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ABSTRACT

Bariatric procedures have been linked to better prognoses in several cancers, including breast cancer (BC), though
the biological drivers of this benefit remain unclear. We proposed that the rise in circulating bile acids observed
after bariatric surgery could play a role in enhanced BC outcomes. Individuals whose tumors showed elevated
levels of the bile acid-responsive receptor FXR had improved survival in specific aggressive BC phenotypes.
FXR, a nuclear receptor activated primarily by endogenous bile acids, was therefore selected as a therapeutic
target. We hypothesized that stimulating FXR with an FDA-approved agonist might yield anti-neoplastic effects.
Using both cell-based systems and animal models, we assessed whether pharmacological activation of FXR
suppresses tumor behavior. Administration of the bile acid analog Obeticholic acid (OCA; INT-747; commercially
“Ocaliva”) markedly curtailed tumor growth and overall disease burden in a preclinical BC setting.
Transcriptomic profiling of OCA-treated mouse tumors uncovered distinct gene expression differences relative to
controls, including a notable reduction in MAX (MY C-associated factor X), a transcription factor that cooperates
with MYC. Gene set enrichment analysis (GSEA) confirmed a significant suppression of the Hallmark MYC
Target V1 gene ensemble following OCA exposure. Across multiple human and murine BC cell lines, FXR
stimulation produced dose-dependent decreases in proliferation, motility, and cell viability. By contrast, synthetic
activation of TGRS (GPBARI1), another common bile acid receptor responsive mainly to secondary bile acids,
showed no meaningful influence on cancer cell behavior. Altogether, activating FXR with a primary-bile-acid
mimetic such as OCA exerts strong anti-tumor activity, seemingly by limiting growth and migration while
reducing viability. These data highlight FXR as a potential tumor-suppressive target with relevance for
personalized BC therapies.
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Introduction

Breast cancer (BC) remains the most frequently diagnosed cancer among women and continues to be the top cause
of cancer-related death. Since the mid-2000s, annual incidence among females has risen by roughly 0.5% per year
[1]. Microbial metabolites—including bile acids—may influence tumor progression [2, 3]. Prior studies indicate
that BC patients often exhibit reduced systemic levels of primary bile acids when compared with non-cancer
controls [2, 4]. We reasoned that restoring or mimicking such primary bile acid signaling pharmacologically might
provide therapeutic benefit. However, the contribution of microbiome-derived metabolites to BC biology remains
insufficiently characterized [3], necessitating deeper investigation into bile acid-mediated pathways.

The principal human primary bile acids are cholic acid (CA) and chenodeoxycholic acid (CDCA) [2, 5]. Through
microbial dehydroxylation or deconjugation at the 7a/7f position, these are converted to secondary bile acids,
including lithocholic acid (LCA) and deoxycholic acid (DCA) [2]. Primary bile acids act largely through the
nuclear receptor farnesoid X receptor (FXR; NR1H4), the predominant bile acid receptor (BAR) [2, 5-7]. FXR
has previously been associated with anti-tumor functions in colorectal, bladder, and liver malignancies [8-11].
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Our analyses further show that elevated FXR expression correlates with superior survival in ER— and basal-like
BC cases, but not in luminal A or ER+ disease, suggesting an opportunity for subtype-specific therapeutic
approaches.

Consequently, we examined BAR-related signaling using established mimetic agonists. Activation of FXR by
Obeticholic acid (OCA; INT-747; Ocaliva) significantly impaired tumor expansion in vivo. In cell-based studies,
OCA similarly suppressed proliferation and migration, while increasing cancer cell death. In contrast, targeting
GPBAR1/TGR5—the membrane-bound bile acid receptor [2, 5]—failed to produce measurable anti-cancer
effects. Thus, FXR activation appeared uniquely effective. Since bariatric surgery elevates bile acid pools, these
results raise the possibility that such metabolic changes may contribute to enhanced cancer outcomes. Given that
OCA is already FDA-approved for primary biliary cholangitis (PBC), repurposing it for cancer-related trials may
be readily achievable.

