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The gut microbiota during
tamoxifen therapy in patients with
breast cancer
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Tamoxifen is essential in treating estrogen receptor-positive (ER+) breast cancer, primarily through its
active metabolite, endoxifen. Emerging research suggests potential interactions between tamoxifen
and gut microbiota. This study investigates the effects of tamoxifen on gut microbiota composition

in postmenopausal ER+ and human epidermal growth factor receptor 2 negative (HER2-) breast
cancer patients and explores correlations between gut microbiota and endoxifen plasma levels.

This prospective observational study included postmenopausal ER+/HER2- breast cancer patients.
Fecal and blood samples were collected before and during 6-12 weeks of tamoxifen therapy. Gut
microbiota composition was analyzed using 16S rRNA amplicon sequencing of the hypervariable

V4 gene region, and plasma endoxifen levels were measured using liquid chromatography-mass
spectrometry. Changes in microbial diversity and composition were assessed, with correlations to
endoxifen levels. A total of 62 patients were included. Tamoxifen significantly increased microbial
richness (p=0.019), although overall community structure remained consistent between pre- and
during-treatment samples. Notable changes were observed in specific microbial taxa, with significant
increases in genera such as Blautia (padjusted= 0.003) and Streptococcus (padjustef 0.010), and decreases
in Prevotella_9 (p,;,..,=0-006). No significant correlations between gut microbiota and endoxifen
levels were identified after multiple comparisons. Tamoxifen therapy increases gut microbial diversity
in postmenopausal ER+/HER2- breast cancer patients, though overall microbial community structure
remains stable. The absence of significant correlations with endoxifen levels suggests that while
tamoxifen affects the gut microbiota, its role in endoxifen metabolism requires further study. More
comprehensive research is needed to understand the relationship between tamoxifen, gut microbiota,
and therapeutic outcomes.
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Anti-hormonal therapy with tamoxifen is a cornerstone in the treatment of estrogen receptor-positive breast
cancer. Tamoxifen and its active metabolites compete with estrogen for binding sites in tissues that express
estrogen receptors (ER), such as the mammary epithelium, thereby selectively modulating receptor binding
of estrogen'. Tamoxifen has a complex metabolism, but generally, it is broken down by different enzymes in
the liver into two main parts: N-desmethyl-tamoxifen (NDM-tamoxifen) and 4-hydroxy-tamoxifen. These
metabolites are then further converted into the primary and active metabolite endoxifen®. In the adjuvant
setting, tamoxifen is given continuously in premenopausal patients or for 2-3 years before switching to
aromatase inhibitors in postmenopausal patients®. Although tamoxifen significantly improves survival rates for
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patients with ER-positive breast cancer, responses to tamoxifen can vary*. The variability in patient responses
to tamoxifen has been partially attributed to inter-individual differences in levels of endoxifen as endoxifen has
a much greater affinity for ER compared to tamoxifen®. Previous research indicates that approximately 11-24%
of patients do not achieve the proposed target endoxifen plasma concentration required for optimal efficacy>®.
Besides treatment response, variability in endoxifen levels is also associated with side effects, as indicated
by a study by Lorizio et al.”. The most common side effects of tamoxifen include hot flashes (64%), vaginal
dryness (35%), sleep problems (36%), weight gain (6%), and depression, irritability, or mood swings (6%)’.
Inter-individual variability of endoxifen levels is influenced by individual differences in drug metabolism and its
complex metabolic pathway®.

Recentresearch has suggested that tamoxifen may also have impact on the gut microbiota®®. The gut microbiota
plays a crucial role in human health, modulating the metabolism of xenobiotics and nutrients and interacting
with the immune systemlo‘lz. Despite this vital role, our understanding of how xenobiotic compounds, such as
therapeutic drugs, affect the composition and function of gut microbial communities is still limited. Even less is
known about how gut microbiota influences the metabolism of specific drugs like tamoxifen, an area of research
known as pharmacomicrobiomics that is still in its early stages'®. A study using Caenorhabditis elegans models
has shown that gut bacteria can modulate the body’s response to tamoxifen by altering fatty acid metabolism,
thereby affecting the drug’s toxicity and efficacy'®. By demonstrating that different bacterial species can lead to
varying levels of tamoxifen toxicity through distinct metabolic pathways, this research underscores the critical
role of the gut microbiota in influencing drug action and could be important for understanding individual
responses to medications in humans. Given the current understanding, it is plausible that the diversity and
activity of the gut microbiota could influence tamoxifen metabolism, potentially impacting both its therapeutic
efficacy and the manifestation of side effects. However, this hypothesis remains preliminary, necessitating further
research to explore this potential relationship.

