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Abstract

Purpose
The functional composition and diversity of the gut microbiome (estrobolome) may affect breast cancer
risk by modulation of systemic sex hormones. Gut bacteria with β-glucuronidase enzymatic activity may
deconjugate estrogens, leading to increased estrogen reabsorption into the circulation thereby increasing
breast cancer risk. We investigated the relationship between the gut bacterial microbiome and
endogenous estrogens and related sex hormones in women with hormone receptor-positive breast cancer
compared to healthy control women.

Methods
In this prospective case-control study, postmenopausal women (n = 46) with newly diagnosed stage I-III
estrogen and/or progesterone receptor-positive breast cancer were compared with healthy
postmenopausal female controls (n = 22). Bacterial composition of the gut microbiome was analyzed by
16S rRNA gene sequencing from fecal specimens. Plasma and urine sex hormones were quanti�ed using
high-performance liquid chromatography/mass spectrometry.

Results
We found evidence that some β-glucuronidase positive bacteria were enriched in the breast cancer
patients compared to healthy controls, whereas abundances of some β-glucuronidase negative bacteria
were reduced. There was also a wide distribution of prevalence of β-glucuronidase positive taxa in both
the breast cancer subjects and healthy controls, as well as higher probability of breast cancer subjects
having higher average β-glucuronidase levels. Signi�cant differences were found in endogenous
progesterone levels between the breast cancer patients and healthy controls.

Conclusion
This pilot study showed differences in the gut microbiome and endogenous progesterone levels among
postmenopausal women with hormone receptor-positive breast cancer compared with healthy controls.
These interesting �ndings may have implications for breast cancer risk and prevention and warrant
further exploration.

Background
There has been growing interest in the functional role of the gut microbiome in malignancy. The human
gut microbiome exerts both local and distant effects involving hormonal intermediates, metabolites, and
immunologic pathways [1, 2]. Interactions between the human host and microbes have the potential to
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in�uence carcinogenesis through mechanisms such as chronic in�ammation, metabolism, induction of
genotoxic responses, and alteration of the microenvironment [3, 4]. This may be mediated by the
microbial ecosystem as a whole or by speci�c microbes, as in the case with bacterium, Helicobacter
pylori, which is associated with an increased risk of stomach adenocarcinoma. We postulated that
certain sex hormone-conjugate hydrolyzing gut bacteria microbiota could contribute to breast cancer risk
by increasing circulating sex hormone levels.

In the United States, breast cancer affects one in eight women and is the second leading cause of cancer-
related deaths in females [5]. The most common type of breast cancer is estrogen and/or progesterone
receptor-positive (i.e., hormone receptor-positive), which comprises approximately seventy percent of
patients, with the majority occurring in postmenopausal women [6, 7]. Epidemiologic studies have
demonstrated a signi�cant association between endogenous estrogen levels and risk for hormone
receptor-positive breast cancer in postmenopausal women [8, 9], and the combination of exogeneous
estrogens with progesterone also increased risk in the Women’s Health Initiative trials [10]. On the other
hand, the role of endogenous progesterone in breast cancer carcinogenesis is less well de�ned [11].

The ‘estrobolome’ is the aggregate of intestinal bacteria capable of metabolizing estrogens [12, 13].
Estrogens are primarily produced by the ovaries in premenopausal women and by the adrenal glands and
adipose tissue in postmenopausal women. They circulate in the bloodstream in free or protein-bound
form and �rst undergo metabolism primarily in the liver, where they are conjugated (sulfation and
glucuronidation), oxidized, reduced, and/or methylated [14, 15]. The water-soluble conjugated estrogens
are excreted from the body through the kidneys into urine or via bile into the feces [16]. However, some of
the conjugated estrogens excreted in bile can be deconjugated by resident bacterial taxa in the gut with β-
glucuronidase enzymatic activity, subsequently leading to estrogen reabsorption into the circulation [17–
20]. Modulation of estrogen homeostasis through the enterohepatic circulation by the gut microbiome
can differ amongst individuals [21–23]. It is important to investigate the composition of the gut
estrobolome in breast cancer as a potential target for therapeutic or preventative interventions such as
probiotics, antibiotics, and dietary modi�cations.

We hypothesized that the gut microbiome is different in women with hormone receptor-positive breast
cancer compared with healthy control women. The bacterial composition of the estrobolome may be
affected by host factors such as age, ethnicity, and body mass index (BMI), as well as lifestyle and
dietary habits [24–26]. We designed a prospective case-control study with a carefully de�ned patient
population and assessments to investigate the relationship between the gut bacterial microbiome with β-
glucuronidase activity and endogenous sex hormones. We postulated that the gut microbiome in
postmenopausal women with breast cancer is enriched in bacterial taxa with β-glucuronidase activity
compared to control women, and differences in endogenous estrogens and related sex hormones are
associated with variability in gut microbial diversity between the women with breast cancer and those
without. We found evidence that some bacteria with β-glucuronidase activity are enriched in the breast
cancer subjects, although there was a wide distribution seen of β-glucuronidase positive taxa in the
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microbiome of both groups. Signi�cant differences in endogenous progesterone levels between the
breast cancer subjects and healthy controls were also found.