Materials and Methods

Reagents

Unless otherwise specified, all chemicals were sourced from Sigma-Aldrich (St. Louis, MO, USA). Obeticholic
acid (OCA; INT-747; Cat. HY-12222, MedChemExpress, Monmouth, NJ, USA), the TGRS agonist INT-777
(Cat. HY-15677, MedChemExpress), and Paclitaxel (“Ptax”; Cat. N88686, AstaTech, Bristol, PA, USA; HY-
B0015, MedChemExpress) were used for both animal and cell-based studies. Antibodies were obtained from
Abcam, Invitrogen, and Proteintech, including polyclonal rabbit GPCR TGRS (AB72608, Abcam), polyclonal
rabbit NR1H4/FXR (AB235094, Abcam), polyclonal rabbit FXR (PA5-40755, Invitrogen), and monoclonal
mouse GAPDH (60004-1-Ig, Proteintech®, Rosemont, IL, USA).

Cell Lines and media

E0771-luciferase (E0771-luc [12]) and 4T1 murine BC lines were acquired from ATCC and cultured in RPMI-
1640 (Corning, Tewksbury, MA, USA) supplemented with 10% FBS (Gibco, Waltham, MA, USA), 1%
penicillin/streptomycin, and 1% GlutaMAX. Human BC-related lines—MCF7, MDA-MB-231, SUM159 (gift
from T. Seagroves), THP-1, and Huh7 (gift from A. Bajwa)—were grown in complete DMEM (Gibco) enriched
with 10% FBS, 1% GlutaMAX, 2 mM MEM non-essential amino acids, 1 mM sodium pyruvate, and 1%
penicillin/streptomycin. All cultures were maintained under sterile conditions at 37 °C with 5% CO:. Mycoplasma
status was routinely confirmed using the MycoAlert detection kit (Cat. LT07-318, Lonza, Basel, Switzerland).
Cells were passaged at sub-confluence, and subculturing was restricted to the 10th passage for each line.

Proliferation assay

Proliferation of human SUM159 and MDA-MB-231 breast cancer cells, along with murine E0771 cells, was
quantified using the IncuCyte S3 live-cell imaging platform (Sartorius AG, Géttingen, DE, Germany). SUM159
and MDA-MB-231 cultures were plated into 96-well plates at 1250 cells/well in 100 pL of full medium, whereas
E0771 cells were seeded at 1000 cells/well in the same volume. After an overnight period to allow attachment, 10
puL of FXR or TGRS agonists (OCA/INT-747 or INT-777) were added in a concentration-dependent series (1 uM,
10 uM, 50 uM, 100 uM) together with paclitaxel (Ptax) as the positive control at its designated doses. Confluency
(%) was measured every 6 h over a 72 h period. Data represent n = 3-4 independent experiments with n = 4-8
wells per condition.

Cell viability assay

Cell survival was evaluated at 64 h using the Vybrant MTT assay kit (Molecular Probes, Eugene, OR). A 12 mM
MTT stock was created in sterile PBS, and 10 pL was dispensed into each well. Following a 4 h incubation at 37
°C, 100 uL of SDS-HCI solution was added, and plates were incubated for another 4 h at 37 °C. Optical density
was read at 570 nm using the Cytation 5 multimode imaging reader (BioTek, Winooski, VT, USA). Results
represent n = 3 biological repeats with n = 4 technical replicates.

Migration assay
Cell motility was assessed via scratch-wound analysis on the IncuCyte S3 system. SUM159 and MDA-MB-231
TNBC cells were plated at 7500 cells/well in 96-well plates. When cultures reached 90% confluence, wounds
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were introduced using the IncuCyte WoundMaker (Sartorius AG). Wells were rinsed twice with complete
medium, and cells were maintained in 1% FBS during treatment with either OCA (0, 10, 50, 100 uM) or INT-777
(0, 1, 10, 50, 100 uM). Imaging continued for 66-78 h, and Relative Wound Density (%) was recorded every 6 h.
Experiments include N = 3 biological replicates and n = 4-8 technical replicates.

