 0.151* 0.979 ± 0.168* 0.937 ± 0.157* <0.001

DFemur neck BMD (%) 0 −2.45 ± 3.29* −3.14 ± 3.51* −4.07 ± 4.31* <0.001

Glucose (mmol/L) 5.53 ± 0.76 5.66 ± 1.03 5.97 ± 1.24 6.12 ± 1.89 0.007

Phosphate (mmol/L) 1.08 ± 0.14 1.28 ± 0.14* 1.28 ± 0.12* 1.25 ± 0.12* <0.001

Calcium (mmol/L) 2.38 ± 0.10 2.49 ± 0.11* 2.46 ± 0.08* 2.45 ± 0.08* <0.001

PTH (pmol/L) 3.03 ± 1.18 2.54 ± 1.16 2.57 ± 1.11 3.17 ± 2.00 0.017

25(OH)D (nmol/L) 51.1 ± 21.3 65.9 ± 22.7* 71.4 ± 19.3* 67.9 ± 22.2* 0.002

b-CTX (mg/L) 0.26 ± 0.10 0.64 ± 0.27* 0.70 ± 0.25* 0.67 ± 0.20* <0.001

Db-CTX (%) 0 161.2 ± 86* 185.6 ± 71* 167.8. ± 77* <0.001

P1NP (mg/L) 44.6 ± 15.6 75.9 ± 30.4* 93.4 ± 34.7*,** 85.7 ± 29.2* <0.001

DP1NP (%) 0 77.9 ± 72.0* 117.1 ± 88.5*,** 97.4 ± 77.2* <0.001

Osteocalcin (mg/L) 17.3 ± 5.7 26.3 ± 10.0* 30.7 ± 10.4* 31.1 ± 11.4* <0.001

B-ALP (mg/L) 9.6 ± 4.1 14.1 ± 6.1* 17.2 ± 7.2*,** 17.7 ± 8.7*,** <0.001

Sclerostin (pmol/L) 105.4 ± 35.9 129.1 ± 39.1* 115.2 ± 36.0*,** 108.0 ± 22.1* <0.001

DSclerostin (%) 0 25.4 ± 18.3* 14.3 ± 14.4*,** 16.9 ± 22.7*,** <0.001

TNF-R (µg/L) 1.65 ± 0.69 2.02 ± 0.83* 1.86 ± 0.78* 1.46 ± 0.51* <0.001

DTNF-R (%) 0 25.9 ± 36.1* 17.7 ± 33.8* 12.8 ± 39.4 <0.001

IL-6R (µg/L) 39.7 ± 9.4 44.1 ± 11.1* 44.1 ± 11.0* 40.9 ± 7.8 <0.001

DIL-6R (%) 0 11.7 ± 14.7* 10.8 ± 16.8* 3.2 ± 11.5 <0.001

Estradiol (pmol/L) 458.5 ± 315.8 35.4 ± 23.5* 39.2 ± 34.1* 42.9 ± 33.3* <0.001

FSH (IU/L) 11.1 ± 11.2 82.7 ± 23.9* 76.9 ± 29.2* 82.7 ± 30.6* <0.001
frontie
Data are mean (SD). Multiple comparisons using the one-way repeated measures ANOVA with Bonferroni t-test. No significant changes were found for hsCRP, creatinine, GMT, and TSH (data
not shown). The full dataset is in the Supplementary Table 1.
*p < 0.05 vs. before; **p < 0.05 vs. 6 months.
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patients significantly increased during the observed period (p =

0.002) (Figure 4B; Supplementary Figure 1D). While there were no

significant differences in b-diversity between treated and untreated

patients, we tested how much microbiota variance (weighted

UniFrac metrics) is explained by the nine variables (Figure 4C).
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The effect of treatment and BMI were the only factors significantly

associated with shifts in b-diversity. Nevertheless, the former

explained only 3.5%, while the latter explained 5.4% of the

observed variation. A minor shift in axis 1 correlates with

increased BMI (Figure 4D). There were no vegans or strict
FIGURE 2

Fecal bacteria composition is not markedly changed by surgery. (A) Changes in a-diversity after surgery were characterized by the metrics Faith’s
phylogenetic diversity, observed features, and Shannon diversity index. (B) b-Diversity comparison at the class level. (C) Principal coordinate analysis
(PCoA) plot using the weighted UniFrac distance metric shows the fecal microbiota compositional differences induced by surgery. The time point
before surgery is shown as a sphere and the time point after surgery as an icosahedron, and the same color represents the same patient.
(D) Differential rankings of taxa associated with the patient’s status related to surgery with ranks estimated from multinomial regression with the top
5 species/genera related to each state highlighted. (E) Changes in a-diversity 6, 12, and 18 months after surgery; (F) changes in weighted UniFrac
distances from the time before surgery; and (G) serum change in b-CTX (Db-CTX) and lumbar spine density (DLS-BMD) in the same time points. For
a-diversity analyses, rarefaction was performed at 2,020 reads, and patients with lower yields in one time point were excluded from the analysis.
Groups were compared with the Wilcoxon matched-pairs signed rank test or paired t-test (A) or Friedman test with Dunn’s multiple comparison test
(E–G). *p < 0.05; **p < 0.01; ***p < 0.001. Comparison of all clinical data for these patients is found in Table 1.
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vegetarians in the observed cohort, but we identified one patient on

a ketogenic diet and one with a plant-based diet with low

consumption of both poultry and red meat and higher

consumption of fish (pescetarian). There were no clear shifts in

b-diversity during the 12 months of observation, and the gut

microbiota composition was quite similar in these two women

(Supplementary Figure 2).
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3.4 Gut microbiota dynamics due to the
introduction of sex hormones or the loss
of their endogenous production

To study the effect of hormonal levels on gut microbiota, we

compared the shifts in the gut microbiota composition in patients

losing their endogenous hormones (before surgery and 12 months
TABLE 2 Comparison of laboratory data in treated and untreated oophorectomized women.

Variable 0 Untreated Treated p

n 52 27 25

Age 50.0 (46.5; 51.8) 50.5 (46.6; 52.0) 52.2 (47.8; 53.3) 0.220

Years since oophorectomy 0.89 (0.45; 1.55) 0.64 (0.43; 1.27) 1.04 (0.48; 1.67) 0.462

Follow-up (years) 1.00 ± 0.15 1.08 ± 0.12 0.061

BMI (kg/m2) 25.4 (21.4; 30.5) 26.7 (23.3; 31.4) 24.1 (20.4; 30.7) 0.310

Spine BMD (g/cm2) 1.127 (1.027; 1.243) 1.105 (1.030; 1.188) 1.100 (0.922; 1.252) 0.684

DSpine BMD (%) 0 −3.12 (−4.61; −1.35)a 2.39 (0.40; 5.22)a,b <0.001

Proximal femur BMD (g/cm2) 0.933 (0.872; 1.045) 0.938 (0.874; 1.024) 0.939 (0.850; 1.038) 0.986

DProximal femur BMD (%) 0 −1.92 (−3.41; 0.64) 0.80 (−1.35; 2.65)b <0.001

Femur neck BMD (g/cm2) 0.905 (0.837; 1.001) 0.874 (0.822; 0.976) 0.902 (0.835; 0.992) 0.841

DFemur neck BMD (%) 0 −2.01 (−4.54; 1.14) 1.00 (−2.15; 3.00)a,b <0.001

Glucose (mmol/L) 5.30 (4.95; 5.60) 5.50 (5.10; 5.90) 5.20 (4.90; 5.55) 0.236

Phosphate (mmol/L) 1.28 ± 0.13 1.25 ± 0.12 1.12 ± 0.13a,b <0.001

Calcium (mmol/L) 2.47 ± 0.09 2.46 ± 0.07 2.38 ± 0.10a,b <0.001

PTH (pmol/L) 2.22 (1.83; 3.17) 2.94 (1.78; 4.46) 3.08 (2.25; 3.62) 0.056

25(OH)D (nmol/L) 64.9 ± 20.3 64.7 ± 19.9 77.1 ± 18.3a 0.029

b-CTX (mg/L) 0.592 (0.530; 0.864) 0.621 (0.531; 0.764) 0.248 (0.166; 0.358)a,b <0.001