Methods

Breast Cancer and Healthy Control Subjects
Postmenopausal women with newly diagnosed histologically-con�rmed breast cancer that was estrogen
receptor (ER) positive and/or progesterone receptor (PR) positive and human epidermal growth factor
receptor 2 (HER2) negative with resected stage I to III disease were eligible, prior to adjuvant endocrine
therapy. For healthy controls, postmenopausal women without a history of malignancy were eligible.
Women were de�ned as postmenopausal if they were at least 60 years of age, had undergone bilateral
oophorectomy, or were younger than 60 years of age with cessation of regular menses for at least twelve
consecutive months and plasma levels of estradiol and follicle-stimulating hormone in the
postmenopausal range. Exclusion criteria included medical illnesses with potential suppressive or
activating impact on immune and bowel function as determined by the treating investigator, systemic
antibiotic or probiotic use within six months, use of hormone-replacement therapy within the past twelve
months, or a history of gastric or intestinal surgery.

Study Design
This was a prospective single institution case-control pilot study. Postmenopausal women with breast
cancer were recruited from breast medical oncology practices at the NYU Langone Health’s Perlmutter
Cancer Center (PCC) during routine o�ce visits with their oncologists to discuss and/or initiate adjuvant
endocrine therapy with an aromatase inhibitor. Postmenopausal women without breast cancer (controls)
were recruited from three subject pools: (a) relatives and/or friends of patients; (b) women undergoing
routine mammographic screening at PCC’s facilities; and (c) female faculty or staff members. All subjects
with breast cancer were planned to receive adjuvant endocrine therapy with an aromatase inhibitor (i.e.,
anastrozole, letrozole, or exemestane). Enrolled breast cancer subjects provided serial plasma, stool, and
urine samples at baseline (prior to initiation of endocrine therapy for the breast cancer patients), and then
at 1, 3, 6, and 12 months while on endocrine therapy. Samples were collected at identical time points for
the control subjects, of which none received endocrine therapy while enrolled on study. Analyses are
reported on the baseline samples in this publication. The study was approved by the NYU Grossman
School of Medicine Institutional Review Board (IRB). Written informed consent was obtained from all
subjects prior to enrollment in the study. Subjects who completed the study received a one hour-massage
at the NYU Integrative Health Center in appreciation for their participation.

Sample And Data Collection
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Sample collection (plasma, urine, and stool) followed standardized procedures. After providing informed
consent, study subjects were provided with a specimen collection kit with instructions for collecting a
fecal sample at home, and materials to transport the specimens to NYU PCC. Fecal specimens were
collected in four 20-mL screw top Sarstedt tubes, including two preloaded with 5 mL RNAlater (QIAGEN)
and two with 5 mL sterile PBS. After specimen collection, the fecal tubes were secured, and two frozen gel
packs were added. Urine was collected in a screw-top container, without preservative in the clinic. Blood
samples were obtained by venipuncture in the clinic and collected in heparin containing vacutainer tubes.
All specimens were transported to the NYU biorepository, where they were processed and stored at − 80°C.
The urine and plasma specimens were shipped on dry ice in batches to the laboratory (A.F.) at University
of Hawaii and stored at − 80°C until analysis.

Subjects in both groups also completed a questionnaire at baseline requesting information about age,
height and weight, ethnicity, medical history of immune or gastrointestinal disorders, medication use
including antibiotics within past the six months, diet, alcohol use, and smoking history (Online Resource
1). Follow-up questionnaires were completed at each subsequent time point inquiring about any changes
in the above. Subjects were also followed for development of breast cancer recurrence or new
malignancies.

Fecal Microbiome Analysis
The bacterial composition of the gut microbiome was assessed using 16S ribosomal RNA gene
sequencing of subject fecal samples. FASTQ �les were preprocessed with QIIME2 (v. 2018.11) [27].
Following the data input, sequences underwent an error correction step with qiime dada2 denoise-paired
(parameters: --p-trunc-len-f 0, --p-trunc-len-r 0, --p-trim-left-f 20, --p-trim-left-r 20) command. We then
assigned taxonomy to the sequences by training a Naïve Bayes classi�er on the V4 region of the 16S
rRNA gene with qiime feature-classi�er �t-classi�er-I-bayes command based on the GreenGenes database
(v 13_8). Following the taxonomy assignment, the abundance table was rare�ed to the depth of 20,000
sequences and collapsed on both genus and species taxonomic levels. All downstream analysis
including α-diversity, β-diversity and microbial composition was performed in R (v. 3.5.2). LefSe (Linear
discriminant analysis Effect Size) [28] was used to �nd bacteria that explain differences between breast
cancer and healthy control fecal samples with the following parameters: 0.05 alpha value and an LDA
score threshold of 2.

