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1. Introduction

Breast cancer remains the most prevalent malignancy among women worldwide, with
its incidence rising steadily over the past decades [1,2]. Advances in molecular profiling
have uncovered key oncogenic pathways, including the role of tumor microenvironment
components such as senescent cancer-associated fibroblasts in driving immune evasion and
tumor progression [3]. Therapeutic developments, such as CDK4/6 inhibitors ribociclib and
palbociclib, have significantly improved survival outcomes in hormone receptor-positive
HER2-negative breast cancer [4]. Additionally, lipid metabolism dysregulation, particularly
alterations in phospholipids and sphingolipids, has been implicated in breast cancer pro-
gression and response to therapy [5]. Precision medicine approaches integrating genomic
and metabolomic insights are reshaping treatment strategies, offering targeted therapies
such as PI3K inhibitors and immune checkpoint blockade [6,7]. However, persistent dispar-
ities in outcomes, particularly among racial and ethnic minorities, highlight the urgent need
for equitable access to screening and personalized interventions [1]. Future research should
focus on refining immunometabolic targets, improving survivorship care, and integrating
real-time molecular monitoring to enhance treatment efficacy and patient outcomes [8,9].

The phosphoinositide 3-kinase (PI3K)/Akt/mTOR pathway is a key oncogenic driver,
implicated in tumorigenesis, metastasis, and therapy resistance, particularly in hormone
receptor-positive (HR+) and triple-negative breast cancer (TNBC) [10,11]. Dysregulation of
this pathway contributes to enhanced proliferation, epithelial-mesenchymal transition, and
immune evasion, underscoring the need for targeted interventions [12]. Novel approaches,
including CDK4/6 and PI3K/mTOR inhibitors, offer combinatorial benefits in HR+/HER2-
breast cancer, yet resistance mechanisms necessitate further exploration of alternative
signaling cascades and immune-modulating strategies [13,14]. As precision medicine
evolves, integrating genomic, metabolomic, and immunotherapeutic insights will be critical
to optimizing patient outcomes and overcoming therapeutic resistance [9].

The human gut microbiota has emerged as a critical regulator of health and disease,
influencing metabolism, immunity, and neurological function [15,16].

Prebiotics, primarily fermentable dietary fibers, promote the growth of beneficial gut
bacteria, leading to the production of short-chain fatty acids (SCFAs) that exert systemic
metabolic and immunomodulatory effects [17,18]. Recent studies highlight the impact of
prebiotics and probiotics on conditions such as inflammatory skin diseases [19], metabolic
disorders [20], and mental health disorders, including depression [21]. The gut-liver and
gut-brain axes have been increasingly recognized as important mediators of these effects,
with evidence suggesting that dietary interventions targeting the gut microbiota could play
arole in disease prevention and therapy [22]. Beyond general health benefits, prebiotics also
show promise in cancer prevention and treatment, particularly in colon and breast cancer,
by modulating immune responses and inhibiting tumor growth [23,24]. The enrichment of
SCFA-producing bacteria through prebiotic supplementation has been linked to reduced
systemic inflammation, improved lipid metabolism, and enhanced insulin sensitivity,
influencing the progression of metabolic and hormone-related cancers [25]. Furthermore,
specific prebiotic compounds have been shown to enhance calcium absorption and bone
mineralization, which is crucial for patients at risk of osteoporosis due to cancer-related
treatments [26]. Despite these promising findings, further clinical trials and mechanistic
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studies are needed to fully understand the therapeutic potential of prebiotics in various
disease contexts, including oncology, metabolic syndrome, and immune disorders [17].

This study aims to comprehensively explore the interplay between estrogen receptor
(ER) signaling and the PI3K/AKT/mTOR pathway in breast cancer, emphasizing its role
in tumor progression, endocrine resistance, and therapeutic targeting. Additionally, we
evaluate the emerging role of prebiotics in modulating gut microbiota, estrogen metabolism,
and immune function, highlighting their potential as adjunctive therapies to enhance breast
cancer treatment outcomes and reduce therapy resistance.

2. Estrogen Receptor Signaling in Breast Cancer
2.1. Role of Estrogen Receptors in BC Development and Progression

Estrogen receptors (ERs), particularly estrogen receptor alpha (ERw), play a crucial
role in breast cancer development, progression, and treatment. ER« is a key oncogene in
breast cancer, driving tumor growth and progression in approximately 70-80% of breast
tumors [27]. The activation of ER signaling through estrogen binding promotes cell prolif-
eration, differentiation, and survival in hormone-sensitive cancers [28]. Estrogen receptors
(ERs) are ligand-activated transcription factors that play crucial roles in gene regulation
and exhibit both overlapping and specific tissue distribution patterns. The two main types
of nuclear estrogen receptors are ERax and ER{3, which have distinct functions and dis-
tributions in breast tissue [29]. ER« is predominantly expressed in a subset of luminal
cells, corresponding to less than 10% of normal mammary epithelial cells. However, it is
present in over 70% of breast tumors, making it a key driver of tumorigenesis in breast
cancer, especially in the presence of estrogen [30]. ER« is generally considered oncogenic
and is associated with the proliferation of breast cancer cells, especially in the presence of
estrogen [31].