Db-CTX (%) 0 −8.5 (−23.6; 23.3) −66.1 (−73.7; −47.5)a,b <0.001

P1NP (mg/L) 80.1 (62.1; 104.1) 86.1 (61.7; 107.7) 32.9 (21.4; 51.2)a,b <0.001

D P1NP (%) 0 0.1 (−15.6; 35.9) −62.4 (−73.0; −48.5)a,b <0.001

Osteocalcin (mg/L) 27.7 (22.0; 32.6) 30.1 (25.0; 34.4) 19.5 (17.6; 23.4)a,b <0.001

B-ALP (mg/L) 13.0 (10.5; 18.6) 16.4 (13.3; 18.1) 9.5 (6.8; 11.6)a,b <0.001

Sclerostin (pmol/L) 115.6 (96.9; 133.6) 103.7 (89.6; 118.0) 90.0 (74.5; 133.9) 0.032

DSclerostin (%) 0 −6.08 (−11.14; 4.44) −25.19 (−32.80; −10.79)a,b <0.001

TNF-R (µg/L) 2.17 ± 0.73 1.86 ± 0.73 1.74 ± 0.58a 0.026

DTNF-R (%) 0 −10.6 (−22.3; 7.4) −28.2 (−43.2; 9.7)a <0.001

IL-6R (µg/L) 41.4 ± 10.2 39.9 ± 9.5 38.4 ± 9.4 0.444

DIL-6R (%) 0 −1.09 (−7.93; 6.11) −8.57 (−18.68; −3.45)a,b <0.001

Estradiol (pmol/L) 19.6 (18.4; 36.1) 18.4 (18.4; 51.0) 218.5 (175.8; 268.5)a,b <0.001

FSH (IU/L) 82.1 (70.1; 100.2) 85.0 (60.3; 97.3) 49.8 (32.8; 63.9)a,b <0.001
frontie
Data are mean (SD) or median (IQR). Kruskal–Wallis one-way analysis of variance on ranks. No significant changes were found for hsCRP, creatinine, GMT, and TSH (data not shown). The full
dataset is in the Supplementary Table 1.
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after surgery) with those caused by their gain (before therapy and

after 12 months on therapy). There were no clear differences in a-
diversity (Figure 5A; Supplementary Figure 1E) or major microbial

classes (Figures 4B, 5B) except for the observed ASV metric of a-
diversity, which increased after hormonal treatment.
3.5 Microbiota is not a suitable predictive
factor for the state of bone metabolism

Since we could not find any major differences in gut microbiota

composition, we tested the possibility of using this relative gut

microbiota stability as a biomarker predicting bone resorption 6

months after surgery or 12 months after the beginning of therapy.

We separated the patients into high risk (fast increase after surgery

or slow decrease after therapy) and low risk based on their median

Db-CTX and compared their microbiota at baseline. There were no

distinct microbial patterns that could be used as biomarkers.
4 Discussion

In this prospective study, there were no significant changes in gut

microbiota composition 6 months after oophorectomy, despite major
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changes in hormonal levels, BMD, and markers of bone remodeling

and low-grade inflammation. A similar finding was reported by a study

comparing a-diversity of pre- and postmenopausal women (30),

suggesting that the menopause-related hormonal shift may not

impact gut microbial diversity. A similar conclusion was previously

drawn from a preclinical study with ovariectomized rodents (44), while

others found clear shifts in the microbial profile (45). Although these

animal experiments represent a relevant model of oophorectomy in

humans, differences between species (e.g., mice, rats, and humans) and

gut microbiota variability in human populations may markedly change

the ability of the microbes to respond. Thus, only a small subgroup of

patients or only animals with specific colonization in a particular

animal facility may be susceptible to hormonal changes. In our study,

the observed differences in b-diversity were likely due to interindividual
variability rather than oophorectomy, which produced only small and

generally random shifts in gut microbiota composition. While not

statistically significant, some microbes are less (e.g., L. lactis, A.

muciniphila) or more (e.g., genera Monoglobus, Escherichia/Shigella,

and Faecalibacterium) abundant after surgery, thus pointing toward

potential microbial targets of hormonal changes. Similarly, a tendency

toward a higher abundance of A. muciniphila in the gut of people with

higher BMD has been recently suggested by one pilot study (46).

Interestingly, the bacterial communities associated with decreased

BMD (i.e., osteopenia and osteoporosis) are distinct from those
FIGURE 3

Hormonal treatment increases bacterial a-diversity and induces small but measurable shifts in b-diversity. (A) Changes in a-diversity after 12 months
of hormonal therapy were characterized by the metrics Faith’s phylogenetic diversity, observed features, and Shannon diversity index. (B) b-Diversity
comparison at the class level. (C) Principal coordinate analysis (PCoA) plot using the weighted UniFrac distance metric shows the fecal microbiota
compositional differences induced by hormonal therapy. The time point before therapy is shown as a sphere and the time point after 12 months of
hormonal therapy as an icosahedron. The same color represents the same patient. (D) Differential rankings of taxa associated with the patient’s
status related to surgery with ranks estimated from multinomial regression with the top 5 species/genera related to each state highlighted. For a-
diversity analyses, rarefaction was performed at 2,020 reads, and patients with lower yields in one time point were excluded from the analysis.
Groups were compared with the Wilcoxon matched-pairs signed rank test or paired t-test (A). *p < 0.05; **p < 0.01. Comparison of all clinical data
for these patients is found in Table 2.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1139056
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Jackova et al. 10.3389/fendo.2023.1139056
found in healthy postmenopausal women. However, there is no clear

consensus on which specific bacterial taxa are changed (47, 48),

suggesting that the affected microbes may depend on the

specific cohort.

Studies on the effect of the gut microbiota on BMD have also

yielded mixed results. Reduced BMD in osteopenia and

osteoporosis is associated with an altered microbiota, with

Actinomyces spp., Eggerthella spp., and Lactobacillus spp. being

more common in those with osteoporosis (49). In a cross-sectional

study, 35 women and 9 men over 60 years of age with osteoporosis

had higher absolute and relative abundances of Bacteroidetes than

32 women and 32 men in the control group (50). In 361

postmenopausal women, the abundance of Roseburia intestinalis

positively correlated with BMD T-score (51). In elderly subjects,

Firmicutes and Actinobacteria correlated positively with BMD and

T-score, while Bacteroidetes showed a negative correlation (52, 53).

In o lde r men , four bac t e r i a l gene ra (Anaerofi l um ,

Methanomassiliicoccus, Ruminiclostridium 9, and Tyzzerella) were

associated with improved BMD, bone structure, and strength, but

the associations were not very strong (54).

In recent years, the microbiota has been implicated in the

regulation of bone metabolism, and several probiotic bacteria

were used to protect ovariectomized mice or postmenopausal

women from bone loss (55). This effect on bone health was

described in experimental studies using Lactobacillus paracasei, L.
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acidophilus, L. casei, and Bifidobacterium longum in ovariectomized

animals (56–58). However, the effects of probiotics on bone tissue

may be dependent on the systemic conditions of the host (55).

Akkermansia muciniphila negatively correlates with obesity and

other health disorders (45), and even pasteurized A. muciniphila

protects from fat mass gain but not from bone loss (59). Lactococcus

lactis increases fecal IgA levels and prevents the growth of H2S-

producing enteric bacteria in a mouse model of senile osteoporosis

(60). And while we found that L. lactis decreases after surgery and

increases after hormonal therapy, these changes were not

accompanied by inverse changes in H2S-produc ing

Desulfobacterota or Archaea.

Probiotic interventions may improve the gut microbiome and

maintain bone health. Several prospective randomized controlled

trials have found several probiotic Bacilli (e.g., a mixture of L.

paracasei DSM 13434, Lactobacillus plantarum DSM 15312, and L.

plantarum DSM 15313; monotherapy with Lactobacillus reuteri

ATCCPTA 6475 or Bacillus subtilis C-3102) that significantly

improved bone health in postmenopausal women (61–64).

However, the potential benefits of early initiated hormone therapy

for the prevention of postmenopausal osteoporosis through

modulating the gut microbiome have not been investigated.