Sex Hormone Analysis
The 11 most predominant steroidal estrogens in women, namely estrone (E1), estradiol (E2), 2-
hydroxyestrone (2-OHE1), 2-hydroxyestradiol (2-OHE2), 2-methoxyestrone (2-MeOE1), 2-hydroxy-3-O-
methylestrone (2OH-3MeO-E1), 4-hydroxyestrone (4-OHE1), 4- hydroxyestradiol (4-OHE2), 16α-
hydroxyestrone (16α-OHE1), 16-ketoestradiol (16keto-E2), and estriol (E3) [29] as well as progesterone,
and testosterone were measured from plasma and urine by our validated orbitrap liquid chromatography-
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mass spectrometry (LCMS) (model Q-Exactive, Thermo Scienti�c, Waltham, MA) assay, as described in
detail previously [30].

In brief, plasma or urine were mixed with ascorbic acid as preservative and deuterated or 13C labeled
analytes as internal standards followed by enzymatic hydrolysis with beta-glucuronidase and sulfatase
for total analyte levels (conjugated plus unconjugated analytes) or without hydrolysis for unconjugated
analytes followed by extraction with methyl tertiary butyl ether. The dried extract was derivatized with 1-
methylimidazole sulfonyl chloride in sodium bicarbonate followed by analysis of the tagged analytes
with high-resolution accurate-mass mass spectrometry in positive mode after electrospray ionization
using monoisotopic protonated analyte masses ±5ppm to account for measurement inaccuracies as
detailed previously [30]. Urinary creatinine levels were determined using a clinical autoanalyzer (Roche-
Cobas MiraPlus CC) and a kit from Randox Laboratories (cat. No. CR 510, Crumlin, UK) based on the
Jaffé reaction with a lower limit of quantitation of < 15 µM. In this study, we found inter- and intra assay
cv values of 0.8% at 187 µM. Urinary concentrations were adjusted for creatinine levels to account for
differences in urine volume.

Circulating sex hormone binding globulin (SHBG) levels were measured with a well validated enzyme
linked immunosorbent assay kit from R&D Systems, Inc. (Minneapolis, MN, kit# DSHBG0B, lot# P248238)
following exactly the manufacturer’s protocol.

Differences in measured analyte levels between cases and controls were evaluated by the unpaired t-test
with common variance (Microsoft Excel version 16.54).

Results

Study Participants
A total of 60 breast cancer patients and 25 healthy controls enrolled in the study and provided plasma,
urine, and stool samples. Fourteen breast cancer patients and 3 control subjects withdrew study consent
prior to completion of serial sample collection over one year, and the analyses are therefore performed on
46 and 22 subjects, respectively. Subject demographic data and lifestyle factors are shown in Table 1 (n 
= 68). The breast cancer patients had a mean age of 64 (range 45–84 years), and the controls had a
mean age of 58 (range 51–68). The majority of subjects were Caucasian (63–64% in both groups).
African American patients comprised 15% of the breast cancer patients and 14% of the controls, and
Asian patients made up 11% and 14%, respectively. In both groups, 9% of subject were Hispanic. For the
breast cancer patients, the mean BMI was 26.3 kg/m2 (range 18.0-37.1), and for the controls, the mean
BMI was 25.6 kg/m2 (range 18.9–38.7).
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Table 1
Demographic and lifestyle factors for breast cancer cases and controls (n = 68)

  Breast Cancer Cases (n = 46) Controls (n = 22) p-value

Mean age (range) 64 (45–84) 58 (51–68) 0.009*

Race (%)      

Caucasian 29 (63%) 14 (64%) 0.97

African American 7 (15%) 3 (14%) 0.87

Hispanic 4 (9%) 2 (9%) 0.96

Asian 5 (11%) 3 (14%) 0.76

Native Hawaiian or Other 1 (2%) 0 (0%) 0.49

Mean BMI [kg/m2] (range) 26.3 (18.0-37.1) 25.6 (18.9–38.7) 0.59

Smoking (%)      

Yes 1 (2%) 2 (9%) 0.20

No 45 (98%) 20 (91%)

Diet (%)      

Vegetarian 4 (9%) 4 (18%) 0.29

Probiotic Use 11 (24%) 5 (23%) 0.92

Alcohol Use (%) 20 (43%) 12 (55%) 0.53

Number drinks/week (range) 1–21 0.5-7  

The majority of subjects in both groups did not smoke (98% in the breast cancer group and 91% in the
control group). About 44% of breast cancer patients and 55% of controls reported drinking alcohol,
although there were large variations in the amount consumed (number of drinks per week ranged from 1–
21 for the breast cancer patients and 0.5-7 for the controls). Regarding diet, 9% of the breast cancer
patients were vegetarian versus 18% in the controls. A similar percentage of patients in both groups used
probiotics (24% in the breast cancer patients and 23% in the controls).