To the best of our knowledge, studies investigating the relationship between tamoxifen and the gut microbiota
are scarce, with observational human studies particularly lacking!®. Nevertheless in vitro and in vivo studies
highlight the impact of tamoxifen on the gut microbiota. Maier et al.” demonstrated that tamoxifen administration
significantly inhibited the growth of specific bacterial strains, including (non-toxigenic) Bacteroides fragilis,
Clostridium saccharolyticum, Streptococcus salivarius, and Eubacterium eligens, when tested in vitro. A study
by Li et al.® found that in a breast cancer xenograft mouse model, tamoxifen therapy significantly reduced the
levels of the bacterial genera Lachnospiraceae_UCG-006, Anaerotruncus, Alistipes, and Eubacterium compared
to those in a control group. Additionally, in the same study tamoxifen therapy was associated with an increase in
cytokines related to inflammation.

Furthermore, Alam etal.!® demonstrated that gut microbiota play a crucial role in tamoxifen pharmacokinetics.
Their study found that B-glucuronidase (GUS) enzymes produced by gut bacteria hydrolyze glucuronidated
tamoxifen metabolites, facilitating their reabsorption into systemic circulation. They also observed inter-
individual variability in gut microbiota composition and enzymatic activity, which may contribute to differences
in tamoxifen metabolism and drug response. Notably, their findings suggest that the gut microbiome may
influence the enterohepatic recirculation of tamoxifen metabolites, underscoring the need to consider
microbiome composition as a potential factor in tamoxifen therapy.

Research into the influence of tamoxifen, and consequently endoxifen, on the gut microbiota is still in its early
stages. Therefore, it would be worthwhile to explore the association between the gut microbiota and endoxifen
levels, as well as the bi-directional relationship between tamoxifen and gut microbiota.

More knowledge concerning the interactions between tamoxifen and the gut microbiota is required. This
explorative observational study aims to investigate if tamoxifen impacts the gut microbiota in postmenopausal
ER-positive (ER+) and human epidermal growth factor receptor 2 negative (HER2-) breast cancer patients, and if
gut microbiota composition is correlated with endoxifen plasma levels. We hypothesized that tamoxifen therapy
in postmenopausal ER+/HER2- breast cancer patients would alter gut microbiota diversity and composition.

Materials and methods

Inclusion of patients

Between November 2017 and November 2022, breast cancer patients were prospectively enrolled in three Dutch
hospitals. Eligible patients were postmenopausal women with histologically proven ER+ (expression level of 10%
or higher) and HER2- breast cancer scheduled for adjuvant tamoxifen therapy'”. Exclusion criteria included
distant metastasis, previous therapeutic antibiotics use within three months before fecal sampling, and previous
chemotherapy within one month before fecal sampling.

The study was registered in the Overview of Medical Research in the Netherlands (OMON) under NL6141
and at ToetsingOnline under NL61646.068.17. The study was approved by the Medical Ethics Committee of
azM/UM and conducted in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines.
All patients provided written informed consent.

Tamoxifen therapy

Patients were administered 20 mg of tamoxifen orally daily. Patients received the adjuvant endocrine therapy as
part of standard care according to the Dutch guidelines for 2-3 years, followed by aromatase inhibitor therapy'.
These guidelines are in line with the ESMO and ASCO guidelines'*%. The treatment of postmenopausal ER +/
HER2- breast cancer depends on the clinical and pathological tumor stage but primarily consists of initial
surgery, with or without chemotherapy administered before or after surgery, followed by anti-hormonal therapy.
Radiotherapy was permitted for all patients according to guidelines though not all required it.
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Sample collection and preprocessing

Patients collected fecal samples and completed questionnaires at two time points: before starting tamoxifen
therapy (T0) and after 6-12 weeks of tamoxifen therapy. Additionally, blood samples were drawn during the
second time point to measure endoxifen concentrations. This timeframe allowed sufficient time for tamoxifen
and its active metabolites, such as endoxifen, to reach steady-state blood levels, ensuring that measurements
accurately reflect treatment exposure. After fecal sample collection, samples were immediately stored in
a freezer and then transported to the hospital in a cooled transport container (Sarstedt) to preserve the cold
chain. Upon arrival at the hospital, the samples were initially stored at —20 °C and later transferred to — 80 °C
for long-term storage. Blood samples with a clot activator underwent centrifugation. The resulting serum was
then carefully transferred into aliquots, which were stored at —80 °C prior to the measurement of endoxifen
levels. The questionnaires collected data on general medical characteristics, including weight, height, history
of abdominal surgery, smoking habits, alcohol usage, diabetes, medication usage, and the use of pro- and
prebiotics. They also covered reproductive history, nutritional status, and general performance and well-being.
Baseline characteristics recorded included the Karnofsky Performance Score (KPS), nutritional status assessed
with the Malnutrition Universal Screening Tool (MUST), and details on previous systemic therapy. Information
on prophylactic or therapeutic antibiotic administration, prebiotic/probiotic use, exogenous estrogen use, and
the use of nutritional supportive drinks was also registered.