Western immunoblot

Cells were grown to sub-confluent levels and lysed using RIPA buffer (Cat. 20188, EMD Millipore, Burlington,
MA, USA) following established protocols [13-15]. Lysates were freeze-thawed, vortexed in 1x RIPA, and
centrifuged at 12, 000 g for 10 min at room temperature. Protein concentrations were measured using the Rapid
Gold BCA assay (Cat. A53225, PierceTM, Appleton, WI, USA). Eighty pg of total protein was loaded onto 12%
SDS-PAGE gels and electrophoresed at 120 V for 45 min, followed by transfer to PVDF membrane (Invitrogen)
overnight at 4 °C. Blots were incubated with anti-FXR and anti-TGRS5 (1:2000, overnight), with GAPDH (1:5000,
1 h) as the loading control.

Xenograft model
All procedures were approved by the UTHSC IACUC (protocol #23-0432). Mice were housed on a 12 h light/dark
schedule with standard breeder chow. MDA-MB-231 cells resuspended in serum-free DMEM were mixed at a
1:1 ratio with Matrigel (Product 354234, Corning®, Tewksbury, MA) and implanted into N = 30 female NSG
mice (12-13 weeks old). A total of 5 x 10° cells in 100 pL (final Matrigel 4.5 mg/mL) were injected into the right
4th mammary fat pad. Animals were examined three times weekly until tumors reached 80-150 mm?, measured
via digital calipers. Mice were randomized into three cohorts:

e  Vehicle (40% DMSO, 60% PEG; n = 8)

e OCA 30 mg/kg,n=17)

e Ptax (10 mg/kg, n=06)

Vehicle and OCA were administered daily by gavage; Ptax was given intraperitoneally three times per week.
Tumor volume was calculated using the formula (width? x length / 2) [13, 14, 16]. Body mass was recorded every
other day. At the endpoint, mice were euthanized, tumors excised, weighed, photographed, and snap-frozen.

In silico analysis
Overall survival associations were evaluated using the Kaplan-Meier Plotter resource (kmplot.com) [17]. This
tool integrates datasets from GEO [18], EGA [19, 20], and TCGA [21-23] as described by Gyorffy [24]. Analyses
included NR1H4 (FXR) and MAX transcripts using the RNAseq dataset (IDs: nr1h4 and MAX). The follow-up
criterion “all” was applied to include the full available time span. Sub-analyses for ER+, ER—, luminal A
(PAMS50), and basal-like TNBC used sample sizes of 2575, 214, 1504, and 309, respectively. No filters were
applied for treatment type, trichotomization, or custom cutoffs; “auto select best cutoff” remained enabled. This
feature evaluates all potential thresholds between upper and lower quartiles and applies Benjamini-Hochberg
corrections for FDR [25].
Cutoff values were:

e NRI1H4: ER+/ER—=-3.0; luminal A = —2.94; basal-like = —2.61

e MAX: ER+=5.54; ER—=5.08; luminal A = 5.54; basal-like = 4.99

Figures show hazard ratios (HRs), 95% confidence intervals, and log-rank p-values. Red curves indicate high
expression; black curves denote low expression.

RNA-Seq and pathway analysis of MDA-MB-231 tumors

Tumor specimens from vehicle-treated animals (n = 7) and those receiving OCA (n = 6) were processed for RNA
extraction using the RNeasy Mini Kit (#74104, Qiagen). RNA quality was examined on an Agilent TapeStation,
and only samples exceeding a RIN of 6.0 proceeded to library construction. mRNA libraries were prepared for
the Illumina workflow and sequenced at Azenta using a HiSeq setup, generating 2 x 150 bp reads.

Fastq files obtained from the HiSeq run were inspected with FastQC. Reads were aligned to the human genome
reference hg38 (Gencode v45) with STAR [26], and the resulting aligned files were arranged via SAMtools [27].
Quantification of transcript abundance was performed using Salmon [28]. Gene-level ENSENBL counts were
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imported into R version 4.3.1 [29], and tximport [30] was used to incorporate Salmon quantification files for
differential expression analysis conducted in DESeq?2 [31]. Differentially expressed genes (DEGs) were identified
using an adjusted p-value cutoff of < 0.1. Regularized log (rlog) transformation from DESeq2 was applied for
visualization and downstream steps. Heatmaps were produced with the ComplexHeatmap package [32], where
gene rows were clustered using complete linkage and samples were grouped by treatment in a semi-supervised
framework.