Breast Cancer Patients And Tumor Characteristics
Clinical and tumor characteristics of the breast cancer patients (n = 46) are shown in Table 2. They had
an ECOG performance status of 0 (52%) or 1 (48%). Invasive ductal carcinoma was the most common
tumor histology at 85%, with the other 15% of tumors being invasive lobular carcinoma. The majority of
tumors were grade 2 (moderately differentiated) at 63%, followed by grade 3 (poorly differentiated) at
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22%, and grade 1 (well differentiated) at 15%. Seventy percent of patients had stage 1 disease, 28% had
stage 2, and 2% has stage 3. All tumors (100%) were ER-positive and 89% were PR-positive. After surgery,
four patients received chemotherapy and sixteen patients underwent radiation therapy to the breast prior
to enrollment.
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Table 2
Clinical and tumor characteristics of breast cancer cases (n = 

46)
Characteristic Number (%)

ECOG PS  

0 24 (52%)

1 22 (48%)

Tumor Histology  

Invasive Ductal Carcinoma (IDC) 39 (85%)

Invasive Lobular Carcinoma (ILC) 7 (15%)

Tumor Grade  

1 (well differentiated) 7 (15%)

2 (moderately differentiated) 29 (63%)

3 (poor differentiated) 10 (22%)

Pathologic Staging  

T1N0 31 (67%)

T2N0 9 (20%)

T1N1 1 (2%)

T2N1 4 (9%)

T3N1 1 (2%)

Overall Stage  

I 32 (70%)

II 13 (28%)

III 1 (2%)

Tumor Biomarkers  

ER positive 46 (100%)

PR positive 41 (89%)

HER2 positive 1 (2%)

Radiation Received Prior to Enrollment 16 (35%)

Chemotherapy Received Prior to Enrollment 4 (9%)
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New Malignancies
Three of the breast cancer patients were later diagnosed with another malignancy after completion of
longitudinal sample collection. One patient developed multiple myeloma. The second patient who was
later found to have a germline mutation in the BRCA 2 gene was diagnosed with pancreatic cancer. The
third patient developed both a triple-negative (hormone receptor negative and HER2-negative) breast
cancer as well as rectal cancer. Of the healthy control subjects, one was diagnosed with ductal carcinoma
in situ (DCIS) of the breast that was hormone receptor-positive.

Gut Microbiome Results
We �rst analyzed bacterial compositions in subject stool samples and calculated alpha- (within a
sample) and beta- (between samples) diversity metrics. There were no signi�cant differences in alpha
diversity between breast cancer and healthy control participants (Fig. 1). In addition, we investigated
whether there was a separation based on alpha diversity between tumor grade and cancer stage and
found no signi�cant differences between groups (Online Resource 2). We then compared sample
composition by principal coordinate analysis using Bray-Curtis distance and found no clustering by our
metadata variables (e.g., breast cancer vs healthy control, cancer stage, tumor grade) (Fig. 2). Of note, the
two breast cancer patients that were later diagnosed with myeloma and pancreatic cancer, respectively,
were found in opposite extremes on the �rst principal component and separated from healthy or other
breast cancer subjects (Fig. 2d, Online Resource 3).

We then examined the relative microbial abundance on the species level of the most abundant species
(abundance > 0.5%) in the two groups (Fig. 3, Fig. 4). To investigate whether these differences in taxa
composition were related to differences in progesterone level (the only sex hormone found to be
signi�cantly different between cohorts, see section below), we looked at the relative taxa abundance in
each sample sorted by progesterone level (Fig. 4, Online Resource 4). We identi�ed a few samples
dominated by one or two bacterial taxa (e.g., Blautia and Ruminococcaceae). We also observed altered
microbial composition in samples from two breast cancer subjects with the highest progesterone levels in
the urine (Fig. 4, Subjects X & Y). In order to identify microbes with statistically different abundance
between breast cancer subjects and healthy controls, we used Linear discriminant analysis Effect Size
analysis [31]. This revealed that Bi�dobacterium animalis was overrepresented in breast cancer patients,
while eight species were found to have higher abundance in healthy controls (Fig. 5a). B. animalis can
produce beta glucuronidase, and therefore contribute to the deconjugation of estrogen, leading to
reabsorption in the circulation.

To analyze the potential estrogen-modulatory capacity of the different microbial compositions across our
samples, we combined the relative abundances of all bacteria reported to possess beta glucuronidase
genes [32]. The distribution of beta glucuronidase positive bacteria in samples from breast cancer
subjects was slightly skewed towards larger values compared with samples from the healthy controls
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(Fig. 5c, 5d, Online Resource 5); however, this difference was not statistically signi�cant. Interestingly,
both, breast cancer and healthy subjects showed wide distributions of the prevalence of beta-
glucuronidase positivity, reaching from 0 to 33% in healthy controls and 0 to 49% in breast cancer
subjects (Fig. 5c, 5d). To account for this wide variability, we conducted a Bayesian analysis to estimate
the difference in the average abundances of beta glucuronidase positive bacteria indicating 74%
probability that breast cancer subjects have higher average beta glucuronidase levels (Online Resource
5). Additionally, samples were split by progesterone tertiles to determine if any particular taxa were
associated with progesterone levels. We identi�ed four taxa (Erysipelotrichaceae, Lactobacillaceae,
Turicibacter and Anaerostipes) with signi�cantly altered abundance. Speci�cally, the highest
progesterone tertile group had increased relative abundance of Erysipelotrichaceae and Lactobacillaceae
and reduced relative abundance of Turicibacter and Anaerostipes (Fig. 6).