In contrast, ERf has been shown to act as an oncosuppressor in several instances,
although its exact role in carcinogenesis and tumor progression is not yet fully understood.
ERp is expressed in a variety of breast cancers, including triple-negative breast cancers
(TNBCs), which has led to its consideration as a potential target for cancer therapy [29].

Interestingly, the distribution and functions of ERx and ERf3 in breast tissue can be
influenced by various factors. For instance, matrix stiffness has been found to play a
crucial role in regulating ERx expression and signaling in breast tissue. Increased matrix
stiffness upregulates ERo signaling through stress-mediated p38 activation and H3K27me3-
mediated epigenetic regulation [32]. This mechanobiological component adds another
layer of complexity to the understanding of estrogen receptor distribution and function in
breast tissue.

2.2. Mechanisms of Endocrine Resistance and Targeted Therapies

The importance of ERs in breast cancer is underscored by their role as predictive
biomarkers and therapeutic targets. ER-positive breast cancers are generally more re-
sponsive to endocrine therapies, which aim to inhibit estrogen signaling through various
mechanisms [33]. However, the development of resistance to these therapies remains a
significant challenge in breast cancer treatment.

Recent research has uncovered complex molecular mechanisms underlying ER sig-
naling in breast cancer (Figure 1). For instance, transcription factors such as ETV4 have
been found to control ER genomic binding and contribute to estrogen signaling [34]. Ad-
ditionally, post-translational modifications, such as ubiquitination, play a crucial role in
regulating ER protein stability and activity [35,36]. Understanding these mechanisms is
essential for developing more effective therapeutic strategies and overcoming endocrine
resistance in breast cancer.
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Figure 1. The molecular signaling pathways involved in breast cancer. The key gene mutations and
their interactions are highlighted. The diagram shows the involvement of receptor tyrosine kinases
(e.g., EGFR, ERBB family), signaling molecules (e.g., PIK3CA, AKT, MAPK), tumor suppressors
(e.g., PTEN, TP53), and cell cycle regulators (e.g., CDKN2A, RB1). These genes and proteins contribute
to crucial cellular processes such as growth, proliferation, survival, and metabolism in breast cancer.
Notably, alterations in these pathways can lead to cancer progression, highlighting their importance
in therapeutic targeting.

Estrogen receptor (ER) mutations, particularly in the ESR1 gene, play a significant
role in breast cancer development and treatment resistance. These mutations have been
identified as drivers of resistance and disease recurrence in hormone receptor-positive
breast cancer patients [37,38]. Approximately 40% of breast cancer patients develop resis-
tance to endocrine therapy, with ESR1 mutations being a common mechanism of acquired
resistance [39].

ESR1 mutations can lead to constitutively active forms of the estrogen receptor, which
remain functional even in the absence of estrogen [40]. This alteration in ER signaling can
render traditional endocrine therapies, such as aromatase inhibitors and tamoxifen, less
effective. The discovery of these mutated forms of ERx in metastatic hormonotherapy-
resistant breast cancer has provided a strong rationale for developing new antiestrogens
targeting clinically relevant ERx mutants [41,42].

To address the challenge posed by ESRI mutations, researchers have developed
selective estrogen receptor degraders (SERDs). The first-generation SERD, fulvestrant,
shows activity against ESR1 mutant tumors. However, its poor bioavailability and need
for intramuscular injections limit its effectiveness. Second-generation oral SERDs with
improved bioavailability and pharmacokinetics are now in phase IlI trials for both early and
advanced ER-positive breast cancer [43]. These new SERDs, such as palazestrant (OP-1250),
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demonstrate superior performance in wild-type and ESRI-mutant breast cancer models
compared to the existing treatments [44]. Additionally, combination therapies targeting
multiple pathways, such as CDK4/6 inhibitors or PI3K inhibitors, are being explored to
overcome resistance mechanisms [45].

2.3. Crosstalk Between ER Signaling and Other Pathways in BC

Estrogen receptor (ER) signaling is a critical regulator of cell proliferation, differenti-
ation, and survival in breast cancer. Estrogens act as growth factors necessary for cancer
invasion and dissemination [28].