Genes found to be upregulated or downregulated were submitted to the DAVID portal [33, 34] to explore enriched
pathways and gene ontology categories. Volcano plots displayed DEGs meeting statistical criteria: adjusted p-
value < 0.05 combined with log2|FC| > 0.58.

Gene set enrichment analysis (GSEA) of MDA-MB-231 tumor RNA

GSEA (version 4.3.3) [35] was employed to identify enriched transcriptomic signatures. Input consisted of rlog-
transformed data from 7 vehicle samples and 6 OCA samples. Gene set significance was evaluated using 1000
permutations, applying a false discovery rate (FDR) boundary of 0.25 (25%). Hallmark gene sets from the
MSigDB Human Collection [36] served as the curated reference. For hallmark pathways, enrichment plots were
shown when nominal p-values were below 0.05.

Statistical analysis

All numerical outcomes were reported as mean + SEM using GraphPad Prism 10.0.2. Unless specified, analyses
were based on at least three independent biological replicates. Comparisons between groups were made by
Student’s t-test or one-way ANOVA. Levels of statistical significance were represented using: p > 0.05 (), p >
0.01 (), p>0.001 (), and p > 0.0001 (¥***).

Results and Discussion

Higher NR1H4 expression is associated with greater survival in patients with ER— and basal-like BC subtypes
Survival analyses were performed using KMPlotter with RNAseq datasets [25]. For ER+ cases, NR1H4 (FXR)
expression did not noticeably influence overall survival (Figure 1a). In luminal A tumors—the most common and
least aggressive category—elevated NR1H4 expression was linked to a slight decrease in survival (Figure 1b).
By contrast, patients with ER-tumors exhibited improved survival when NR1H4 levels were higher (Figure 1c).
A similar survival trend appeared in basal-like tumors, including most TNBC cases (Figure 1d), though without
statistical significance. Altogether, elevated NR1H4 expression seemed most beneficial in the more aggressive
disease subtypes.
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Figure 1. NR1H4 expression patterns in various breast cancer categories. KMPlotter RNAseq-based survival
analyses are shown for ER+ breast cancer (a), luminal A ER+ tumors (b), ER— cases (c), and basal-like
TNBC (d). Patient counts at each monthly interval are provided for low- versus high-expression groups.

Hazard ratios (HR) and log-rank P values compare high NR1H4 (red) to low NR1H4 (black).

FXR is expressed in human and murine triple-negative breast cancer cell lines

Because elevated NR1H4 correlated with improved survival in ER— and basal-like categories—commonly
TNBC—we evaluated FXR protein presence in multiple cell systems. Western blot experiments showed
detectable FXR in human breast cancer lines MDA-MB-231, MCF7, and SUM159. Across three blots, MDA-
MB-231 (including high-passage cells) and MCF7 displayed the strongest FXR expression, whereas SUM159
showed comparatively low levels (Figures 2a and 2b). THP-1 cells served as a low-FXR control, while Huh7
hepatocyte-like cells served as a positive reference. FXR expression was also observed in mouse-derived E0771
and 4T1 cells. Collectively, these findings indicate that the FXR protein is consistently present in diverse human
and murine breast cancer models.
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Figure 2. FXR protein in breast cancer cell lines. (a) Endogenous FXR (56 kDa) was detected in MCF7
(ER+), SUM159, and MDA-MB-231 TNBC cells. MDA-MB-231 cells at passages 4 and 14 verified that
FXR expression remains stable with additional passaging; experiments used passages <P10. THP-1 and Huh7
served as low and high FXR controls. GAPDH (37 kDa) was used for loading normalization. Images shown
represent n = 3 blots. (b) Quantification was completed using ImageJ, with FXR normalized to GAPDH and
plotted as mean —/+ SEM.