Fecal microbiota data generation

Metagenomic DNA was isolated using the Ambion MagMax™ Total Nucleic Acid Isolation Kit (Thermo Fisher
Scientific). This process involved a manual pre-processing step followed by automated purification of nucleic
acids using the KingFisher FLEX system (Thermo Fisher Scientific), as described earlier?!. To monitor potential
contamination, DNA extraction blanks were included and processed alongside the fecal samples.

In more detail, to extract metagenomic DNA, 250 mg of the frozen fecal samples were homogenized in
phosphate-buffered saline (PBS) and centrifuged for 1 min at 900 rpm. Cell lysis was achieved through a
combination of chemical, mechanical, and thermal disruption methods. Zirconia beads were utilized for
mechanical lysis. A lysis buffer containing 1 M Tris-HCIl, 0.5 M EDTA, 5 M sterile NaCl, and SDS (final
concentration 4%) was added to bead tubes from the Ambion MagMaxTM Total Nucleic Acid Isolation Kit
(Thermo Fisher Scientific) and mixed with 175 pl of fecal supernatant in PBS. Mechanical disruption was carried
out using a bead-beating procedure with the Fastprep™ Homogenizer (5.5 ms for 3x 1 min, with 1-min rests
in between, MP Biomedicals). The samples were then incubated for 15 min at 95 °C with gentle shaking. After
centrifugation for 5 min at 11,000 rpm, the supernatant was transferred to an Eppendorf tube. A second round
of bead beating, and incubation followed, after which the supernatants were pooled and stored at —20 °C until
further analysis. 200 pl of the supernatants were placed into a KingFisher 96-well deep well plate (Thermo Fisher
Scientific), along with the bead mix from the Ambion MagMaxTM Total Nucleic Acid Isolation Kit (Thermo
Fisher Scientific), isopropanol, and lysis buffer. Other plates were filled with wash buffers, elution buffer (with
RNAse), and 96-tips for DW magnets (Thermo Fisher Scientific). The prepared plates were then processed in
the KingFisher system according to the manufacturer’s standard protocol (Thermo Fisher Scientific). Following
the removal of the plates from the system, the plate containing purified nucleic acids was incubated for 15 min
at 37 °C to degrade RNA.

The V4 hypervariable region of the 16S rRNA gene was then amplified in triplicate using the 515F/806R
barcoded primer pair, as previously described??. Pooled amplicons from the triplicate reactions were purified
using the AMPure XP purification kit (Agencourt) according to the manufacturer’s instructions and eluted in
25 ul of 1 xlow TE (10 mM Tris-HCI, 0.1 mM EDTA, pH 8.0). The amplicons were quantified using the Quant-
iT PicoGreen dsDNA reagent kit (Invitrogen) and measured with a Victor3 Multilabel Counter (Perkin Elmer,
Waltham, USA). The amplicons were then mixed in equimolar concentrations to ensure equal representation of
each sample and sequenced on an Illumina MiSeq instrument (MiSeq Reagent Kit v3, 2 x 300 cycles, 10% PhiX),
producing paired-end reads of 250 bases (~ 25,000 reads/sample)®.

Microbiota sequencing data processing

Forward and reverse primers were removed using Cutadapt v4.72. Subsequently, paired-end sequences were
processed with DADA2 (v1.28.0), where they were filtered and trimmed (maxEE =2, truncLen =240/210 bp),
denoised, merged (minOverlap =10, maxMismatch=0), and used to construct a sequence table?>. Chimeras
were identified and removed using the ‘consensus’ method. After denoising and merging, Amplicon Sequence
Variants (ASV) shorter than 350 bases or longer than 500 bases were discarded. ASVs were then annotated to the
genus level using the DADA2 implementation of the naive Bayesian classifier, using the SILVA v138.1 reference
database?. Species-level annotations were added with the DADA?2 addSpecies() function. Ifan ASV could not be
uniquely classified at a particular rank, they were aggregated together for the taxonomically aggregated statistical
analyses under the name of the lowest classified rank, e.g. “Enterobacteriaceae family”.

Analysis of z-endoxifen

A liquid chromatography-mass spectrometry assay was used for the quantification of z-endoxifen as previously
described?”. In short, plasma samples were prepared with protein precipitation. The analyses utilized a triple
quadrupole mass spectrometer, which operated in both positive and negative ion modes. The assay was validated
for z-endoxifen concentrations ranging from 1 to 20 ng/mL.