Interestingly, ER signaling interacts with other pathways to promote cancer pro-
gression. For instance, crosstalk between classical (ER and PR) and nonclassical
(PGRMC1) signaling mechanisms exists in ER+ breast cancer cells, enhancing the growth of
ER+/PR+/PGRMCI1-overexpressing tumors [46]. Additionally, ER regulates the miR-29a—
PTEN-AKT axis, which governs breast cancer progression and metastasis. High levels of
miR-29a are associated with distant metastasis and poor survival in triple-negative breast
cancer [47].

The PI3K/AKT/mTOR signaling pathway plays a central role in regulating cellular
functions such as growth, proliferation, and survival. In breast cancer, this pathway is
frequently hyperactivated, contributing to tumor progression and resistance to various ther-
apies [48-50]. Dysregulation of the PI3K/AKT/mTOR pathway is particularly prevalent
in hormone receptor-positive (HR+) breast cancers, where it is associated with endocrine
therapy resistance [51].

Interestingly, the polyamine pathway has been found to interact with the PI3K/AKT/mTOR
pathway in breast cancer cells. Modulation of intracellular polyamine levels affects down-
stream targets of mTORCI, such as 4EBP1 and p70S6K phosphorylation, suggesting a
potential link between these two pathways in promoting cancer cell growth [52,53]. Addi-
tionally, the nuclear envelope component PRR14 has been identified as a novel interacting
node between the PI3K/AKT/mTOR and CHEK?2 pathways, contributing to breast carcino-
genesis and chemotherapy resistance [54].

The crosstalk between estrogen receptor (ER) signaling and other important pathways
in breast cancer, such as PI3K/AKT, plays a crucial role in tumor growth, progression,
and resistance to therapy. As we mentioned above, the PI3K/AKT/mTOR pathway is
particularly significant in the context of endocrine resistance. This pathway is frequently
activated in ER-positive breast cancers and plays a crucial role in sustaining resistance to
ER-targeted therapies [55].

Given the importance of the PI3K/AKT/mTOR pathway in breast cancer, numerous
therapeutic strategies targeting this pathway have been developed. These include PI3K
inhibitors, mTOR inhibitors, and dual PI3K/mTOR inhibitors [50]. Novel approaches, such
as nanozyme-based therapies targeting PI3K subunits, have shown promise in overcoming
tamoxifen resistance [56]. Additionally, natural compounds such as myo-inositol have
demonstrated potential in inhibiting the PI3K/AKT pathway and suppressing metastasis in
triple-negative breast cancer cells [57]. As research continues, targeting specific components
of the pathway, such as mTORC2 and its partner SIN1, may provide more effective and
less toxic therapeutic options for breast cancer patients [58] (Figure 2).

Beyond intracellular signaling pathways, emerging evidence highlights the influence
of systemic factors—such as the gut microbiota—on breast cancer behavior and therapeutic
efficacy. In this context, modulation of host-microbiota interactions are gaining attention as
a complementary strategy to enhance treatment outcomes in ER* breast cancer.



Biomedicines 2025, 13, 990 6 of 28

HER2 dimer HER2/EGFR

1

k»

Phosphorylation at S208 of SMAD3
SMAD
() Q ®) —@
() (e . (2

EMT,
migration

Figure 2. The role of PI3K/AKT signaling in modulating the TGF-3/SMAD3 pathway in breast
cancer progression. This schematic illustrates the crosstalk between TGF-3 and HER2/EGEFR sig-
naling in breast cancer cells. TGF-f signaling leads to the phosphorylation of SMAD2 and SMAD3,
enabling their complex formation with SMAD4, which translocates to the nucleus. Unmodified
SMAD3, in association with SMADA4, induces cytostasis (cell cycle arrest). However, HER2 and EGFR
signaling, through activation of the PI3K/AKT pathway, leads to phosphorylation of SMAD3 at serine
208 (5208), altering its function. This modified SMADS, in complex with SMAD4, promotes epithelial-
to-mesenchymal transition (EMT) and migration, which are hallmarks of cancer progression and
metastasis. This pathway highlights a potential mechanism by which HER2-driven breast cancer
evades TGF-f-induced tumor suppression and instead promotes tumor progression.

3. The Anticancer Potential of Prebiotics

Breast cancer remains the most prevalent cancer among women, accounting for ap-
proximately 25% of all newly diagnosed cases and 16% of global cancer-related deaths [59].
In 2023, an estimated 300,000 new cases of invasive breast cancer were projected in the
United States, with approximately 43,700 deaths [60]. Despite significant advances in
treatment, prevention strategies and adjunct therapies are urgently needed to improve
patient outcomes. One emerging avenue is the role of diet and the gut microbiome in
modulating cancer risk and therapy response [61,62].