OCA administration suppressed TNBC tumor expansion in a xenograft setting
To assess whether stimulating FXR alters tumor development, we evaluated OCA in a TNBC xenograft system.
Female NSG mice were inoculated with MDA-MB-231 cells, generating detectable tumors by day 36. Once
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tumors reached 80 mm?, animals were stratified by tumor size and divided into treatment arms. Mice received
either vehicle or the FXR agonist OCA, delivered orally once per day at 30 mg/kg in a 40% DMSO / 60% PEG
mixture. A third group was given paclitaxel (Ptax) at 10 mg/kg, injected intraperitoneally three times weekly as a
positive standard. None of the interventions altered body mass. OCA markedly slowed TNBC tumor expansion
(Figure 3a) versus vehicle. As expected, Ptax also reduced tumor progression. At the study endpoint, OCA
produced a 2.2-fold drop in tumor volume and a 2.6-fold decline in tumor weight relative to controls (Figures 3b
and 3c). Representative excised tumors are shown in Figure 3d. These results identify OCA as a strong in vivo
inhibitor of breast tumor growth.
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Figure 3. FXR activation by OCA diminished TNBC tumor load. Age-matched NSG females received

MDA-MB-231 cells. Upon reaching 80 mm?, tumors were size-matched and treatments initiated. Vehicle or
OCA (30 mg/kg) was delivered orally in 40% DMSO/60% PEG, and Ptax (10 mg/kg) was administered
intraperitoneally three times weekly. Tumor measurements were taken daily via digital calipers. (a) Tumor
trajectories for 16 days. (b, ¢) Final tumor volume and excised mass quantification. (d) Representative
tumors from each cohort. (¢) Semi-supervised RNA-seq heatmap comparing vehicle vs. OCA groups, with
tumor mass and treatment indicated below the dendrogram. Highlighted genes correspond to significant hits
in (f) the volcano plot. (g) GSEA enrichment curve for Hallmark MYC Targets V1, nominal p = 0.025.
Data shown as mean + SEM, n = 6-8 animals per treatment. Significance assessed via one-way or two-way
ANOVA using LSD (GraphPad Prism 10.1). Notation: p > 0.01, *p > 0.001, ****p > 0.0001.
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Transcriptomic and GSEA profiling of OCA-treated TNBC tumors shows suppression of hallmark MYC target
genes

RNA extracted from frozen tumors was used to identify transcriptional pathways linked to reduced tumor size in
OCA-treated mice. Differentially regulated transcripts are presented in the heatmap (Figure 3e) and volcano
visualization (Figure 3f). OCA elevated DST (dystonin), a breast cancer-related tumor suppressor influencing
adhesion [37], as well as POGZ, a regulator of genome stability and proper mitosis [38]. Conversely, OCA reduced
MAX, a bHLHZ transcription factor that partners with MYC and is implicated in proliferation, glycolysis, and
motility in breast cancer [39]. High MAX levels correspond to better survival in ER+ or luminal A cases (p =
0.0011, 0.0062), but correlate with poorer outcomes in ER— or basal-like TNBC (p = 0.008, 0.014). Thus, the
OCA-driven decrease in MAX expression in TNBC likely confers a survival benefit. GSEA further indicated
significant enrichment of Hallmark MYC Target V1 in control tumors, with downregulation after OCA exposure
((Figure 3g), nominal p = 0.025).

FXR activation diminishes TNBC cell growth, survival, and motility

To delineate OCA’s direct cellular effects, assays measuring proliferation, viability, and migration were
performed using FXR activation at 0-100 pM. OCA caused a marked, dose-responsive reduction in proliferation
of MDA-MB-231 cells; the 50 and 100 uM doses produced strong inhibition, with only slight effects at 10 uM
(Figure 4a). A similar dose-related pattern was observed for cell viability, which decreased significantly at higher
concentrations and mirrored the 10 nM Ptax control (Figure 4b). Migration, assessed via scratch assay, was
unaffected at 10 uM, but substantially reduced at 50 and 100 uM (Figures 4c and 4d). In a second TNBC line,
SUM159, OCA produced the same dose- and time-linked decreases in proliferation, viability, and motility, with
100 uM being most effective. The murine line E0771 also displayed dose-dependent decreases in cell growth and
viability, with 100 uM inducing extensive cell death, and migration was significantly impaired at 50 uM relative
to DMSO. Collectively, FXR stimulation by this synthetic bile acid analogue exerts robust anti-cancer actions by
limiting the survival, expansion, and migration of TNBC cells.