Sex Hormone Results
The breast cancer subjects were found to have a signi�cantly higher progesterone level in the urine (p = 
0.036) compared to controls (Table 3a). There was also a trend towards lower plasma progesterone in
the breast cancer cases (p = 0.054) (Table 3b). Analyses of plasma and urine estrogens (parent estrogens
and metabolites) and testosterone levels did not reveal signi�cant differences between both groups and
this applied also to circulating SHBG.
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Table 3
a Urinary steroid excretion results

MEAN

  Cases

(pg/mg) n = 46

Controls

(pg/mg) n = 22

Case/Control

(%)

P*

E1 4.5 5.1 89% 0.57

E2 1.2 1.3 93% 0.76

2-OHE1 7.5 8.4 89% 0.71

2-OHE2 1.4 1.5 95% 0.85

4-OHE1 1.1 1.5 72% 0.30

16-OHE1 1.3 1.3 105% 0.86

16-ketoE2 0.7 3.3 21% 0.12

2-MeOE1 1.3 2.5 52% 0.17

E3 5.6 5.0 112% 0.67

Test 3.8 3.9 96% 0.82

Prog 0.2 0.1 181% 0.036
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Table 3
b Plasma steroid and SHBG results

MEAN

  Cases [stdev] n = 46 Controls [stdev] n = 22 Case/Control P*

E1        

Total (pg/mL) 199 [177] 195 [139] 102% 0.92

Total/SHBG (pg/pmol) 6 [12] 4 [4] 144% 0.50

Unconjug (pg/mL) 11[37] 10 [37] 103% 0.84

Unconjug/SHBG (pg/pmol) 0.23 [0.24] 0.21 [0.17] 106% 0.81

Free (pg/mL) 0.294 [0.193] 0.282 [0.156] 104% 0.81

E3        

Total (pg/mL) 15 [24] 17 [37] 87% 0.77

Total/SHBG (pg/pmol) 0.39 [0.99] 0.33 [0.54] 119% 0.78

Unconjug (pg/mL) n/a n/a    

Unconjug/SHBG (pg/pmol) n/a n/a    

Free (pg/mL) n/a n/a    

Test        

Total (pg/mL) 136 [112] 175 [175] 78% 0.27

Total/SHBG (pg/pmol) 3.2 [5.3] 3.4 [3.5] 94% 0.87

Unconjug (pg/mL) 39 [72] 44 [80] 88% 0.80

Unconjug/SHBG (pg/pmol) 1.0 [3.0] 0.9 [1.7] 114% 0.83

Free (pg/mL) 1.8 [2.1] 2.1 [2.2] 84% 0.54

Prog        

Total (pg/mL) 43 [44] 78 [108] 55% 0.054

Total/SHBG (pg/pmol) 0.9 [1.1] 1.6 [2.2] 56% 0.10

Unconjug (pg/mL) 33 [21] 51 [98] 65% 0.22

Unconjug/SHBG (pg/pmol) 0.7 [0.7] 1.1 [1.8] 63% 0.20

Free (pg/mL) n/a n/a    

SHBG (pmol/mL) 70 [42] 63 [37] 111% 0.50
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Conclusions
A potentially important role of the gut microbiome (estrobolome) is the modulation of estrogen
homeostasis through the enterohepatic circulation of estrogens, which may affect breast cancer risk. In
this study, we investigated whether the pretreatment gut microbiome differed in postmenopausal patients
with hormone receptor-positive breast cancer versus healthy subjects, while controlling for potential
confounders and focusing upon bacterial taxa with β-glucuronidase activity. We evaluated gut
microbiome diversity by analyzing how many different taxa are present, as well as how evenly distributed
the taxa are amongst the two cohorts. When comparing the percentages of β-glucuronidase positive
bacteria, there was no statistically signi�cant difference, however there was evidence that some bacterial
taxa with β-glucuronidase were enriched in the breast cancer patients. The breast cancer subjects had a
higher abundance of Faecalibactreium prausnitzi, Bacteroides species, and Bi�dobacterium animalis,
which contain β-glucuronidase activity, whereas abundances of several taxa without β-glucuronidase
activity were reduced, like Blautia, Coprococcus, Roseburia faecis and Bi�dobacterium adolescentis.
Interestingly, we also discovered a wide distribution of prevalence of β-glucuronidase positive taxa in both
the breast cancer subjects and healthy controls. This suggests a wide range of potentially important
effects of the gut microbiome’s metabolic capacity on estrogen metabolism and host physiology, and this
�nding warrants further investigation. In comparison, a pilot study investigating differences in the gut
microbiome among postmenopausal women found a less diverse microbiome and signi�cantly altered
microbiota composition in newly diagnosed breast cancer patients prior to treatment compared with
healthy controls [33]. Levels of systemic estrogens were also higher in the breast cancer patients,
although these were independent of differences in the microbiome, suggesting that the gut microbiota
may affect breast cancer risk through an estrogen-independent pathway.