Prebiotics—indigestible dietary fibers that selectively promote beneficial gut bacteria—
have attracted interest for their potential anticarcinogenic effects in breast cancer [63].
Research has shown that gut microbiota influences systemic estrogen levels, immune regu-
lation, inflammation, and even the efficacy of cancer therapies [64,65]. Preclinical studies
suggest that fermentable fiber-enriched diets can reduce mammary tumor growth and
enhance therapy response through short-chain fatty acid (SCFA) production, modulation
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of estrogen metabolism, and improved immune surveillance [66,67]. Epidemiological
analyses also correlate higher dietary fiber intake with a lower risk of breast cancer [68].

3.1. The Microbiota—Estrogen Axis

The interplay between gut microbiota and estrogen metabolism is critical in hormone-
dependent cancers [69]. The estrobolome refers to the collection of microbial genes capable
of metabolizing estrogens [70]. By influencing the enterohepatic circulation of estrogens,
the estrobolome can impact systemic estrogen exposure and estrogen receptor x-positive
(ER") breast cancer growth [71].

The liver metabolizes estrogens (estradiol, estrone, and estriol) and excretes them as
conjugated metabolites into bile. Gut microbiota with 3-glucuronidase enzymes can decon-
jugate these metabolites, allowing them to be reabsorbed into circulation [72]. Dysbiosis
with elevated 3-glucuronidase activity—often linked to certain Clostridium and Escherichia
species—can contribute to higher systemic estrogen levels and increased ER-driven tumor
growth. Conversely, beneficial microbes such as Lactobacillus and Bifidobacterium have lower
-glucuronidase activity and can suppress estrogen reabsorption [69].

Prebiotics (e.g., inulin, fructooligosaccharides, and galactooligosaccharides) selectively
enhance beneficial gut bacteria that modulate estrogen metabolism. Clinical trials demon-
strate that prebiotic consumption increases Bifidobacterium levels in the gut, leading to
reduced fecal 3-glucuronidase activity and lower circulating estrogen [73-75]. Experimen-
tal studies show that prebiotic-rich diets shift gut microbial composition, reduce serum
estradiol, and slow estrogen-dependent tumor growth [72].

SCFAs produced from prebiotic fermentation create an acidic colonic environment that
inhibits 3-glucuronidase-producing bacteria, further reducing estrogen reabsorption [76].
High-fiber diets may also influence estrogen levels via weight regulation, as excess adipose
tissue is a major estrogen source in postmenopausal women. Meta-analyses report that
high fiber intake correlates with an 8-12% reduction in breast cancer risk, partly due to
lowering body weight and estrogen production [77].

3.2. SCFAs and Epigenetic Reprogramming

Prebiotics exert additional anticancer effects through the microbial production of
SCFAs, including acetate, propionate, and butyrate [78]. SCFAs act as natural HDAC
inhibitors, altering chromatin structure and gene expression. Notably, butyrate down-
regulates ERo expression, mimicking the effects of selective estrogen receptor degraders
(SERDs) such as fulvestrant [79].

SCFAs also inhibit key oncogenic pathways, including the PI3K/AKT/mTOR and
NF-«B signaling cascades, thereby reducing tumor growth and survival [80]. Butyrate has
been shown to induce apoptosis in breast cancer cells through mitochondrial disruption,
oxidative stress, and G cell cycle arrest [81]. Additionally, SCFAs can enhance sensitiv-
ity to hormonal treatments, as shown in studies where butyrate combined with DNA
methyltransferase inhibitors improved response rates in ER* breast cancer cells [82].

SCFAs influence breast cancer cell metabolism by disrupting the Warburg effect—
aerobic glycolysis commonly seen in tumors [83]. Butyrate downregulates glucose trans-
porters such as GLUT], limiting cancer cell glucose uptake and ATP production [84].
Furthermore, SCFAs inhibit fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC),
reducing lipid synthesis necessary for tumor cell membrane production [85]. This metabolic
shift creates selective pressure against cancer cells while allowing normal cells to thrive [86].

3.3. Anti-Inflammatory Roles of Prebiotics in BC

The gut microbiota plays a crucial role in shaping immune function, which directly
impacts breast cancer progression [62]. SCFAs modulate the activity of innate immune
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cells, promoting tumoricidal macrophages (M1) while suppressing tumor-associated
macrophages (M2) [87]. Butyrate has also been shown to enhance natural killer (NK)
cell cytotoxicity, contributing to improved immune surveillance [88].

Chronic inflammation contributes to breast cancer initiation and progression. Pro-
inflammatory cytokines such as TNF-oc and IL-6 can promote estrogen metabolism into
DNA-damaging metabolites and activate NF-«kB signaling, which drives tumor prolifera-
tion [89,90]. Prebiotics help mitigate inflammation through SCFA-mediated inhibition of
NF-kB, reducing cytokine production [91].