Statistical analyses
Statistical analyses were performed using R Studio (R version 4.3.3)?%. For the baseline characteristics, the mean,
standard deviation, and range were calculated for each numeric variable.
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Rarefied data were used for alpha-diversity analysis, while all other microbiota analyses utilized non-rarefied
data. Alpha-diversity (observed richness and Shannon diversity) measurements were calculated at the ASV level
using the phyloseq package®. The change in ASV richness (A ASV richness) was calculated by subtracting the
richness at TO from the richness at T1. The same was done for the change in Shannon index (A Shannon index).
Assumptions of normality were tested using the Shapiro-Wilk test. Paired t-tests or Wilcoxon signed rank tests
were used for paired samples. Otherwise, independent sample t-tests or Mann-Whitney U tests were used.
Multivariable linear regression analysis was conducted to examine the associations between specific patient
characteristics (age, BMI, and pathologic tumor stage) and A ASV richness or A Shannon index. To examine
the associations between A ASV richness, A Shannon index, and the clinical variables of interest, Spearman
correlation was performed using the corr.test function from the psych package (version 2.4.3) on a data frame
containing all relevant variables®®. P-values were adjusted for multiple comparisons using the false discovery
rate (FDR) method, following the Benjamini-Hochberg procedure’.. The correlations were visualized using the
corrplot package (version 0.92), based on the correlation matrix generated by corr.test>.

The R packages phyloseq?’, vegan®?, microbiome™, dplyr??, ggplot23¢, and microViz*” were used for ordination
and visualization of taxonomic composition. ASVs present in fewer than five samples were filtered out before
these analyses. Unconstrained ordination was performed using Principal Component Analysis (PCA) based
on centered-log-ratio transformed abundances at both the ASV and genus levels. Permutational multivariate
analysis of variance (PERMANOVA) was used to analyze changes in overall microbiota composition, based on
Aitchison distances. For the differential abundance analysis, only genera with a prevalence of at least 10% and
a total abundance of at least 10,000 reads across all samples were included. Bacterial relative abundances were
log10 transformed using the microbiome package, with zero counts replaced by half of the minimum non-zero
value in the dataset as a pseudocount®. A correlation heatmap was generated to assess Spearman correlations
between plasma endoxifen concentrations and various clinical variables, including antibiotic use between T0
and T1, BMI, and the relative abundances of bacterial taxa at the genus level. These analyses were performed
using the microViz package (version 0.12.1)%’. P-values were adjusted for multiple comparisons using the FDR
method as mentioned above. An alpha of 0.05 was used as a threshold for statistical significance.

Results

A total of 62 ER+/HER2- postmenopausal breast cancer patients were included. The mean age was 66 years,
and the mean BMI was 26 kg/m? (Table 1). None of the patients used prebiotics in the last year. Four patients
(7%) used probiotics in the last year, but not within the three months prior to study inclusion. In the last year
preceding study inclusion, 63% of the patients used prophylactic or therapeutic antibiotics, but no therapeutic
antibiotics were used in the three months prior to study inclusion.

Early-stage (stage I) breast cancer was found in 34 patients (55%). Most tumors were of the ductal type
(68%), followed by lobular (26%) and mucinous (7%) types. All tumors were ER+/HER2—, according to the
inclusion criteria. All patients had undergone breast surgery previously, with 48% of them receiving prophylactic
antibiotics during surgery. (Neo)adjuvant chemotherapy was given in 14 patients (23%) and 73% of the patients
had received radiotherapy. Of the patients receiving radiotherapy, tamoxifen therapy was started before (26.6%),
during (66.7%), or after the radiotherapy (6.7%).

Possible factors influencing baseline microbiota richness, diversity, and composition

Different tests were performed to determine if there were already differences in microbiota richness, diversity,
and composition at baseline (T0) based on factors such as previous chemotherapy, antibiotics during surgery,
and surgery type. There were no significant differences in ASV richness and Shannon index between patients
based on previous chemotherapy (richness: p=0.299, Shannon: p=0.656), antibiotics during surgery (richness:
p=0.168, Shannon: p=0.365), or type of surgery (mastectomy vs. breast-conserving surgery, richness: p=0.6801,
Shannon: p=0.8318) (See Supplementary Figs. 1 and 2). Unconstrained ordination using PCA showed no
clustering of baseline samples based on previous chemotherapy, antibiotic use during surgery, or type of surgery
(mastectomy vs. breast-conserving surgery). PERMANOVA supported these findings by showing no significant
differences in microbial composition at either the genus or ASV levels. Specifically, no significant differences were
observed based on previous chemotherapy (genus: p=0.266; ASV: p=0.151), antibiotics during surgery (genus:
p=0.297; ASV: p=0.450), or type of surgery (genus: p=0.636; ASV: p=0.579). These results are visualized in
Supplementary Figs. 3 and 4.