In our study, the breast cancer subjects unexpectedly did not have signi�cant differences in systemic
estrogen levels compared to the control subjects. The reason behind this is unclear, and may be a
re�ection of the small sample size. Intriguingly, endogenous progesterone levels were signi�cantly higher
in the urine of breast cancer patients compared to healthy controls, and there was a nonsigni�cant trend
toward lower plasma levels in the patients. Estrogen and progesterone are both involved in breast
development during puberty, primarily through a paracrine mechanism that leads to cellular proliferation
in the mammary gland [34]. Epidemiologic studies have shown a well-established increase in breast
cancer risk with use of exogenous progestogens (progestins) administered together with estrogen as
menopausal hormone replacement therapy [35, 36]. In contrast, the role of endogenous progesterone in
breast cancer carcinogenesis is not well de�ned, and few studies have assessed circulating progesterone
levels and breast cancer risk. One study of postmenopausal women that included over three hundred
breast cancer cases and six hundred matched controls did not demonstrate an association between
progesterone levels and risk for breast cancer [37]. However, this data was limited by close to 30 percent
of samples having undetectable levels per the assay used for analysis. Another study in premenopausal
women found a modest reduction in breast cancer risk with higher circulating progesterone levels [38].
The low levels of circulating progesterone levels in postmenopausal women and inadequate sensitivity of
some assays can pose a challenge for detection, although with advances in assay technology, the assay
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used in our study was adequately sensitive to detect a difference in progesterone levels. Whether
progesterone levels are affected by the gut microbiome or vice versa is also unclear; we did observe an
altered microbial composition in the fecal samples of two breast cancer subjects with the highest
progesterone levels. Importantly, while progesterone assays capture progesterone levels in circulation at
the time, they cannot assess the �ux of progesterone, i.e., the rates of increase or decrease that are
potentially affected by microbial metabolism in addition to homeostatic regulation. Overall, our results
suggest a potential role for endogenous progesterone in postmenopausal breast cancer risk; this and a
potential modulating role of the microbiome warrants further study.

Limitations of our pilot study include its small sample size, potential for selection bias, and case-control
design, which preclude the ability to demonstrate causation. Four of our breast cancer subjects also
received chemotherapy prior to enrollment, which may have altered the gut microbiome. Nonetheless, our
�ndings provide an early step toward a better understanding of the role that bacteria with estrogen
modulating activity may play in the risk of hormone-driven malignancies like breast cancer. We also plan
to prospectively study the longitudinal role of estrogen deprivation during aromatase inhibitor therapy on
the gut microbiome in our breast cancer subjects. We hope that our research will identify characteristics
of the gut microbiome that could be used to develop novel and personalized approaches for breast
prevention and treatment.

Declarations
Funding

This work was supported by Cancer Center Support Grants 5P30CA16087-40 (NYU) and P30CA71789
(University of Hawaii), the Shifrin-Myers Breast Cancer Discovery Fund, as well as a generous donation
from the Dyson Foundation.

Competing Interests

The authors have no relevant �nancial or non-�nancial interests to disclose.

Author Contributions

All authors contributed to the study conception and design. Material preparation, data collection and
analysis were performed by Maryann Kwa, Kelly Ruggles, Jonas Schluter, Adrian Franke, Karina Flores,
Angelina Volkova, Adriana Heguy, and Sylvia Adams. The �rst draft of the manuscript was written by
Maryann Kwa, Kelly Ruggles, Jonas Schluter, Adrian Franke, Angelina Volkova, and Sylvia Adams, and all
authors commented on previous versions of the manuscript. All authors read and approved the �nal
manuscript.

Data Availability



Page 17/25

The datasets generated during and/or analyzed during the current study are not publicly available due to
individual privacy concerns but are available from the corresponding author on reasonable request.

Ethics Approval

This study was performed in line with the principles of the Declaration of Helsinki. Approval was granted
by the NYU Grossman School of Medicine Institutional Review Board.

Consent to Participate

Informed consent was obtained from all individual participants included in the study.

Consent to Publish

The authors a�rm that human research participants provided informed consent for this publication.

Acknowledgements and Funding Information

We thank all participating patients and volunteers as well as the clinical research team at the NYU
Perlmutter Cancer Center. We thank Xingnan Li, PhD, for measuring steroid levels by LCMS and Peter
Meyn from the Genome Technology Center for his expertise in 16S library preparation and sequencing.
This work was supported by Cancer Center Support Grants 5P30CA16087-40 (NYU) and P30CA71789
(University of Hawaii), the Shifrin-Myers Breast Cancer Discovery Fund, as well as a generous donation
from the Dyson Foundation.

References
1. Belkaid Y, Hand TW: Role of the microbiota in immunity and in�ammation. Cell 2014, 157(1):121-

141.

2. Maynard CL, Elson CO, Hatton RD, Weaver CT: Reciprocal interactions of the intestinal microbiota
and immune system. Nature 2012, 489(7415):231-241.

3. Shapira I, Sultan K, Lee A, Taioli E: Evolving concepts: how diet and the intestinal microbiome act as
modulators of breast malignancy. ISRN Oncol 2013, 2013:693920.