Moreover, high-fiber diets expand regulatory T cell (Treg) populations, producing
IL-10, an anti-inflammatory cytokine that protects against DNA damage and protumor
signaling [92,93]. Prebiotics also enhance Th1l immune responses, increasing levels of
IFN-y and IL-12, which stimulate cytotoxic T cells and macrophages that target tumors [94]
(Figure 3).
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Figure 3. The contrasting roles of protumor and antitumor immune responses in the tumor microen-
vironment. On the left (protumor), various immune cells, such as Treg cells, MDSCs, and TAMs,
contribute to tumor progression through mechanisms such as the induction of Treg cells, secretion of
IL-10, and suppression of immune responses. Factors such as VEGF, MMPs, and RANKL support
tumor growth and immune evasion. On the right (antitumor), immune cells such as CD8+ T cells,
NK cells, and APCs activate antitumor responses, with cytokines such as TNF-«, IL-2, and IFN-y
promoting immune attack. The interaction of CXCL16 with immune cells enhances the tumor-killing
activity of CD8+ T cells and NK cells. The balance between these pro- and antitumor mechanisms is
critical for tumor progression and immune therapy responses.

Prebiotics exhibit promising anticancer properties in breast cancer prevention and ther-
apy through multiple mechanisms. They modulate estrogen metabolism by shaping the gut
microbiota, reduce tumor-promoting inflammation, and influence cancer cell metabolism
through SCFA production. Emerging research suggests that prebiotics may enhance the



Biomedicines 2025, 13, 990

9 of 28

efficacy of endocrine and metabolic therapies, presenting an exciting avenue for integrative
cancer treatment. Further clinical trials are needed to validate these findings and optimize
prebiotic-based interventions for breast cancer patients.

3.4. Dietary Interventions Targeting mTOR in ER+ BC

Recent studies demonstrate how a specific diet can reduce leucine levels in the tumor
microenvironment, thereby inhibiting mTORC1 activation [95]. SCFAs, derived from
resistant starch as prebiotics, can induce autophagy in cancer cells by downregulating
mTOR signaling [96].

Similarly, inulin supplementation has been associated with changes in gut microbial
composition, leading to increased production of short-chain fatty acids, such as propionic
acid, which can influence cancer cell proliferation by modulating mTOR signaling [81].
Notably, pentadecanoic acid also revealed a unique capacity to restore ERx expression in
treatment-resistant cells while concurrently suppressing mTOR activity. This combined
action resensitized resistant tumors to tamoxifen therapy [97] (Table 1).

Table 1. Prebiotic-driven microbiota changes and their immunological impacts in relation to breast

cancer (T means increase/| decrease).

Microbial/Metabolite Immune Effects Relevance to Breast Refs.
Change Cancer
1 Bifidobacterium and Strengthen the gut barrier, Reduced chronic [98,99]
Lactobacillus decrease systemic inflammation and
lipopolysaccharides, improved antitumor T cell
increase the IL-10 priming.
production, and enhance
the dendritic cell function.
1 Butyrate-producing 1 Butyrate levels: HDAC Anti-inflammatory milieu  [98,99]
bacteria inhibition in T cells and (less NF-kB activity)
(Faecalibacterium) macrophages; promote potentiates innate tumor
Treg differentiation and killing and could limit
IL-10; suppress M2 metastasis.
macrophages; activate NK
cells.
T Propionate and acetate Via GPR43 on neutrophils ~ Controlled inflammatory [100]
and GPR41 on monocytes, responses (prevent
modulate chemotaxis and  excessive Th17, which can
phagocytosis; propionate aid tumor angiogenesis);
also inhibits HDAC to maintain immune
reduce Th17 cytokines. surveillance by
neutrophils.
J Clostridia and E. coli Lower the microbial Decreased protumor [101]

(high GUS producers)

antigen load that drives
inflammation; possibly
reduce TLR activation
systemically.

inflammation (e.g., less
IL-6, which can stimulate
cancer cell proliferation)
may reduce
TLR4-mediated tumor
growth signals.
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Table 1. Cont.

Microbial/Metabolite Immune Effects Relevance to Breast Refs.

Change Cancer

1 Akkermansia Enhances TLR2 signaling, = Promotes an [102]

muciniphila strengthens the gut barrier, anti-inflammatory
and increases environment and may
anti-inflammatory inhibit tumor progression.
cytokines such as IL-10.

T Faecalibacterium Produces butyrate, induces  Anti-inflammatory milieu;  [103]

prausnitzii Treg differentiation, and potential reduction in
suppresses tumor-promoting
pro-inflammatory inflammation.
cytokines.