Microbiota richness, diversity, and composition during tamoxifen therapy: Significant
differences in ASV richness between TO and T1

In total, 122 fecal samples were collected as two patients provided samples at only one timepoint, resulting in 60
paired samples. ASV richness was significantly different between T0 and T1 (p=0.0188), whereas the Shannon
index did not differ (p=0.166) (Fig. 1A and B) . The differences in ASV richness (A ASV-richness) between the
two time points for paired samples showed an increase in ASV richness during tamoxifen therapy (Fig. 1B and
D), whereas the Shannon index remained unchanged (Fig. 1A and C). Multivariable linear regression analysis
revealed that none of the specific patient characteristics (age, BMI, and pathologic tumor stage) were significantly
associated with A ASV richness (p>0.05 for all variables) (Supplementary Tables 1 and 2).

Additional analyses were performed to assess the potential effects of other factors that could explain the
increase in ASV richness. Neither A ASV richness nor A Shannon index was associated with previous antibiotic
exposure during surgery, and neither was associated with surgery type. A Shannon index was significantly higher
in the group of patients who had undergone chemotherapy for breast cancer (p=0.018). However, this was not
the case for A ASV richness (Supplementary Figs. 5 and 6).
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Baseline characteristics
Age—Years History of smoking (past and present) - N (%)
Mean (SD) 66 (8) Yes 44 (73.3)
No 17 (27.4)
Range 50-86
Unknown 1(1.6)
BMI—kg/m? Total years of smoking
Mean (SD) 26 (4)
Median (IQR) 10 (25)
Range 18.7-35.4
Tumor type—N (%) Prior systemic therapy for breast cancer
Invasive carcinoma of no special type (NST) | 42 (67.7) | Yes 14 (22.6)
Lobular 16 (25.8) | No 48 (77.4)
Mucinous 4 (6.5)
Clinical tumor stage—N (%) Days between the last systemic therapy and TO fecal sample
Stage 0 1(1.6) Median (IQR) 47.5(18.3)
Stage 1 34 (54.8)
Stage 2 26 (42) Range 32-156
Stage 3 1(1.6)
Pathologic tumor stage—N (%) Prior prophylactic antibiotic use during surgery
Stage 0 3(4.8) Yes 30 (48.4)
Stage 1 34 (54.8)
No 32 (51.6)
Stage 2 25 (40.3)
Tumor focality—N (%) Type of breast surgery - N (%)
Unifocal 51(82.3) | Mastectomy 24 (38.7)
Multifocal 11 (17.7) | Breast-conserving surgery 38 (61.2)
Karnofsky Performance Score—N (%) Direct breast reconstruction - N (%)
50-60 4(6.5) Yes 23 (37)
70-80 18 (29)
90-100 38(61.3) | No 39 (63)
Unknown 2(3.2)
Antibiotic use last year—N (%) Days between breast surgery and TO fecal sample
Yes 39 (63) Median (IQR) 26 (18)
No 23 (37) Range 10-338
Probiotic use last year—N (%) Radiotherapy - N (%)
Yes 4(6.5) Yes 45 (72.6)
No 46 (74.2)
Unknown 12 (19.4) No 17 @74)
ER status—% Timing start tamoxifen therapy - N (%)
Before radiotherapy 12 (26.6)
Median (IQR) 100 (0) During radiotherapy 30 (66.7)
After radiotherapy 3(6.7)
PR status—% Days between start tamoxifen and z-endoxifen detection
Median (IQR) 80 (85) Median (IQR) 58 (29)

Table 1. Baseline characteristics. Percentages may not add up to 100% due to rounding. SD: standard
deviation, IQR: Interquartile range, ER: Estrogen receptor, PR: Progesterone receptor.

Correlation analyses revealed that antibiotic use between TO and T1 was negatively correlated with the
change in gut microbiota diversity (A Shannon index: rho=-0.483, p, ;4 =0.001, and A ASV richness:
rho=-0.369, p, ;i eq=0-019), suggesting that antibiotic use negatively affects alpha diversity (Supplementary
Fig. 7). Addmonally, there was no correlation between the number of days from the last surgery, chemotherapy,
or antibiotic use to baseline (TO, start of tamoxifen therapy) and the change in gut microbiota diversity (A
Shannon index or A ASV richness) between T0 and T1.

Principal component analysis (PCA) indicated no clustering of samples collected at TO or T1. Similarly,
PERMANOVA analysis showed no statistically significant differences in overall microbial community structure
at both the genus level (p=0.1656) and the ASV level (p=0.1656) between TO and T1 (Fig. 2A and B). The
within-subject dissimilarity was calculated to evaluate the shifts in microbial community structure within
individuals over time. The median dissimilarity between T0 and T1 was 20.6, with an interquartile range (IQR)
of 7.6, indicating moderate variability in dissimilarity scores. When within-subject dissimilarity was compared
to between-subject dissimilarity, the within-subject dissimilarity was significantly lower (Supplementary Fig. 8).
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Fig. 1. (A, B) Violin plots illustrating the distribution of alpha-diversity measurements at two different time
points (T0 and T1), highlighting whether alpha-diversity increases (green line) or decreases (purple line)
between paired samples. Each plot shows the density of values with individual data points overlaid as black
dots. (A) Shannon index. (B) ASV richness. (C, D) Violin plots illustrating the distribution of the shifts in
alpha-diversity measurements (C A Shannon; D A ASV-richness) between T0 and T1 for paired samples. The
dashed line in the plot indicates zero (no change), serving as a reference point to easily identify increases or
decreases in alpha-diversity.