4. Hullar MA, Fu BC: Diet, the gut microbiome, and epigenetics. Cancer J 2014, 20(3):170-175.

5. Siegel RL, Miller KD, Fuchs HE, Jemal A: Cancer Statistics, 2021. CA Cancer J Clin 2021, 71(1):7-33.

�. Kohler BA, Sherman RL, Howlader N, Jemal A, Ryerson AB, Henry KA, Boscoe FP, Cronin KA, Lake A,
Noone AM et al: Annual Report to the Nation on the Status of Cancer, 1975-2011, Featuring Incidence
of Breast Cancer Subtypes by Race/Ethnicity, Poverty, and State. J Natl Cancer Inst 2015,
107(6):djv048.

7. Anderson WF, Katki HA, Rosenberg PS: Incidence of breast cancer in the United States: current and
future trends. J Natl Cancer Inst 2011, 103(18):1397-1402.



Page 18/25

�. Key T, Appleby P, Barnes I, Reeves G, Endogenous H, Breast Cancer Collaborative G: Endogenous sex
hormones and breast cancer in postmenopausal women: reanalysis of nine prospective studies. J
Natl Cancer Inst 2002, 94(8):606-616.

9. Fuhrman BJ, Feigelson HS, Flores R, Gail MH, Xu X, Ravel J, Goedert JJ: Associations of the fecal
microbiome with urinary estrogens and estrogen metabolites in postmenopausal women. J Clin
Endocrinol Metab 2014, 99(12):4632-4640.

10. Chlebowski RT, Rohan TE, Manson JE, Aragaki AK, Kaunitz A, Stefanick ML, Simon MS, Johnson KC,
Wactawski-Wende J, O'Sullivan MJ et al: Breast Cancer After Use of Estrogen Plus Progestin and
Estrogen Alone: Analyses of Data From 2 Women's Health Initiative Randomized Clinical Trials.
JAMA Oncol 2015, 1(3):296-305.

11. Trabert B, Sherman ME, Kannan N, Stanczyk FZ: Progesterone and Breast Cancer. Endocr Rev 2020,
41(2).

12. Plottel CS, Blaser MJ: Microbiome and malignancy. Cell Host Microbe 2011, 10(4):324-335.

13. Kwa M, Plottel CS, Blaser MJ, Adams S: The Intestinal Microbiome and Estrogen Receptor-Positive
Female Breast Cancer. J Natl Cancer Inst 2016, 108(8).

14. Zhu BT, Han GZ, Shim JY, Wen Y, Jiang XR: Quantitative structure-activity relationship of various
endogenous estrogen metabolites for human estrogen receptor alpha and beta subtypes: Insights
into the structural determinants favoring a differential subtype binding. Endocrinology 2006,
147(9):4132-4150.

15. Raftogianis R, Creveling C, Weinshilboum R, Weisz J: Estrogen metabolism by conjugation. J Natl
Cancer Inst Monogr 2000(27):113-124.

1�. Sandberg AA, Slaunwhite WR, Jr.: Studies on phenolic steroids in human subjects. II. The metabolic
fate and hepato-biliary-enteric circulation of C14-estrone and C14-estradiol in women. J Clin Invest
1957, 36(8):1266-1278.

17. Cole CB, Fuller R, Mallet AK, Rowland IR: The in�uence of the host on expression of intestinal
microbial enzyme activities involved in metabolism of foreign compounds. J Appl Bacteriol 1985,
59(6):549-553.

1�. Gloux K, Berteau O, El Oumami H, Beguet F, Leclerc M, Dore J: A metagenomic beta-glucuronidase
uncovers a core adaptive function of the human intestinal microbiome. Proc Natl Acad Sci U S A
2011, 108 Suppl 1:4539-4546.

19. Dabek M, McCrae SI, Stevens VJ, Duncan SH, Louis P: Distribution of beta-glucosidase and beta-
glucuronidase activity and of beta-glucuronidase gene gus in human colonic bacteria. FEMS
Microbiol Ecol 2008, 66(3):487-495.

20. McIntosh FM, Maison N, Holtrop G, Young P, Stevens VJ, Ince J, Johnstone AM, Lobley GE, Flint HJ,
Louis P: Phylogenetic distribution of genes encoding beta-glucuronidase activity in human colonic
bacteria and the impact of diet on faecal glycosidase activities. Environ Microbiol 2012, 14(8):1876-
1887.



Page 19/25

21. Adlercreutz H, Pulkkinen MO, Hamalainen EK, Korpela JT: Studies on the role of intestinal bacteria in
metabolism of synthetic and natural steroid hormones. J Steroid Biochem 1984, 20(1):217-229.

22. Goldin BR, Adlercreutz H, Gorbach SL, Warram JH, Dwyer JT, Swenson L, Woods MN: Estrogen
excretion patterns and plasma levels in vegetarian and omnivorous women. N Engl J Med 1982,
307(25):1542-1547.

23. Flores R, Shi J, Fuhrman B, Xu X, Veenstra TD, Gail MH, Gajer P, Ravel J, Goedert JJ: Fecal microbial
determinants of fecal and systemic estrogens and estrogen metabolites: a cross-sectional study. J
Transl Med 2012, 10:253.