T Bacteroides fragilis Polysaccharide A induces =~ Modulates immune [104]
IL-10 production and response and may reduce
enhances the regulatory T inflammation-associated
cell function. tumorigenesis.

T Roseburia spp. Butyrate production Supports gut integrity; [105]
enhances mucosal potential protective role
immunity and induces against cancer.

Treg cells.

1 Clostridium butyricum Butyrate production Anti-inflammatory effects  [106]
promotes Treg cells and may suppress tumor
inhibits pro-inflammatory  growth.
cytokines.

1 Ruminococcus bromii Resistant starch Enhances gut health; [107,108]
degradation; butyrate potential indirect effects on
production; supports the tumor suppression.
gut barrier.

1 Eubacterium sp. Produces butyrate and SCFA-mediated [109,110]
propionate and modulates  anti-inflammatory effects;
immune responses. possible tumor

suppression.

1 Bifidobacterium longum  Enhances dendritic cell Boosts antitumor [111,112]
maturation, increases immunity; potential to
IFN-y production, and enhance immunotherapy
supports NK cell activity. efficacy.

1 Streptococcus Produces lactate and Promotes antitumor [113]

thermophilus modulates macrophage immune responses and
polarization towards the may inhibit tumor growth.
M1 phenotype.

1 Veillonella parvula Lactate fermentation to SCFA-mediated immune [114]
propionate modulates T modulation; potential
cell responses. anticancer effects.

1 Anaerostipes caccae Butyrate production Supports an [115]

enhances Treg cell
differentiation and
suppresses inflammation.

anti-inflammatory
environment and may
reduce cancer risk.
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Table 1. Cont.

Microbial/Metabolite Immune Effects Relevance to Breast Refs.
Change Cancer
T Coprococcus comes Produces butyrate, Maintains gut integrity; [116]
modulates the gut barrier =~ potential protective role
function, and influences against tumorigenesis.
immune homeostasis.
1 Desulfovibrio piger Produces hydrogen sulfide, Complex role: excessive [117]
modulates inflammatory hydrogen sulfide may
responses, and impacts the promote inflammation,
gut barrier. while balanced levels could
support gut health.

4. Evidence from Preclinical and Clinical Studies

It was reported that giving young mice a diet with broccoli sprouts plus green
tea polyphenols led to a significant inhibition of mammary tumor growth; analysis
showed an increase in SCFA-producing taxa and beneficial genera such as Lactococcus and
Ruminococcaceae in the gut of those mice [66].

A 2022 study found that combining exercise and inulin fiber in breast cancer sur-
vivor mice altered their gut microbiota, reducing inflammation and slowing tumor
growth in recipient germ-free mice. These benefits were linked to increased SCFAs (bu-
tyrate/propionate) and improved gut barrier function [98].

Another study on 1958 women found that higher fiber consumption correlated with
lower plasma levels of interleukin 6 (IL-6) and tumor necrosis factor-o receptor-2 (TNF-
«-R2), though not C-reactive protein [118]. Obesity is associated with modifications in
adipokine and cytokine profiles, characterized by elevated levels of leptin and diminished
levels of adiponectin, which may facilitate the progression of breast cancer [119].

In women with obesity, weight reduction achieved through dietary interventions
has been demonstrated to diminish the levels of pro-inflammatory markers. A 12-week
dietary intervention study involving 29 premenopausal obese women showed significant
reductions in weight, body mass index, and plasma levels of IL-6 and IL-18 [120].

4.1. Prebiotics: Systemic Health

The gut-brain axis is a bidirectional communication system between the gastrointesti-
nal tract and the central nervous system, regulated through neural, endocrine, immune,
and microbial metabolite pathways. The gut microbiota plays a pivotal role in modulating
neurotransmitter synthesis, neuroinflammation, blood-brain barrier (BBB) integrity, and
cognitive function [121].

Novel research highlights the safeguarding properties of butyrate, a short-chain fatty
acid produced by intestinal microbiota, concerning the structural integrity of the blood—
brain barrier (BBB). Butyrate strengthens tight junction proteins, particularly occludin and
claudin-5, in brain endothelial cells, preventing neurotoxic molecules from entering the
brain [122].

It has anti-inflammatory properties, contributing to the decrease in neuroinflamma-
tion, a common aspect noted in neurodegenerative ailments such as Alzheimer’s disease
(AD). Furthermore, it helps in the formation of the brain-derived neurotrophic factor
(BDNF), a significant protein that supports the preservation, growth, and transforma-
tion of neurons, consequently affecting mental functions and possibly reducing cognitive
deterioration [123].
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SCFAs can cross the blood-brain barrier and interfere with amyloid-B (Ap) peptide
aggregation, reducing the formation of neurotoxic oligomers [124]. Long-term dietary SCFA
supplementation in AD mouse models has been found to alleviate cognitive impairment by
reducing A deposition and tau hyperphosphorylation. SCFAs also promote the glutamate—
glutamine shuttle between astrocytes and neurons, potentially enhancing neuroprotection
against oxidative damage [99].