We found similar hormonal and bone response profiles after

surgery as in women after menopause, with a significant drop in

estradiol and BMD together with an increase in the levels of
FIGURE 4

Twelve months of hormonal therapy normalized bone resorption and prevented the decrease in bacterial a-diversity. (A) Serum b-CTX in women
after oophorectomy was normalized after 12 months of hormonal therapy (n = 24) but remained high in untreated (n = 27) women. Green line =
median in women before surgery, green area = 95% CI. (B) Comparison of changes in a-diversity after 12 months of hormonal therapy or without it,
as characterized by Faith’s phylogenetic diversity, observed features, or Shannon diversity index and analyzed by two-way ANOVA with Sidak’s
multiple comparisons test. (C) Factors explaining microbiota variance analyzed by permutational multivariate analysis of variance using weighted
UniFrac distance matrices at time 0. (D) Principal coordinate analysis (PCoA) plot using the weighted UniFrac distance metric shows a small shift in
the fecal microbiota composition related to BMI. For a-diversity analyses, rarefaction was performed at 2,020 reads, and patients with lower yields in
one time point were excluded from the analysis. *p < 0.05; **p < 0.01; ***p < 0.001.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1139056
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Jackova et al. 10.3389/fendo.2023.1139056
markers of bone remodeling and low-grade inflammation. Bone

resorption (b-CTX) reached its maximum change during the first 6

months after surgery, while BMD gradually decreased over time.

Since the gut microbiota changes may not be clearly visible as early

as 6 months after surgery, we followed a smaller group of patients

who did not receive hormonal treatment for an additional 6 and 12

months. b-Diversity was not significantly different from the

situation before surgery in either of the three time points.

Interestingly, while most metrics of a-diversity did not change

over time, there was a significant decrease in Faith’s PD 18 months

after surgery. This discrepancy among a-diversity indices is

interesting, as it suggests that 18 months after surgery the gut

microbiota community became taxonomically more related while

being similarly rich. This would decrease the metrics that take into

account phylogenetic differences between species without affecting

the other metrics. However, this correlation may also be a

consequence of unrelated factors such as the sample size and

short follow-up period.

As an infection prophylaxis during surgery, all patients received

a short treatment with ampicillin. While antibiotics immediately

impact gut microbiota, their effect wanes with time as gut

microbiota recovers within 6 months even after a potent

combination of multiple antibiotics (65). We did not find any

significant effect on gut microbiota composition 6 months after

the surgery, suggesting that ampicillin did not affect the paired

comparison, although some shifts in specific microbes and their

resistome may persist (66). These effects may be too subtle for us to

recognize with 16S rRNA-based metataxonomic approach or the

treatment regimen was too gentle and too distant to leave any major
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changes 6 months after surgery. This is in agreement with the

majority of studies on ampicillin, as most found that gut microbiota

returned to normal within 2–4 weeks after treatment (67).

Next, we followed women after surgery during 12 months of

hormonal therapy to assess how this treatment influenced gut

microbiota. During this time, even low hormonal doses used in

our patients significantly increased serum estradiol levels and BMD

and decreased serum FSH, indices of low-grade inflammation, and

biomarkers of bone remodeling. However, serum estradiol and FSH

levels did not reach premenopausal levels. Doses reaching follicular

to periovulatory estrogen levels are needed to suppress the immune

system after menopause (68, 69). During this time, Faith’s PD and

both evenness metrics were unchanged, but hormonal therapy

increased the observed ASVs and Shannon diversity index. Thus,

unlike the changes induced by oophorectomy, therapy-induced

shifts in a-diversity include an increase in the abundance of

closely related species without any major shifts in higher

taxonomic categories.

The differences in b-diversity were again more strongly driven

by interindividual variability than by therapy. This stresses the

importance of paired sample analysis as it can filter out many of

these interindividual differences. In this case, the addition of BMI,

serum GMT, vitamin D levels, diagnosis, and age as random effects

improved the statistical model, suggesting that these factors are

associated with changes in gut microbiota composition regardless of

the hormonal therapy. Indeed, obesity (70) and elevated GMT (71)

are both well-known modifiers of gut microbiota, and vitamin D

may influence gut microbiota as well. Its supplementation

significantly increases gut microbial diversity, the Bacteroidetes/
A

B

FIGURE 5

Hormonal gains lead to increased a-diversity and Clostridia abundance, while classes Bacteroidia and Actinobacteria are decreasing. (A) Comparison
of changes in a-diversity characterized by Faith’s phylogenetic diversity, observed features, or Shannon diversity index and analyzed by two-way
ANOVA with Sidak’s multiple comparisons test in patients who lost natural hormones due to surgery (lost) with those who gained hormones due to
hormonal therapy (gained). In the lost group, before = before surgery and after = 12 months after the surgery. In the gained group, before = before
the hormonal therapy started and after = 12 months on hormonal therapy. (B) Comparison of changes in selected bacterial classes based on their
relative abundance using the same time points as in a-diversity analysis. For a-diversity analyses, rarefaction was performed at 2,020 reads, and
patients with lower yields in one time point were excluded from the analysis. **p < 0.01.
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Firmicutes ratio, and the abundance of Akkermansia and

Bifidobacterium in healthy vitamin D-deficient women (72). In

older men, serum levels of activated vitamin D (1,25(OH)2 vitamin

D) explain variance in both a-diversity and b-diversity, as high

serum 1,25(OH)2 vitamin D is associated with butyrate-producing

bacteria in the gut (73).

Even with the correction for random effects, the predictive

accuracy of the Songbird model was low. Nevertheless, some

microbial shifts were associated with the therapy. Hormonal

treatment decreases the abundance of Bacteroides vulgatus, which

was recently found to negatively correlate with BMD in

postmenopausal women [preprint: Lin et al. (74)]. This would

suggest that B. vulgatus responds to estrogen levels, increasing

abundance during their decline and decreasing abundance when

they are present. A decrease in B. vulgatus after therapy may be

beneficial for bone health. Its ability to deconjugate bile acids (75)

may have a detrimental impact on the absorption of dietary lipids

and lipid-soluble vitamins. By decreasing the concentration of

glycodeoxycholic acid and tauroursodeoxycholic acid, B. vulgatus

may even disrupt the estrous cycle in mice potentiating the effects of

estrogen deficiency (76). On the other hand, estrogen therapy

increased the abundance of L. lactis, partially restoring its

decrease after surgery. These changes may influence bone health

as well. Lactococcus lactis produces the bacteriocin nisin, which

markedly decreases the inflammatory infiltrate and increases the

number of fibroblast-like and osteoblast cells in the periodontal

complex, which in turn prevents alveolar bone loss in a mouse

model of periodontitis (77). It is not clear if these effects may be

achieved systematically, but L. lactis upregulates genes responsible

for osteoblast formation and bone matrix growth and

mineralization in zebrafish (78). This suggests that an increase in

B. vulgatus and a decrease in L. lactis may accelerate bone health

deterioration after menopause by multiple mechanisms. However,

since changes in their abundance were not statistically significant,

these effects may be less important despite being found in

other cohorts.

To better isolate shifts in microbiota induced by hormone

therapy, we compared the shifts in gut microbiota in the treated

cohort (12 months of estrogen therapy) with patients that were not

treated with estrogen for a similar time. We found that 12 months of

treatment normalized b-CTX to premenopausal levels, while it

stayed high in untreated patients. During this time, the loss of

higher taxonomic categories (Faith’s PD metrics of a-diversity)
stayed at a similar level in treated patients, while it continued to

decrease in untreated patients. There were no significant differences

in b-diversity in ANCOM or Songbird analyses, showing that these

changes do not follow any pattern related to hormonal treatment.

Therefore, we used nine main factors related to our cohort and

tested which explain microbiota variance in weighted UniFrac

dissimilarity. We used this particular b-diversity metric because it

takes into account both abundance and phylogenetic distance,

which previously proved important in our data. We found that

the initial diagnosis had the strongest effect, but due to its random

nature, this difference was not statistically significant. The strongest

factor which significantly affected b-diversity was BMI. While still

being quite a modest effect, explaining only 5.4% of microbiota
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variability, it supports our previous observation that including BMI

as a random effect in statistical models improves their performance.