24. Mariat D, Firmesse O, Levenez F, Guimaraes V, Sokol H, Dore J, Corthier G, Furet JP: The
Firmicutes/Bacteroidetes ratio of the human microbiota changes with age. BMC Microbiol 2009,
9:123.

25. Modi SR, Collins JJ, Relman DA: Antibiotics and the gut microbiota. J Clin Invest 2014,
124(10):4212-4218.

2�. Hullar MA, Burnett-Hartman AN, Lampe JW: Gut microbes, diet, and cancer. Cancer Treat Res 2014,
159:377-399.

27. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, Alexander H, Alm EJ,
Arumugam M, Asnicar F et al: Reproducible, interactive, scalable and extensible microbiome data
science using QIIME 2. Nat Biotechnol 2019, 37(8):852-857.

2�. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Huttenhower C: Metagenomic
biomarker discovery and explanation. Genome Biol 2011, 12(6):R60.

29. Eliassen AH, Ziegler RG, Rosner B, Veenstra TD, Roman JM, Xu X, Hankinson SE: Reproducibility of
�fteen urinary estrogens and estrogen metabolites over a 2- to 3-year period in premenopausal
women. Cancer Epidemiol Biomarkers Prev 2009, 18(11):2860-2868.

30. Li X, Franke AA: Improved pro�ling of estrogen metabolites by orbitrap LC/MS. Steroids 2015, 99(Pt
A):84-90.

31. Dethlefsen L, McFall-Ngai M, Relman DA: An ecological and evolutionary perspective on human-
microbe mutualism and disease. Nature 2007, 449(7164):811-818.

32. Pollet RM, D'Agostino EH, Walton WG, Xu Y, Little MS, Biernat KA, Pellock SJ, Patterson LM,
Creekmore BC, Isenberg HN et al: An Atlas of beta-Glucuronidases in the Human Intestinal
Microbiome. Structure 2017, 25(7):967-977 e965.

33. Goedert JJ, Jones G, Hua X, Xu X, Yu G, Flores R, Falk RT, Gail MH, Shi J, Ravel J et al: Investigation
of the association between the fecal microbiota and breast cancer in postmenopausal women: a
population-based case-control pilot study. J Natl Cancer Inst 2015, 107(8).

34. Asselin-Labat ML, Vaillant F, Sheridan JM, Pal B, Wu D, Simpson ER, Yasuda H, Smyth GK, Martin TJ,
Lindeman GJ et al: Control of mammary stem cell function by steroid hormone signalling. Nature
2010, 465(7299):798-802.

35. Breast cancer and hormone replacement therapy: collaborative reanalysis of data from 51
epidemiological studies of 52,705 women with breast cancer and 108,411 women without breast



Page 20/25

cancer. Collaborative Group on Hormonal Factors in Breast Cancer. Lancet 1997, 350(9084):1047-
1059.

3�. Manson JE, Chlebowski RT, Stefanick ML, Aragaki AK, Rossouw JE, Prentice RL, Anderson G, Howard
BV, Thomson CA, LaCroix AZ et al: Menopausal hormone therapy and health outcomes during the
intervention and extended poststopping phases of the Women's Health Initiative randomized trials.
JAMA 2013, 310(13):1353-1368.

37. Missmer SA, Eliassen AH, Barbieri RL, Hankinson SE: Endogenous estrogen, androgen, and
progesterone concentrations and breast cancer risk among postmenopausal women. J Natl Cancer
Inst 2004, 96(24):1856-1865.

3�. Micheli A, Muti P, Secreto G, Krogh V, Meneghini E, Venturelli E, Sieri S, Pala V, Berrino F: Endogenous
sex hormones and subsequent breast cancer in premenopausal women. Int J Cancer 2004,
112(2):312-318.

Figures

Figure 1

Alpha diversity of breast cancer (BC) and healthy control participants (HP)
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Figure 2

Beta diversity of breast cancer (BC) and healthy control participants (HP) by disease status (a), tumor
stage (b), tumor grade (c), and additional malignancies (d)
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Figure 3

Taxa composition of breast cancer (BC) and healthy control participants (HP)
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Figure 4

Relative abundance of taxa across breast cancer samples                  

*Additional taxa key available in Online Resource 4
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Figure 5

Differential taxa abundance (a) and distribution of selected beta glucuronidase positive (b) bacteria in
cancer and control cohorts. Histograms show summed relative abundances of beta glucuronidase
bacteria in a sample for breast cancer patients (c) and healthy controls (d).
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Figure 6

Altered taxa abundance by progesterone tertiles.  Cancer samples were divided by progesterone group
into tertiles (1-Low, 2-Medium, 3-High). Pairwise Kruskal-Wallis test was performed to compare the
progesterone tertiles with each of the bacteria identi�ed previously. Bacteria with a p value < 0.05 were
selected for the post-hoc Mann-Whitney test between the progesterone tertiles with Benjamini-Hochberg p
value adjustment. The reported bacteria had at least one comparison with p value < 0.05.