Acetate and propionate can cross the BBB and influence brain function by modulating
neurotransmitter systems. They are involved in the synthesis of neurotransmitters, primar-
ily gamma-aminobutyric acid (GABA) and serotonin, which are important for emotional
changes and aiding cognitive functions [125].

In addition, SCFAs have been shown to have neuroprotective effects, particularly
in pediatric populations, by influencing immune responses and maintaining gut barrier
integrity [126]. In experimental models, SCFAs have demonstrated the ability to mitigate
neuroinflammation and protect against neurodegenerative processes, such as those seen in
Alzheimer’s disease and Japanese encephalitis [127,128].

Chronic mild gut inflammation accelerates a-synuclein aggregation and motor dys-
function in Parkinson’s disease (PD) mouse models [129]. The gut-brain axis is implicated
as a key pathological origin and potential therapeutic target for PD [130]. Prebiotic inter-
ventions show promise in modulating PD symptoms. A fiber-rich diet attenuates motor
deficits, reduces x-synuclein aggregation, and promotes beneficial microglial states in
a-synuclein-overexpressing mice [131].

Beyond the systemic effects of prebiotics on neurological functions, they also have a
cardiological impact in patients diagnosed with breast cancer, who are already exhibiting
heightened susceptibility to cardiovascular complications attributable to the cardiotoxic
effects of chemotherapy, alongside inflammation and metabolic alterations. Prebiotics
and gut microbiota modulation have been shown to support heart health through lipid
regulation, blood pressure control, endothelial function, and inflammation reduction [132].

Intriguingly, SCFA administration, such as propionate, lowers vascular dysfunction
and heart hypertrophy in hypertensive mice. The administration of inulin has been shown
to reduce cardiometabolic risk and enhance antioxidant capacity in women diagnosed with
diabetes. It was reported to lower systolic blood pressure (SBP) and decrease elevations in
diastolic blood pressure (DBP) and MAP in breast cancer patients receiving neoadjuvant
therapy in several studies that used double-blind, placebo-controlled trials [133].

Butyrate, a short-chain fatty acid, has been demonstrated to reduce blood pressure
via multiple physiological mechanisms. It activates GPR41/43 receptors, leading to va-
sodilation and reduced hypertension [134]. GPR41/43 signaling is crucial for maintaining
gut epithelial barrier integrity, preventing bacterial toxin translocation, and reducing renal
inflammation. Lack of these receptors increases the risk of hypertension and cardiorenal
fibrosis [135].

Sodium butyrate supplementation during pregnancy and lactation can prevent hy-
pertension in offspring exposed to a maternal tryptophan-free diet by modulating gut
microbiota and restoring the renin-angiotensin system balance [136]. SCFAs, particularly
acetate and butyrate, enhance nitric oxide (NO) production and bioavailability, promoting
vasodilation and improving endothelial function [137].

4.2. Preclinical Studies
4.2.1. Breast Microbiota and Tumor Biology

Investigations into the breast microbiome have elucidated distinct microbial profiles
in both normative and neoplastic tissues. A particular study indicated that Lactobacillaceae,
Acetobacteraceae, and Xanthomonadaceae primarily inhabit normal breast tissue, whereas Ral-
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stonia demonstrated greater prevalence in breast tumors and adjacent normal tissues [138].
Importantly, these discrepancies in microbial composition were correlated with variations
in gene expression patterns. Normal tissues displayed a heightened activity in the genes
associated with metabolism and immune functions, whereas the presence of Ralstonia was
related to perturbations in carbohydrate metabolism.

Furthermore, an additional study assessing microbiota-immune interactions in both
benign and cancer-affiliated breast tissues discovered that benign tissues possessed a
more cohesive microbial network. Key contributors to this network included Anaerococcus,
Caulobacter, and Streptococcus, which were conspicuously absent in cancerous tissues. The
composition of these microbes exerted a significant influence on the expression of immune-
related genes, for instance, Propionibacterium and Staphylococcus, which were diminished
in tumors and exhibited a negative correlation with oncogenic immune characteristics,
while Streptococcus and Propionibacterium demonstrated a positive correlation with genes
associated with T cell activation [139].