This suggests that while there was some variability, the microbial communities within subjects remained
relatively stable over time. Additionally, many of the patients with higher within-subject dissimilarity (i.e., least
stable microbial communities) appeared to have had antibiotics administered between T0 and T1 (Fig. 2C).
Differential abundance analyses revealed notable changes in the abundance of specific taxa between
TO and T1 (Fig. 3). Specifically, ten genera showed a significantly increased abundance, including Blautia
(padjusted: 0.003), Sellimonas (pud].usted: 0.024), [Eubacterium] halli group (padjwed: 0.028), Oscillospiraceae Family
P adjusted = 0.013), Ruminococcaceae Incertae Sedis (p,,1;,;,a=0-029), Ruminococcaceae UBA1819 (p,, 1., 1.q=0-036),
Christensenellaceae R-7 group (p, djusted = 0-036) Eggerthellaceae Family (p, diusted= 0-047), Family XIII AD3011
group (p, djusted = 0.010), and Streptococcus (p =0.010). Two genera exhibited a significant decrease, including

adjusted
Prevotella_9 (p =0.006), and Subdoligm]milum (p =0.036).

adjusted adjusted

Correlations between gut microbiota and plasma endoxifen levels

To investigate possible associations between plasma endoxifen levels (at T1) and gut microbiota composition or
diversity (at TO or T1), Spearman correlation analyses were performed. BMI at T0 and antibiotic use between
T0 and T1 were also included in these analyses to provide a basis for comparison with the endoxifen results
(Supplementary Table 3). At T1 (Fig. 4), two genera were associated with antibiotic use after FDR correction,
Erysipelotrichaceae UCG-003 (rho=-0.483, p_.. . .=0.02) and Christensenellaceae R-7 group (rho=-0.506,
Padjusted™ 0.02). Antibiotic use was also associated with ASV richness (rho=-0.418, p, djusted < 0.01) and Shannon
diversity (tho=-0.443, p_.. . .<0.01) at T1. Several further correlations were observed between antibiotics
and genus abundances at T1, and between baseline BMI and Bifidobacterium, but these were not significant
after FDR correction for multiple testing. There were several positive correlations between gut genera and
plasma endoxifen levels at T1, and two negative correlations with p-values <0.05, but no correlations remained
significant after FDR correction.

The genera Coprococcus (rho=0.270, p =0.271), Marvinbryantia (rho=0.295,

Padjusted™ 0.244), Lachnospiraceae NK4A136 group (rh?)djzus(t)%OI, P oiustea=0-244), CAG-56, (rho=0.267,
Padiustea=0-271) and Intestinibacter (rho=0.271, p, ..., =0.271) showed positive correlations with endoxifen
concentrations. Conversely, Streptococcus (rho=-0.275, p, djuste 4=0.271) and Eggerthella (rho=-0.292,
Padjusted™ 0.244) showed negative correlations with endoxifen concentrations. There were no correlations found
between alpha-diversity variables and endoxifen concentrations.

Endoxifen levels at T1 were not correlated with microbiota composition or diversity at TO, after FDR
correction (Supplementary Fig. 9). Nor was Antibiotic use between T0 and T1, and nor was baseline BMI.
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Fig. 2. Ordination plots derived from unconstrained principal components analysis (PCA) based on centered-
log-ratio transformed abundances, showing the composition of the microbial community at ASV (A) and
genus (B) levels for TO and T1. P-values from the PERMANOVA analysis are indicated on the plots. (C)

Violin plot illustrating the distribution of within-subject dissimilarity between T0 and T1 for paired samples
(Aitchison distances calculated at ASV-level). The width of the plot at different levels indicates the frequency of
observations. The dashed line represents the median within-subject dissimilarity.
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Fig. 3. Differential abundant taxa between T0 and T1. Log!?-transformed relative abundances of the 24 taxa
that were statistically different in abundance between the timepoints before (T0) and during tamoxifen therapy
(T1). The thick line represents the mean value, whereas thin lines represent shifts in abundance over time in
individual patients.
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Fig. 4. Heatmap of Spearman correlation coeflicients for the correlations between the relative abundance of
bacterial taxa on genus level and alpha-diversity measurements at T1 and plasma levels of endoxifen at T1,
BMI, and antibiotic use between T0 and T1 (AB_TO0_T1). An asterisk indicated p <0.05 and a circle indicates
FDR-corrected p <0.05.