Gut microbiota in obese individuals differs from that of lean

individuals, but it became more similar after weight loss due to

sleeve gastrectomy (79).

In mice, ovariectomy induces similar obesity and shift in the gut

microbiota community as a high-fat diet, only with a few bacteria

specific for each type of obesity (80). Nevertheless, we did not find

any significant changes in BMI during 18 months of surgery or after

hormonal therapy.

Our study did not aim to establish an association of gut

microbiome with the probability of osteoporosis and low-impact

fractures. However, to our knowledge, this is the first prospective

study to compare the associations between changes in the gut

microbiome, estrogen status, BMD, and biomarkers of both bone

metabolism in women before and after ovariectomy as well as in

ovariectomized women after estrogen treatment. The strength of

our prospective study lies in using paired samples from long-term

follow-up patients. The design of this study eliminates some

confounding effects on these associations. Adherence to hormone

therapy was confirmed by serial measurement of serum levels of

estrogen, FSH, and bone biomarkers. The key variables to assess

bone status employed in this study are BMD at the lumbar spine

and proximal femur and biomarkers reflecting the extent of type I

collagen degradation and synthesis (b-CTX and P1NP), two

recommended markers of bone resorption and bone formation,

respectively (81). The decrease in BMD values at the lumbar spine,

proximal femur, and femur neck in our untreated women, at the

6th, 12th, and 18th postoperative months, compared with the

preoperative values, is in line with previously published studies

(82–86). Also, the results of our follow-up of women who

underwent oophorectomy before their natural menopause are in

line with previously published studies of other biomarkers of bone

remodeling (87–92), sclerostin (93), and TNF-R and IL6-R (94–96).

Our study has several limitations. First, clinical diagnosis and

variable hormonal status in patients indicated for oophorectomy, as

well as several lifestyle factors that can influence estrogen levels after

surgery, such as nutritional status and exercise, were not addressed.

Questionnaires on dietary habits allowed us only to identify dietary

extremes, and while patients were advised to maintain their usual

physical activity and diet throughout the study, smaller changes or

shorter shifts cannot be ruled out. Diet is the main factor

influencing the gut microbiota composition, allowing gut

microbiota to quickly adapt to dietary changes (97). However,

these changes are only temporary with clear shifts after 3 months

and return nearly to the original baseline 6 and 12 month after the

dietary intervention (98). Thus, the resilience of gut microbiota

together with the paired comparisons probably minimalized the

impact of diet. Second, given the short duration of the study and the

low number of patients, changes in gut microbiota should be

interpreted with caution. The short-term effects of an acute drop

in estrogen levels after ovariectomy should be compared with the

effects of gradual hormonal changes during the menopausal

transition. Third, the effects of estrogens on bone remodeling are

dose-dependent. Therefore, the effects of treatment with only 1 mg

of estradiol, prescribed to our patients by their gynecologists, may
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differ from the effects of endogenous estradiol in healthy

premenopausal women. Fourth, while the 16S rRNA-based

approach can precisely characterize the gut microbiota

composition, it cannot identify subtle shifts in microbial

metabolism or other functions.
5 Conclusions

Here, we provide evidence that neither loss of estrogens due to

oophorectomy nor their gain due to subsequent hormonal therapy

is associated with a specific gut microbiota signature. This is despite

the fact that bone metabolism was markedly influenced by these

changes. We found that oophorectomy leads to a small decrease in

phylogenetically corrected a-diversity in the long term and

hormonal therapy prevents this decrease. We found that BMI is

associated with a significant shift in gut microbiota composition,

and while it was quite modest, it shows the importance of

controlling for personal and environmental factors, ideally by

collecting paired samples over a long period of time.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: PRJNA914622 (SRA).
Ethics statement

The studies involving human participants were reviewed and

approved by The Ethics Committee of the Institute of

Rheumatology, Prague, Czech Republic. The patients/participants

provided their written informed consent to participate in this study.
Author contributions

Conceptualization: JS and MKv. Methodology: ZJ, NG and ZR.

Software: MKo. Formal analysis: ZJ, JS, SC, MKo and MKv.

Investigation: ZJ, SC, NG and ZR. Data curation: ZJ, JS, MKo and

MKv. Writing—original draft: ZJ, JS, SC andMKv. Writing—review
Frontiers in Endocrinology 13
and editing: all authors. Funding acquisition: JS and MKv. All

authors contributed to the art ic le and approved the

submitted version.
Funding

This work was supported by the Ministry of Health of the Czech

Republic (NV18-05-00394).
Acknowledgments

We thank Alena Adamova, Ludmila Hauptvoglova, Tereza

Mala, Lenka Moravcova, Jana Pechova, Blanka Runstukova, and

Isabella Vierecklova for their excellent technical assistance in

this project.
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.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fendo.2023.1139056/

full#supplementary-material
References
1. Compston JE, McClung MR, Leslie WD. Osteoporosis. Lancet (2019) 393
(10169):364–76. doi: 10.1016/S0140-6736(18)32112-3

2. Lorentzon M, Johansson H, Harvey NC, Liu E, Vandenput L, Crandall CJ, et al.
Menopausal hormone therapy reduces the risk of fracture regardless of falls risk or
baseline FRAX probability-results from the women's health initiative hormone therapy
trials. Osteoporos Int (2022) 33(11):2297–305. doi: 10.1007/s00198-022-06483-y

3. Khosla S, Shane E. A crisis in the treatment of osteoporosis. J Bone Miner Res
(2016) 31(8):1485–7. doi: 10.1002/jbmr.2888

4. Khosla S, Oursler MJ, Monroe DG. Estrogen and the skeleton. Trends Endocrinol
Metab (2012) 23(11):576–81. doi: 10.1016/j.tem.2012.03.008
5. Manolagas SC, O'Brien CA, Almeida M. The role of estrogen and androgen
receptors in bone health and disease. Nat Rev Endocrinol (2013) 9:699–712.
doi: 10.1038/nrendo.2013.179

6. Wei Y, Fu J, WuW,Ma P, Ren L, Wu J. Estrogen prevents cellular senescence and
bone loss through Usp10-dependent p53 degradation in osteocytes and osteoblasts: The
role of estrogen in bone cell senescence. Cell Tissue Res (2021) 386(2):297–308.
doi: 10.1007/s00441-021-03496-7

7. Khastgir G, Studd J, Holland N, Alaghband-Zadeh J, Fox S, Chow J. Anabolic
effect of estrogen replacement on bone in postmenopausal women with osteoporosis:
histomorphometric evidence in a longitudinal study. J Clin Endocrinol Metab (2001) 86
(1):289–95. doi: 10.1210/jcem.86.1.7161
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2023.1139056/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1139056/full#supplementary-material
https://doi.org/10.1016/S0140-6736(18)32112-3
https://doi.org/10.1007/s00198-022-06483-y
https://doi.org/10.1002/jbmr.2888
https://doi.org/10.1016/j.tem.2012.03.008
https://doi.org/10.1038/nrendo.2013.179
https://doi.org/10.1007/s00441-021-03496-7
https://doi.org/10.1210/jcem.86.1.7161
https://doi.org/10.3389/fendo.2023.1139056
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Jackova et al. 10.3389/fendo.2023.1139056
8. Doolittle ML, Saul D, Kaur J, Rowsey JL, Eckhardt B, Vos S, et al. Skeletal effects of
inducible ERa deletion in osteocytes in adult mice. J Bone Miner Res (2022) 37
(9):1750–60. doi: 10.1002/jbmr.4644

9. Srivastava S, Toraldo G, Weitzmann MN, Cenci S, Ross FP, Pacifici R. Estrogen
decreases osteoclast formation by down-regulating receptor activator of NF-kappa b
ligand (RANKL)-induced JNK activation. J Biol Chem (2001) 276(12):8836–40.
doi: 10.1074/jbc.M010764200

10. Pacifici R. Role of T cells in ovariectomy induced bone loss–revisited. J Bone
Miner Res (2012) 27(2):231–9. doi: 10.1002/jbmr.1500