Proliferation »- DMSO
= & OCA 10uM Viability
-20 1 - OCA 50pM 128 - -
® s - OCA 100pM E
. x = 100
§ o -‘ -+ Plax 10nM 3
] x ‘ 75~ T —
g 1000+ 3y naiv 3
K S so-
(] Nox g
s 5004 x & =
- O 254
<
04y T T T T 0~
0 18 36 54 12 DMSO 10 50 100 Ptax
Hours Concentrations OCA (uM)
a) b)
e 3 ’WoundAuaz » DMSO
& OCA 10pM
= 100- Wound Assey & OCA 50puM
? 3 - OCA 100pM
8 g 80+ A i
s A : $
e 60+ p? & e
- A
3 40- 4
=
S 204
: 3
3 & ° . L] L 1 L
0 18 36 54 72
Hours
c) d)

Figure 4. Effects of FXR activation on proliferation, viability, and migration. (a, b) MDA-MB-231 cells were
plated at 1250 cells/well in 96-well plates and monitored with IncuCyte. Treatments used 0-100 uM OCA
(INT-747), with 10 nM Ptax as a positive comparator. (a) Confluence (%) represents proliferation. (b) MTT-
based viability at 64 h. (c, d) Migration quantified via IncuCyte scratch assay; cells plated at 7500 cells/well.
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(c) Images at 0, 6, 36, and 72 h for DMSO and 50 pM OCA. (d) Relative wound density (%). Statistics:
Fisher’s LSD or one-way ANOVA; n = 4 technical replicates, representative of n = 3 biological replicates.
Values shown as mean + SEM. *** p <0.001, **** p < (0.0001.

TGRS bile acid receptor activation did not lessen triple-negative breast cancer cell growth, survival, or motility
To evaluate whether the anti-tumor responses were specific to FXR signaling, we also tested INT-777, a synthetic
ligand for the bile acid receptor TGRS, for any comparable anti-cancer impact. TGRS is abundantly expressed in
human breast cancer cells. Activation of TGRS in MDA-MB-231 and SUM159 cells failed to curb proliferation,
viability, or movement. Likewise, INT-777 did not slow growth or reduce survival in murine E0771 cells and
produced only minimal effects on migration. In several instances, higher doses of INT-777 even elevated
proliferation and migration beyond levels seen with DMSO.
Bile acids have been implicated in modulating tumor behavior in several cancers, though their mechanistic role
in TNBC has not been deeply examined before this work [3]. A reduction in breast cancer incidence after bariatric
surgery [40] coincides with increased circulating bile acid concentrations observed post-operation [41], suggesting
a possible therapeutic axis involving bile acid pathways. For this reason, we employed available synthetic bile
acid analogs, including OCA, which is FDA-approved. The central conclusions of this study highlight a role for
FXR signaling in breast cancer biology. Our results show that:
(i) individuals with elevated FXR levels exhibit improved survival specifically in ER— and basal-like tumors,
but not in ER+ or luminal A disease;
(ii)) both human and mouse breast cancer cell lines express FXR;
(ii1) stimulating FXR with OCA slowed tumor growth in mice, potentially by suppressing MY C-associated
transcriptional activity and reducing MAX expression;
(iv) OCA produced strong dose-dependent suppression of cell division, migration, and viability in vitro.