Discussion

Our study demonstrated that alpha-diversity, in terms of ASV richness, significantly increased in postmenopausal
ER+/HER2- breast cancer patients and the abundance of specific microbial taxa significantly changed during
tamoxifen therapy. No significant differences were found in overall microbial community structure before and
during tamoxifen therapy.

The increase in ASV richness during tamoxifen therapy suggests that tamoxifen may promote a more diverse
gut microbiota. Although the Shannon index did not show differences between the two timepoints, indicating
that the overall diversity—considering both richness and evenness—remained stable, the number of unique
microbial taxa increased significantly. The change in ASV richness during treatment was not significantly
associated with patient characteristics such as age, BMI, or pathological tumor stage. Additionally, there was
no correlation between the number of days from the last surgery, chemotherapy, or antibiotic use to baseline
(start of tamoxifen therapy) and the change in gut microbiota diversity between TO and T1. This indicates
that the effect of tamoxifen on alpha-diversity might be primarily due to the therapy itself. Given our findings
of an increase in ASV richness during tamoxifen therapy compared to before therapy, two hypotheses were
formulated. Firstly, the observed increase in diversity might potentially be caused by the therapy’s direct impact
on inhibiting the growth of specific bacteria, thereby allowing other (normally underrepresented or absent)
bacteria to take over the niches and expand. Similar observations were made in the study of Wu et al.*® that
showed that alpha-diversity increased during neoadjuvant chemotherapy and minimally increased during
adjuvant chemotherapy in breast cancer patients. Alternatively, it prompts consideration of whether an already
inherently low alpha-diversity in breast cancer patients could be improved by the therapeutic anti-cancer effects
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of tamoxifen and/or the removal of the tumor. This is in line with most previous studies that have investigated
the gut microbiota in breast cancer patients®**~*. Although the results on alpha-diversity and used indices vary,
most studies found a decrease in alpha-diversity in breast cancer patients compared to healthy controls*®434,
If breast cancer treatment-naive patients already exhibit lower alpha-diversity, it is possible that, depending on
the type of treatment administered, their microbial diversity may recover or return to normal levels during the
course of treatment. This potential for recovery aligns with the idea that gut microbiota can either revert to their
original community structure or form a new balance following drug exposure?®. The capacity for recovery or the
formation of a new community structure depends on the resilience of the microbiota and the specific nature of
the treatment, such as the administration of tamoxifen in this case.

Among the studies investigating the gut microbiota and breast cancer, only three studies also examined
postmenopausal breast cancer patients**~*!. Postmenopausal status can be an important factor in investigating
the gut microbiota because hormonal shifts during menopause may alter the gut microbiota, although results
on differences in alpha-diversity between post and premenopausal women are inconsistent’. Following up on
this, another study showed that the alpha-diversity of HER2+ breast cancer patients was lower than that of
HER2- breast cancer patients, suggesting that molecular subtype could be another possible influencing factor?2.
Given the variations in alpha-diversity among breast cancer patients and the potential influence of molecular
subtype and menopausal status, there is a compelling need for more controlled studies with homogeneous breast
cancer patient groups. To the best of our knowledge, there are currently no other observational cohort studies
in humans that have investigated the effect of tamoxifen on the gut microbiota, and studies investigating this in
mice are scarce. A study by Li and Gao et al. examined tamoxifen-induced alterations in the gut microbiota and
inflammation using a breast cancer xenograft mouse model®. They found no significant differences in alpha-
diversity but observed a trend towards lower Chaol, Shannon, and Simpson indices in the group of mice with
breast cancer receiving a placebo compared to the group of mice with breast cancer treated with tamoxifen.
This trend towards an increase in alpha-diversity during tamoxifen is in line with our results and suggests that
tamoxifen may have a potential role in maintaining or enhancing microbial diversity in the gut, although further
studies are needed to confirm these findings and understand the underlying mechanisms.

Besides the increase of alpha-diversity, the abundance of specific microbial taxa changed during tamoxifen
therapy in our cohort. In total ten genera were found to increase during tamoxifen therapy, amongst others
Blautia, [Eubacterium] halli group, Ruminococcaceae UBA1819, Eggerthellaceae Family, and Streptococcus. Two
genera exhibited a significant decrease, including Prevotella_9, and Subdoligranulum. Comparing our findings
with those of Li and Gao et al., both indicate significant microbial shifts due to tamoxifen therapy. Li et al.
reported that in breast cancer mice treated with tamoxifen, the genera Bacteroides, Clostridium, Escherichia-
Shigella, Ruminococcus, Prevotellaceae_UCG-001, and Akkermansia were significantly increased, whereas
Lachnospiraceae_UCG-006, Anaerotruncus, Alistipes, and Eubacterium were significantly decreased®. Notably,
our study aligns with Li et al.'s findings in the context of the increase of Ruminococcaceae and the decrease of
Eubacterium, though the specific species differ. Furthermore, the study by Maier et al. provided insights into the
in-vitro growth inhibition effects of tamoxifen on specific bacterial strains®. They observed growth inhibition
amongst others in Eubacterium eligens, Eubacterium rectale, Prevotella copri, and Streptococcus salivarius.
However, no inhibition was noted for Eggerthella lenta and Streptococcus parasanguinis. These findings resonate
with our observation of decreased Prevotella_9, suggesting a potential inhibitory effect of tamoxifen on certain
Prevotella species. Interestingly, while Maier et al. noted inhibition of some Streptococcus strains, our data
indicated an overall increase in Streptococcus abundance, possibly highlighting strain-specific responses to
tamoxifen within this genus.