11. Kim HJ, Yoon HJ, Lee DK, Jin X, Che X, Choi JY. The estrogen-related receptor
gamma modulator, GSK5182, inhibits osteoclast differentiation and accelerates
os teoc las t apoptosi s . BMB Rep (2021) 54(5) :266–71 . doi : 10 .5483/
BMBRep.2021.54.5.243

12. Zhang W, Gao R, Rong X, Zhu S, Cui Y, Liu H, et al. Immunoporosis: Role of
immune system in the pathophysiology of different types of osteoporosis. Front
Endocrinol (Lausanne) (2022) 13:965258. doi: 10.3389/fendo.2022.965258

13. Lean JM, Davies JT, Fuller K, Jagger CJ, Kirstein B, Partington GA, et al. A
crucial role for thiol antioxidants in estrogen-deficiency bone loss. J Clin Invest (2003)
112(6):915–23. doi: 10.1172/JCI18859

14. Eriksen EF, Langdahl B, Vesterby A, Rungby J, Kassem M. Hormone
replacement therapy prevents osteoclastic hyperactivity: A histomorphometric study
in early postmenopausal women. J Bone Miner Res (1999) 14(7):1217–21. doi: 10.1359/
jbmr.1999.14.7.1217

15. Bhattacharyya S, Siegel ER, Achenbach SJ, Khosla S, Suva LJ. Serum biomarker
profile associated with high bone turnover and BMD in postmenopausal women. J Bone
Miner Res (2008) 23(7):1106–17. doi: 10.1359/jbmr.080235

16. Cenci S, Toraldo G, Weitzmann MN, Roggia C, Gao Y, Qian WP, et al. Estrogen
deficiency induces bone loss by increasing T cell proliferation and lifespan through
IFN-gamma-induced class II transactivator. Proc Natl Acad Sci U.S.A. (2003) 100
(18):10405–10. doi: 10.1073/pnas.1533207100

17. Tyagi AM, Darby TM, Hsu E, Yu M, Pal S, Dar H, et al. The gut microbiota is a
transmissible determinant of skeletal maturation. Elife (2021) 10:e64237. doi: 10.7554/
eLife.64237

18. Tyagi AM, Yu M, Darby TM, Vaccaro C, Li JY, Owens JA, et al. The microbial
metabolite butyrate stimulates bone formation via T regulatory cell-mediated
regulation of WNT10B expression. Immunity (2018) 49(6):1116–1131.e1117.
doi: 10.1016/j.immuni.2018.10.013

19. Li JY, Yu M, Pal S, Tyagi AM, Dar H, Adams J, et al. Parathyroid hormone-
dependent bone formation requires butyrate production by intestinal microbiota. J Clin
Invest (2020) 130(4):1767–81. doi: 10.1172/JCI133473

20. Li JY, Chassaing B, Tyagi AM, Vaccaro C, Luo T, Adams J, et al. Sex steroid
deficiency-associated bone loss is microbiota dependent and prevented by probiotics. J
Clin Invest (2016) 126(6):2049–63. doi: 10.1172/JCI86062

21. Yu M, Pal S, Paterson CW, Li JY, Tyagi AM, Adams J, et al. Ovariectomy
induces bone loss via microbial-dependent trafficking of intestinal TNF+ T cells and
Th17 cells. J Clin Invest (2021) 131(4):e143137. doi: 10.1172/JCI143137

22. Menon R, Watson SE, Thomas LN, Allred CD, Dabney A, Azcarate-Peril MA,
et al. Diet complexity and estrogen receptor beta status affect the composition of the
murine intestinal microbiota. Appl Environ Microbiol (2013) 79(18):5763–73.
doi: 10.1128/AEM.01182-13

23. Atkins GJ, Welldon KJ, Wijenayaka AR, Bonewald LF, Findlay DM. Vitamin K
promotes mineralization, osteoblast-to-osteocyte transition, and an anticatabolic
phenotype by {gamma}-carboxylation-dependent and -independent mechanisms. Am
J Physiol Cell Physiol (2009) 297(6):C1358–1367. doi: 10.1152/ajpcell.00216.2009

24. Van de Wiele T, Vanhaecke L, Boeckaert C, Peru K, Headley J, Verstraete W,
et al. Human colon microbiota transform polycyclic aromatic hydrocarbons to
estrogenic metabolites. Environ Health Perspect (2005) 113(1):6–10. doi: 10.1289/
ehp.7259

25. Yano JM, Yu K, Donaldson GP, Shastri GG, Ann P, Ma L, et al. Indigenous
bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell (2015) 161
(2):264–76. doi: 10.1016/j.cell.2015.02.047

26. Yan J, Charles JF. Gut microbiota and IGF-1. Calcif Tissue Int (2018) 102
(4):406–14. doi: 10.1007/s00223-018-0395-3

27. Wang N, Ma S, Fu L. Gut microbiota dysbiosis as one cause of osteoporosis by
impairing intestinal barrier function. Calcif Tissue Int (2022) 110(2):225–35.
doi: 10.1007/s00223-021-00911-7

28. Santos-Marcos JA, Rangel-Zuniga OA, Jimenez-Lucena R, Quintana-Navarro GM,
Garcia-Carpintero S, Malagon MM, et al. Influence of gender and menopausal status on gut
microbiota. Maturitas (2018) 116:43–53. doi: 10.1016/j.maturitas.2018.07.008

29. Shin JH, Park YH, SimM, Kim SA, Joung H, Shin DM. Serum level of sex steroid
hormone is associated with diversity and profiles of human gut microbiome. Res
Microbiol (2019) 170(4-5):192–201. doi: 10.1016/j.resmic.2019.03.003

30. Zhao H, Chen J, Li X, Sun Q, Qin P, Wang Q. Compositional and functional
features of the female premenopausal and postmenopausal gut microbiota. FEBS Lett
(2019) 593(18):2655–64. doi: 10.1002/1873-3468.13527

31. Hass MA, Nichol P, Lee L, Levin RM. Estrogen modulates permeability and
prostaglandin levels in the rabbit urinary bladder. Prostaglandins Leukot Essent Fatty
Acids (2009) 80(2-3):125–9. doi: 10.1016/j.plefa.2008.11.010
Frontiers in Endocrinology 14
32. Patrick DM, Leone AK, Shellenberger JJ, Dudowicz KA, King JM.
Proinflammatory cytokines tumor necrosis factor-alpha and interferon-gamma
modulate epithelial barrier function in madin-Darby canine kidney cells through
mitogen activated protein kinase signaling. BMC Physiol (2006) 6:2. doi: 10.1186/
1472-6793-6-2

33. Hernandez CJ, Guss JD, Luna M, Goldring SR. Links between the microbiome
and bone. J Bone Miner Res (2016) 31(9):1638–46. doi: 10.1002/jbmr.2887

34. Gomez A, Luckey D, Taneja V. The gut microbiome in autoimmunity: Sex
matters. Clin Immunol (2015) 159(2):154–62. doi: 10.1016/j.clim.2015.04.016

35. Yu M, Malik Tyagi A, Li JY, Adams J, Denning TL, Weitzmann MN, et al. PTH
induces bone loss via microbial-dependent expansion of intestinal TNF(+) T cells and
Th17 cells. Nat Commun (2020) 11(1):468. doi: 10.1038/s41467-019-14148-4

36. Schierova D, Roubalova R, Kolar M, Stehlikova Z, Rob F, Jackova Z, et al. Fecal
microbiome changes and specific anti-bacterial response in patients with IBD during
anti-TNF therapy. Cells (2021) 10(11):3188. doi: 10.3390/cells10113188

37. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al.
Reproducible, interactive, scalable and extensible microbiome data science using
QIIME 2. Nat Biotechnol (2019) 37(8):852–7. doi: 10.1038/s41587-019-0209-9

38. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP.
DADA2: High-resolution sample inference from illumina amplicon data. Nat Methods
(2016) 13(7):581–3. doi: 10.1038/nmeth.3869

39. Bokulich NA, Dillon MR, Bolyen E, Kaehler BD, Huttley GA, Caporaso JG. q2-
sample-classifier: Machine-learning tools for microbiome classification and regression.
J Open Res Softw (2018) 3(30):934. doi: 10.21105/joss.00934