These effects appear to be specific to FXR, since the TGRS agonist INT-777 yielded only weak inhibition of
proliferation and viability and did not reduce migration. Prior reports likewise associate FXR expression with
markers of favorable prognosis and independent prediction of survival [42, 43], though subtype-specific trends
were not explored. Girisa et al. reviewed FXR involvement in several cancers [44], noting varied outcomes
depending on the ligand used—often GW4064 (with some reports suggesting off-target effects [45]), CDCA, or
guggulsterone. Notably, OCA (INT-747) had not been evaluated in those studies. The distinctive survival benefit
in ER patients supports the possibility of subtype-tailored therapies utilizing bile acid receptor agonists. FXR is
present in normal and malignant breast tissues and is associated with enhanced apoptosis [46]. It induces apoptosis
in breast epithelial and cancer cells in vitro [47-49], consistent with our findings. Altogether, FXR activation may
promote patient benefit through direct inhibition of cancer cell survival and movement. We propose that elevated
bile acid metabolites—such as those increased after bariatric surgery—may enhance FXR signaling, thereby
slowing neoplastic progression.

The microbiome may also influence cancer risk and development, though the field faces ongoing debate [3, 50,
51]. Microbial communities can alter levels of both host-derived and microbially generated metabolites, including
bile acids [2]. Primary bile acids (1°)—such as cholic acid (CA), chenodeoxycholic acid (CDCA), and muricholic
acid (MCA) in mice—are synthesized from cholesterol in the liver [2]. They are conjugated with glycine (GCA,
GCDCA) or taurine (TCA, TCDCA) before entering the intestine. Microbes possessing 7-alpha-hydroxylase,
including Clostridium cluster XIVa and Bacteroides, deconjugate primary bile acids, enabling conversion into
secondary (2°) bile acids. These molecules can function as signaling hormones affecting inflammation,
metabolism, and cancer through nuclear or membrane bile acid receptors. Patients with breast cancer have been
reported to exhibit lower bile acid levels [5]. Interestingly, bile acids were discovered in human breast tissue
decades ago, and oral BA administration was shown to preferentially accumulate there [52, 53]. Cook ef al. further
demonstrated that diet-modified bile acids appear in the breast tissue of non-human primates and do not
necessarily mirror circulating levels [54]. These discoveries highlight the potential for future work exploring
microbial and metabolite-driven influences on breast cancer development.

Obesity reshapes the gut microbiome and is linked with increased cancer incidence and mortality, including
heightened breast cancer risk [3, 55]. Roughly two-thirds of U.S. adults are overweight or obese, with greater
prevalence among women and higher rates in minority groups [56]. According to the WHO, obesity is defined as
a BMI exceeding 30 kg/m? [57]. Bariatric surgery remains the most effective therapy for significant weight
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reduction [55]. Several studies show that postoperative weight loss protects against ER— cancers, including TNBC
[3, 40], and improves clinical outcomes [56]. Our recent work showed that bariatric surgery also diminished
TNBC tumor growth in mice compared with obese sham-operated controls [14]. Elevations in bile acids after
surgery may be one factor contributing to improved long-term cancer outcomes, including effects persisting 5-10
years after the procedure. Given how strongly obesity and weight loss influence microbial composition, and
growing interest in microbial metabolites, it is plausible that bile acids or BAR activation contribute to the
protective mechanisms suggested in this study.

Breast cancer subtypes are defined by ER, PR, and HER2 status; tumors lacking all three are classified as TNBC
[2]. TNBC remains one of the most aggressive subtypes and lacks available targeted therapies because existing
drugs primarily focus on these receptors. Limited targeted treatment options lead to higher recurrence, greater
metastatic risk, and lower overall survival in TNBC patients [58, 59]. This unmet need underscores the importance
of new targeted prevention or treatment strategies such as FXR activation. One cross-cancer immunotherapy study
[60] reported that cases with high FXR (NR1H4) expression showed better survival following anti-PD-L1 therapy,
although breast cancer was not included in that dataset [60]. While chemotherapy is still the primary option for
TNBC, multiple immunotherapies have recently been approved. Yet not all patients respond, and some develop
adverse events [61]. As immunotherapy use expands, examining how bile acids, FXR levels, or specific mutations
shape therapeutic response may become increasingly significant.

Conclusion

Collectively, our findings indicate that FXR acts as a suppressor of tumor progression. Activating FXR led to
pronounced reductions in aggressive cancer cell behavior and, in vivo, limited tumor growth. Overall, these data
support the potential of FXR-targeted bile acid receptor agonists as promising therapeutic candidates with tumor-
suppressive properties in breast cancer.
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