Our exploratory analysis of correlations between gut microbiota and plasma endoxifen levels did not yield
significant results after FDR correction. However, observed trends suggest potential interactions that warrant
further investigation. The positive correlations between endoxifen concentrations and genera such as Coprococcus
and Lachnospiraceae NK4A 136 group, as well as the negative correlations with Streptococcus and Eggerthella, may
indicate that there is an interaction between tamoxifen and the gut microbiota, where tamoxifen may influence
the microbiota, and vice versa.

Notably, the negative correlation with Streptococcus is particularly interesting, as this genus was increased
during tamoxifen treatment. This suggests that Streptococcus, of which some species might be able to bloom
under tamoxifen therapy, may influence tamoxifen metabolism, resulting in lower concentrations of endoxifen.
These are preliminary observations, and further research is necessary to explore these potential interactions. The
lack of robust correlations highlights the complexity of these interactions and the need for larger, more detailed
studies to elucidate these relationships.

In light of these findings, it is worth noting a recent study by Wasiak et al., that demonstrated that postbiotics
derived from Lactiplantibacillus plantarum and Lactobacillus rhamnosus can enhance tamoxifen’s anticancer
effects by promoting apoptosis and inhibiting the proliferation of breast cancer cells*®. This suggests that the
metabolites of microbial taxa could interact with tamoxifen, potentially influencing tamoxifen metabolism and
treatment outcomes. Therefore, future research should not only focus on the direct effects of tamoxifen on gut
microbiota but also explore how bacterial metabolites might be involved in tamoxifen metabolism, potentially
offering new avenues for enhancing breast cancer treatment.

This study has several strengths and limitations. One strength is that it is the first to investigate the impact
of tamoxifen on gut microbiota and its correlation with endoxifen levels in postmenopausal ER+/HER2— breast
cancer patients. The relatively large, homogeneous cohort of 62 patients enhances the reliability of the findings.
Using 16S rRNA gene sequencing provided detailed microbiota analysis before and during tamoxifen treatment,
and correlating gut microbiota with endoxifen levels added valuable pharmacokinetic insights. However, the
observational design limits causal conclusions, and whilst 16S rRNA gene amplicon sequencing gives reliable
estimates of genus level taxonomic abundances, shotgun metagenomic sequencing would provide a higher
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taxonomic resolution and information on the functional capacity of the gut microbiota, which may be important
for understanding the interaction of tamoxifen with the microbiota.

A key limitation of our study is the absence of CYP2D6 genotyping data, which plays a crucial role in tamoxifen
metabolism. As a result, we cannot rule out the possibility that inter-individual variability in endoxifen levels
was influenced by CYP2D6 metabolizer status and co-medication, which may have confounded our correlation
analyses. Incorporating this genetic factor in future research could provide a more comprehensive understanding
of the interplay between CYP2D6, gut microbiota, and tamoxifen efficacy®.

Additionally, our findings may not be generalizable to other populations, such as premenopausal women
or different cancer subtypes. Future research with larger, diverse cohorts, longitudinal designs, and advanced
sequencing techniques is needed to validate these preliminary findings and explore their broader applicability.

In conclusion, this explorative observational study suggests that tamoxifen therapy significantly increases
ASYV richness and alters specific microbial taxa in the gut microbiota of postmenopausal ER+/HER2— breast
cancer patients. Despite the increase in ASV richness, no significant changes were found in overall microbial
community structure and composition. Our results suggest that tamoxifen may foster a more diverse gut
microbial environment, independent of patient-specific factors such as age, BMI, or treatment history with
chemotherapy, surgery or antibiotics. Additionally, while correlations between gut microbiota and endoxifen
plasma levels were not significant, observed trends indicate potential microbial interactions with tamoxifen
metabolism that warrant further investigation. Future research with larger cohorts, incorporating CYP2D6
genotype, other influencing factors such as co-medication, and advanced sequencing, is needed to confirm these
findings and uncover underlying mechanisms.

Data availability

Sequencing data is available from the European Nucleotide Archive (ENA), under study accession number PR-
JEB80483. The Additional data used and/or analyzed are available from the corresponding author on reasonable
request.
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