40. Anderson MJ. A new method for non-parametric multivariate analysis of
variance. Austral Ecol (2001) 26(1):32–46. doi: 10.1111/j.1442-9993.2001.01070.pp.x

41. Zapala MA, Schork NJ. Multivariate regression analysis of distance matrices for
testing associations between gene expression patterns and related variables. Proc Natl
Acad Sci U.S.A. (2006) 103(51):19430–5. doi: 10.1073/pnas.0609333103

42. Morton JT, Marotz C, Washburne A, Silverman J, Zaramela LS, Edlund A, et al.
Establishing microbial composition measurement standards with reference frames. Nat
Commun (2019) 10(1):2719. doi: 10.1038/s41467-019-10656-5

43. Kaul A, Mandal S, Davidov O, Peddada SD. Analysis of microbiome data in the
presence of excess zeros. Front Microbiol (2017) 8:2114. doi: 10.3389/fmicb.2017.02114

44. Mendes E, Acetturi BG, Thomas AM, Martins FDS, Crisma AR, Murata G, et al.
Prophylactic supplementation of bifidobacterium longum 5(1A) protects mice from
ovariectomy-induced exacerbated allergic airway inflammation and airway
hyperresponsiveness. Front Microbiol (2017) 8:1732. doi: 10.3389/fmicb.2017.01732

45. Zeibich L, Koebele SV, Bernaud VE, Ilhan ZE, Dirks B, Northup-Smith SN, et al.
Surgical menopause and estrogen therapy modulate the gut microbiota, obesity
markers, and spatial memory in rats. Front Cell Infect Microbiol (2021) 11:702628.
doi: 10.3389/fcimb.2021.702628

46. Keshavarz Azizi Raftar S, Hoseini Tavassol Z, Amiri M, Ejtahed HS, Zangeneh
M, Sadeghi S, et al. Assessment of fecal akkermansia muciniphila in patients with
osteoporosis and osteopenia: a pilot study. J Diabetes Metab Disord (2021) 20(1):279–
84. doi: 10.1007/s40200-021-00742-1

47. Wang J, Wang Y, Gao W, Wang B, Zhao H, Zeng Y, et al. Diversity analysis of
gut microbiota in osteoporosis and osteopenia patients. PeerJ (2017) 5:e3450.
doi: 10.7717/peerj.3450

48. Rettedal EA, Ilesanmi-Oyelere BL, Roy NC, Coad J, Kruger MC. The gut
microbiome is altered in postmenopausal women with osteoporosis and osteopenia.
JBMR Plus (2021) 5(3):e10452. doi: 10.1002/jbm4.10452

49. Das M, Cronin O, Keohane DM, Cormac EM, Nugent H, Nugent M, et al. Gut
microbiota alterations associated with reduced bone mineral density in older adults.
Rheumatol (Oxford) (2019) 58(12):2295–304. doi: 10.1093/rheumatology/kez302

50. Wei M, Li C, Dai Y, Zhou H, Cui Y, Zeng Y, et al. High-throughput absolute
quantification sequencing revealed osteoporosis-related gut microbiota alterations in
han Chinese elderly. Front Cell Infect Microbiol (2021) 11:630372. doi: 10.3389/
fcimb.2021.630372

51. Wang Q, Sun Q, Li X, Wang Z, Zheng H, Ju Y, et al. Linking gut microbiome to
bone mineral density: A shotgun metagenomic dataset from 361 elderly women.
Gigabyte (2021) 1-13. doi: 10.46471/gigabyte.12

52. Li C, Huang Q, Yang R, Dai Y, Zeng Y, Tao L, et al. Gut microbiota composition
and bone mineral loss-epidemiologic evidence from individuals in wuhan, China.
Osteoporos Int (2019) 30(5):1003–13. doi: 10.1007/s00198-019-04855-5

53. Wang Y, Gao X, Lv J, Zeng Y, Li Q, Wang L, et al. Gut microbiome signature are
correlated with bone mineral density alterations in the Chinese elders. Front Cell Infect
Microbiol (2022) 12:827575. doi: 10.3389/fcimb.2022.827575

54. Orwoll ES, Parimi N, Wiedrick J, Lapidus J, Napoli N, Wilkinson JE, et al.
Analysis of the associations between the human fecal microbiome and bone density,
structure, and strength: The osteoporotic fractures in men (MrOS) cohort. J Bone
Miner Res (2022) 37(4):597–607. doi: 10.1002/jbmr.4518

55. Xu X, Jia X, Mo L, Liu C, Zheng L, Yuan Q, et al. Intestinal microbiota: a
potential target for the treatment of postmenopausal osteoporosis. Bone Res (2017)
5:17046. doi: 10.1038/boneres.2017.46

56. Ohlsson C, Engdahl C, Fak F, Andersson A, Windahl SH, Farman HH, et al.
Probiotics protect mice from ovariectomy-induced cortical bone loss. PloS One (2014) 9
(3):e92368. doi: 10.1371/journal.pone.0092368
frontiersin.org

https://doi.org/10.1002/jbmr.4644
https://doi.org/10.1074/jbc.M010764200
https://doi.org/10.1002/jbmr.1500
https://doi.org/10.5483/BMBRep.2021.54.5.243
https://doi.org/10.5483/BMBRep.2021.54.5.243
https://doi.org/10.3389/fendo.2022.965258
https://doi.org/10.1172/JCI18859
https://doi.org/10.1359/jbmr.1999.14.7.1217
https://doi.org/10.1359/jbmr.1999.14.7.1217
https://doi.org/10.1359/jbmr.080235
https://doi.org/10.1073/pnas.1533207100
https://doi.org/10.7554/eLife.64237
https://doi.org/10.7554/eLife.64237
https://doi.org/10.1016/j.immuni.2018.10.013
https://doi.org/10.1172/JCI133473
https://doi.org/10.1172/JCI86062
https://doi.org/10.1172/JCI143137
https://doi.org/10.1128/AEM.01182-13
https://doi.org/10.1152/ajpcell.00216.2009
https://doi.org/10.1289/ehp.7259
https://doi.org/10.1289/ehp.7259
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1007/s00223-018-0395-3
https://doi.org/10.1007/s00223-021-00911-7
https://doi.org/10.1016/j.maturitas.2018.07.008
https://doi.org/10.1016/j.resmic.2019.03.003
https://doi.org/10.1002/1873-3468.13527
https://doi.org/10.1016/j.plefa.2008.11.010
https://doi.org/10.1186/1472-6793-6-2
https://doi.org/10.1186/1472-6793-6-2
https://doi.org/10.1002/jbmr.2887
https://doi.org/10.1016/j.clim.2015.04.016
https://doi.org/10.1038/s41467-019-14148-4
https://doi.org/10.3390/cells10113188
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.21105/joss.00934
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1073/pnas.0609333103
https://doi.org/10.1038/s41467-019-10656-5
https://doi.org/10.3389/fmicb.2017.02114
https://doi.org/10.3389/fmicb.2017.01732
https://doi.org/10.3389/fcimb.2021.702628
https://doi.org/10.1007/s40200-021-00742-1
https://doi.org/10.7717/peerj.3450
https://doi.org/10.1002/jbm4.10452
https://doi.org/10.1093/rheumatology/kez302
https://doi.org/10.3389/fcimb.2021.630372
https://doi.org/10.3389/fcimb.2021.630372
https://doi.org/10.46471/gigabyte.12
https://doi.org/10.1007/s00198-019-04855-5
https://doi.org/10.3389/fcimb.2022.827575
https://doi.org/10.1002/jbmr.4518
https://doi.org/10.1038/boneres.2017.46
https://doi.org/10.1371/journal.pone.0092368
https://doi.org/10.3389/fendo.2023.1139056
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Jackova et al. 10.3389/fendo.2023.1139056
57. Montazeri-Najafabady N, Ghasemi Y, Dabbaghmanesh MH, Talezadeh P,
Koohpeyma F, Gholami A. Supportive role of probiotic strains in protecting rats
from ovariectomy-induced cortical bone loss. Probiotics Antimicrob Proteins (2019) 11
(4):1145–54. doi: 10.1007/s12602-018-9443-6

58. Gholami A, Dabbaghmanesh MH, Ghasemi Y, Koohpeyma F, Talezadeh P,
Montazeri-Najafabady N. The ameliorative role of specific probiotic combinations on
bone loss in the ovariectomized rat model. BMC Complement Med Ther (2022) 22
(1):241. doi: 10.1186/s12906-022-03713-y

59. Lawenius L, Scheffler JM, Gustafsson KL, Henning P, Nilsson KH, Collden H,
et al. Pasteurized akkermansia muciniphila protects from fat mass gain but not from
bone loss. Am J Physiol Endocrinol Metab (2020) 318(4):E480–91. doi: 10.1152/
ajpendo.00425.2019

60. Kimoto-Nira H, Mizumachi K, Okamoto T, Sasaki K, Kurisaki J. Influence of
long-term consumption of a lactococcus lactis strain on the intestinal immunity and
intestinal flora of the senescence-accelerated mouse. Br J Nutr (2009) 102(2):181–5.
doi: 10.1017/S0007114508143574

61. Lambert MNT, Thybo CB, Lykkeboe S, Rasmussen LM, Frette X, Christensen
LP, et al. Combined bioavailable isoflavones and probiotics improve bone status and
estrogen metabolism in postmenopausal osteopenic women: A randomized controlled
trial. Am J Clin Nutr (2017) 106(3):909–20. doi: 10.3945/ajcn.117.153353

62. Nilsson AG, Sundh D, Backhed F, Lorentzon M. Lactobacillus reuteri reduces
bone loss in older women with low bone mineral density: A randomized, placebo-
controlled, double-blind, clinical trial. J Intern Med (2018) 284(3):307–17. doi: 10.1111/
joim.12805

63. Takimoto T, Hatanaka M, Hoshino T, Takara T, Tanaka K, Shimizu A, et al.
Effect of bacillus subtilis c-3102 on bone mineral density in healthy postmenopausal
Japanese women: A randomized, placebo-controlled, double-blind clinical trial. Biosci
Microbiota Food Health (2018) 37(4):87–96. doi: 10.12938/bmfh.18-006

64. Jansson P-A, Curiac D, Lazou Ahrén I, Hansson F, Martinsson Niskanen T,
Sjögren K, et al. Probiotic treatment using a mix of three lactobacillus strains for lumbar
spine bone loss in postmenopausal women: A randomised, double-blind, placebo-
controlled, multicentre trial. Lancet Rheumatol (2019) 1(3):e154–62. doi: 10.1016/
S2665-9913(19)30068-2

65. Palleja A, Mikkelsen KH, Forslund SK, Kashani A, Allin KH, Nielsen T, et al.
Recovery of gut microbiota of healthy adults following antibiotic exposure. Nat
Microbiol (2018) 3(11):1255–65. doi: 10.1038/s41564-018-0257-9

66. Anthony WE, Wang B, Sukhum KV, D'Souza AW, Hink T, Cass C, et al. Acute
and persistent effects of commonly used antibiotics on the gut microbiome and
resistome in healthy adults. Cell Rep (2022) 39(2):110649. doi: 10.1016/
j.celrep.2022.110649

67. Elvers KT, Wilson VJ, Hammond A, Duncan L, Huntley AL, Hay AD, et al.
Antibiotic-induced changes in the human gut microbiota for the most commonly
prescribed antibiotics in primary care in the UK: A systematic review. BMJ Open (2020)
10(9):e035677. doi: 10.1136/bmjopen-2019-035677

68. Straub RH. The complex role of estrogens in inflammation. Endocr Rev (2007)
28(5):521–74. doi: 10.1210/er.2007-0001

69. Faubion L, White TA, Peterson BJ, Geske JR, LeBrasseur NK, Schafer MJ, et al.
Effect of menopausal hormone therapy on proteins associated with senescence and
inflammation. Physiol Rep (2020) 8(16):e14535. doi: 10.14814/phy2.14535

70. Sze MA, Schloss PD. Looking for a signal in the noise: Revisiting obesity and the
microbiome. mBio (2016) 7(4):e01018-16. doi: 10.1128/mBio.01018-16

71. Sheng S, Yan S, Chen J, Zhang Y, Wang Y, Qin Q, et al. Gut microbiome is
associated with metabolic syndrome accompanied by elevated gamma-glutamyl
transpeptidase in men. Front Cell Infect Microbiol (2022) 12:946757. doi: 10.3389/
fcimb.2022.946757

72. Singh P, Rawat A, Alwakeel M, Sharif E, Al Khodor S. The potential role of
vitamin d supplementation as a gut microbiota modifier in healthy individuals. Sci Rep
(2020) 10(1):21641. doi: 10.1038/s41598-020-77806-4

73. Thomas RL, Jiang L, Adams JS, Xu ZZ, Shen J, Janssen S, et al. Vitamin d
metabolites and the gut microbiome in older men. Nat Commun (2020) 11(1):5997.
doi: 10.1038/s41467-020-19793-8

74. Lin X, Xiao H-M, Liu H-M, Lv W-Q, Greenbaum J, Yuan S-J, et al. Gut
microbiota impacts bone via b.vulgatus-valeric acid-related pathways. medRxiv (2020).
doi: 10.1101/2020.03.16.20037077

75. Shindo K, Fukushima K. Deconjugation of bile acids by human intestinal
bacteria. Gastroenterol Jpn (1976) 11(3):167–74. doi: 10.1007/BF02777700

76. Qi X, Yun C, Sun L, Xia J, Wu Q, Wang Y, et al. Gut microbiota-bile acid-
interleukin-22 axis orchestrates polycystic ovary syndrome. Nat Med (2019) 25
(8):1225–33. doi: 10.1038/s41591-019-0509-0

77. Gao L, Kuraji R, Zhang MJ, Martinez A, Radaic A, Kamarajan P, et al. Nisin
probiotic prevents inflammatory bone loss while promoting reparative proliferation
and a healthy microbiome. NPJ Biofilms Microbiomes (2022) 8(1):45. doi: 10.1038/
s41522-022-00307-x
Frontiers in Endocrinology 15
78. Sojan JM, Raman R, Muller M, Carnevali O, Renn J. Probiotics enhance bone
growth and rescue BMP inhibition: New transgenic zebrafish lines to study bone health.
Int J Mol Sci (2022) 23(9):4748. doi: 10.3390/ijms23094748

79. Liu R, Hong J, Xu X, Feng Q, Zhang D, Gu Y, et al. Gut microbiome and serum
metabolome alterations in obesity and after weight-loss intervention. Nat Med (2017)
23(7):859–68. doi: 10.1038/nm.4358

80. Choi S, Hwang YJ, Shin MJ, Yi H. Difference in the gut microbiome between
ovariectomy-induced obesity and diet-induced obesity. J Microbiol Biotechnol (2017)
27(12):2228–36. doi: 10.4014/jmb.1710.10001

81. Vasikaran S, Eastell R, Bruyere O, Foldes AJ, Garnero P, Griesmacher A, et al.
Markers of bone turnover for the prediction of fracture risk and monitoring of
osteoporosis treatment: A need for international reference standards. Osteoporos Int
(2011) 22(2):391–420. doi: 10.1007/s00198-010-1501-1

82. Hashimoto K, Nozaki M, Inoue Y, Sano M, Nakano H. The chronological
change of vertebral bone loss following oophorectomy using dual energy X-ray
absorptiometry: The correlation with specific markers of bone metabolism.
Maturitas (1995) 22(3):185–91. doi: 10.1016/0378-5122(95)00940-m

83. Challberg J, Ashcroft L, Lalloo F, Eckersley B, Clayton R, Hopwood P, et al.
Menopausal symptoms and bone health in women undertaking risk reducing bilateral
salpingo-oophorectomy: Significant bone health issues in those not taking HRT. Br J
Cancer (2011) 105(1):22–7. doi: 10.1038/bjc.2011.202

84. Fakkert IE, Abma EM, Westrik IG, Lefrandt JD, Wolffenbuttel BH, Oosterwijk
JC, et al. Bone mineral density and fractures after risk-reducing salpingo-
oophorectomy in women at increased risk for breast and ovarian cancer. Eur J
Cancer (2015) 51(3):400–8. doi: 10.1016/j.ejca.2014.11.022

85. Farlay D, Bala Y, Rizzo S, Bare S, Lappe JM, Recker R, et al. Bone remodeling and
bone matrix quality before and after menopause in healthy women. Bone (2019)
128:115030. doi: 10.1016/j.bone.2019.08.003

86. Jiang H, Robinson DL, Lee PVS, Krejany EO, Yates CJ, Hickey M, et al. Loss of
bone density and bone strength following premenopausal risk-reducing bilateral
salpingo-oophorectomy: A prospective controlled study (WHAM study). Osteoporos
Int (2021) 32(1):101–12. doi: 10.1007/s00198-020-05608-5

87. Peris P, Alvarez L, Monegal A, Guanabens N, Duran M, Pons F, et al.
Biochemical markers of bone turnover after surgical menopause and hormone
replacement therapy. Bone (1999) 25(3):349–53. doi: 10.1016/s8756-3282(99)00175-1

88. Yasumizu T, Fukada Y, Hoshi K. Changes in serum levels of type I collagen-
related proteins after surgically induced menopause and correlations with bone loss in
the lumbar spine. Endocr J (1999) 46(2):337–43. doi: 10.1507/endocrj.46.337

89. Ohta H, Makita K, Komukai S, Nozawa S. Bone resorption versus estrogen loss
following oophorectomy and menopause. Maturitas (2002) 43(1):27–33. doi: 10.1016/
s0378-5122(02)00180-9

90. Garcia-Perez MA, Moreno-Mercer J, Tarin JJ, Cano A. Bone turnover markers
and PTH levels in surgical versus natural menopause. Calcif Tissue Int (2004) 74
(2):143–9. doi: 10.1007/s00223-003-0054-0

91. Bahar S, Abali R, Guzel S, Bozkurt S, Guzel EC, Aral H, et al. Comparison of the
acute alterations in serum bone turnover markers and bone mineral density among
women with surgical menopause. Eur J Obstet Gynecol Reprod Biol (2011) 159(1):194–
7. doi: 10.1016/j.ejogrb.2011.06.033

92. Fakkert IE, van der Veer E, Abma EM, Lefrandt JD, Wolffenbuttel BH,
Oosterwijk JC, et al. Elevated bone turnover markers after risk-reducing salpingo-
oophorectomy in women at increased risk for breast and ovarian cancer. PloS One
(2017) 12(1):e0169673. doi: 10.1371/journal.pone.0169673

93. Ardawi MS, Al-Kadi HA, Rouzi AA, Qari MH. Determinants of serum sclerostin
in healthy pre- and postmenopausal women. J Bone Miner Res (2011) 26(12):2812–22.
doi: 10.1002/jbmr.479

94. Tamura T, Udagawa N, Takahashi N, Miyaura C, Tanaka S, Yamada Y, et al.
Soluble interleukin-6 receptor triggers osteoclast formation by interleukin 6. Proc Natl
Acad Sci U.S.A. (1993) 90(24):11924–8. doi: 10.1073/pnas.90.24.11924

95. Girasole G, Giuliani N, Modena AB, Passeri G, Pedrazzoni M. Oestrogens
prevent the increase of human serum soluble interleukin-6 receptor induced by
ovariectomy in vivo and decrease its release in human osteoblastic cells in vitro. Clin
Endocrinol (Oxf) (1999) 51(6):801–7. doi: 10.1046/j.1365-2265.1999.00896.x

96. Abrahamsen B, Bonnevie-Nielsen V, Ebbesen EN, Gram J, Beck-Nielsen H.
Cytokines and bone loss in a 5-year longitudinal study–hormone replacement therapy
suppresses serum soluble interleukin-6 receptor and increases interleukin-1-receptor
antagonist: the Danish osteoporosis prevention study. J Bone Miner Res (2000) 15
(8):1545–54. doi: 10.1359/jbmr.2000.15.8.1545

97. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE,
et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature (2014)
505(7484):559–63. doi: 10.1038/nature12820

98. Fragiadakis GK, Wastyk HC, Robinson JL, Sonnenburg ED, Sonnenburg JL,
Gardner CD. Long-term dietary intervention reveals resilience of the gut microbiota
despite changes in diet and weight. Am J Clin Nutr (2020) 111(6):1127–36.
doi: 10.1093/ajcn/nqaa046
frontiersin.org

https://doi.org/10.1007/s12602-018-9443-6
https://doi.org/10.1186/s12906-022-03713-y
https://doi.org/10.1152/ajpendo.00425.2019
https://doi.org/10.1152/ajpendo.00425.2019
https://doi.org/10.1017/S0007114508143574
https://doi.org/10.3945/ajcn.117.153353
https://doi.org/10.1111/joim.12805
https://doi.org/10.1111/joim.12805
https://doi.org/10.12938/bmfh.18-006
https://doi.org/10.1016/S2665-9913(19)30068-2
https://doi.org/10.1016/S2665-9913(19)30068-2
https://doi.org/10.1038/s41564-018-0257-9
https://doi.org/10.1016/j.celrep.2022.110649
https://doi.org/10.1016/j.celrep.2022.110649
https://doi.org/10.1136/bmjopen-2019-035677
https://doi.org/10.1210/er.2007-0001
https://doi.org/10.14814/phy2.14535
https://doi.org/10.1128/mBio.01018-16
https://doi.org/10.3389/fcimb.2022.946757
https://doi.org/10.3389/fcimb.2022.946757
https://doi.org/10.1038/s41598-020-77806-4
https://doi.org/10.1038/s41467-020-19793-8
https://doi.org/10.1101/2020.03.16.20037077
https://doi.org/10.1007/BF02777700
https://doi.org/10.1038/s41591-019-0509-0
https://doi.org/10.1038/s41522-022-00307-x
https://doi.org/10.1038/s41522-022-00307-x
https://doi.org/10.3390/ijms23094748
https://doi.org/10.1038/nm.4358
https://doi.org/10.4014/jmb.1710.10001
https://doi.org/10.1007/s00198-010-1501-1
https://doi.org/10.1016/0378-5122(95)00940-m
https://doi.org/10.1038/bjc.2011.202
https://doi.org/10.1016/j.ejca.2014.11.022
https://doi.org/10.1016/j.bone.2019.08.003
https://doi.org/10.1007/s00198-020-05608-5
https://doi.org/10.1016/s8756-3282(99)00175-1
https://doi.org/10.1507/endocrj.46.337
https://doi.org/10.1016/s0378-5122(02)00180-9
https://doi.org/10.1016/s0378-5122(02)00180-9
https://doi.org/10.1007/s00223-003-0054-0
https://doi.org/10.1016/j.ejogrb.2011.06.033
https://doi.org/10.1371/journal.pone.0169673
https://doi.org/10.1002/jbmr.479
https://doi.org/10.1073/pnas.90.24.11924
https://doi.org/10.1046/j.1365-2265.1999.00896.x
https://doi.org/10.1359/jbmr.2000.15.8.1545
https://doi.org/10.1038/nature12820
https://doi.org/10.1093/ajcn/nqaa046
https://doi.org/10.3389/fendo.2023.1139056
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Interindividual differences contribute to variation in microbiota composition more than hormonal status: A prospective study
	1 Introduction
	2 Methods
	2.1 Studied subjects
	2.2 Ethical approval
	2.3 Sample collection and processing
	2.4 Bone densitometry
	2.5 Biochemical analysis
	2.6 DNA isolation and sequencing
	2.7 Bioinformatics
	2.8 Statistics

	3 Results
	3.1 Oophorectomy markedly changes the biomarkers of bone metabolism but not gut microbiota composition
	3.2 Hormonal therapy after oophorectomy has only a marginal effect on gut microbiota
	3.3 Women treated with hormonal therapy have similar gut microbiota dynamics as untreated women
	3.4 Gut microbiota dynamics due to the introduction of sex hormones or the loss of their endogenous production
	3.5 Microbiota is not a suitable predictive factor for the state of bone metabolism

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