4.2.2. Gut Microbiota and Breast Cancer Prognosis

The gut microbiota has emerged as a key player in shaping the prognosis of early
breast cancer and mediating chemotherapy-related side effects. A clinical study utilizing
shotgun metagenomics revealed that breast cancer patients exhibit an altered gut microbial
composition compared to healthy individuals. These differences were associated with
clinical parameters such as tumor size and lymph node involvement. Moreover, specific
gut bacteria that were overrepresented in breast cancer patients negatively impacted disease
prognosis, suggesting the potential utility of microbiota monitoring as a predictive tool for
treatment efficacy and side effect management [140].

In another study, the relationship between intestinal microbiota, chemotherapy side
effects, and treatment outcomes was investigated in postmenopausal ER+BC patients
undergoing adriamycin, cyclophosphamide, and docetaxel therapy. The study, which
included 44 patients who provided 153 stool samples, found a significant decline in mi-
crobial richness during treatment, along with notable shifts in bacterial groups such as
Proteobacteria, Lactobacillus, Marvinbryantia, Christensenellaceae R7, and Ruminococcaceae
taxa [141]. Given the essential role of Christensenellaceae and Ruminococcaceae in short-chain
fatty acid production [142], their decrease could disrupt intestinal homeostasis, linking
microbiota alterations to chemotherapy-induced side effects. Several mechanisms are
proposed (Figure 4).

4.2.3. Intratumoral Microbiota and Metastasis

The significance of intratumoral microbiota in facilitating metastasis has increasingly
garnered scholarly interest. In a murine model of breast cancer (MMTV-PyMT), it was
observed that bacteria residing within tumors contribute to enhanced metastatic coloniza-
tion via the reorganization of the actin cytoskeleton in circulating tumor cells, thereby
augmenting their resilience against fluid shear stress. The elimination of these bacterial
populations resulted in a marked reduction in pulmonary metastasis without influencing
the growth of the primary tumor. Moreover, the introduction of specific bacterial strains
extracted from tumor-associated microbiota was shown to promote metastasis in various
murine cancer models, indicating that targeting tumor-associated microbiota may offer a
novel therapeutic strategy [143].
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Figure 4. Microbiome modulation in breast cancer treatment. Prebiotics, probiotics, synbiotics, and
postbiotics influence breast cancer progression by altering microbial composition, gene expression,
and immune functions. Prebiotics support beneficial gut bacteria, while probiotics impact both normal
and cancerous tissues. Synbiotics can reduce chemotherapy-induced side effects, whereas postbiotics
contribute to epigenetic modulation. These interventions promote macrophage proliferation, T cell
activation, and interferon-y production, aiding in early prognosis, metastasis inhibition, reduced
chemotherapy side effects, and improved immunotherapy effectiveness.

A separate investigation revealed that a high-fat diet (HFD) facilitates breast cancer
progression by modifying both gut and mammary microbiota compositions. Fecal trans-
plants from HFD-treated mice to mice on a control diet reproduced these effects, leading
to elevated levels of bacterial lipopolysaccharides (LPS), which compromised epithelial
permeability in both gut and mammary tissues. The HFD or microbiota derived from
HFD-subjected subjects resulted in the downregulation of the genes associated with tight
junctions. In contrast, exposure to LPS was correlated with an increased proliferation
of breast cancer cells. Furthermore, a clinical trial demonstrated that supplementation
with fish oil influenced the microbiota within breast tumors and adjacent normal tis-
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sues, underscoring the interrelation between the diet, the microbiota, and breast cancer
development [144,145].

4.2.4. Targeting Microbiota to Improve Therapeutic Outcomes

Research has highlighted the potential of microbiota-targeted interventions to enhance
breast cancer therapies. In animal models, ampicillin significantly reduced tumor size and
inhibited lung metastasis by restructuring the tumor’s immunological environment, pro-
moting M1 macrophage proliferation, T cell infiltration, and reducing microbial recognition
pathways. The decline of Staphylococcus epidermidis improved the immune response against
tumors. Combining ampicillin with paclitaxel further boosted therapeutic efficacy [146].

Another study showed that intratumoral delivery of supernatants from Bacteroides
fragilis and Bifidobacterium bifidum effectively reduced breast tumor development in mice,
inducing necrosis and increasing interferon-y levels while decreasing IL-10. Remarkably,
three out of four treated mice became tumor-free within 10-25 days [147].

Additionally, lactic acid bacteria from human breast milk, particularly P. acidilactici,
decreased MDA-MB-231 breast cancer cell viability in vitro and inhibited cancer cell migra-
tion, suggesting its potential as a therapeutic agent [148].

A comprehensive study of 33,780 postmenopausal women over 16.6 years found that
high milk consumption increased the risk of estrogen receptor-positive breast cancer. In
contrast, a high intake of fermented dairy products was linked to a reduced risk of estrogen
receptor-negative breast cancer [149].

Overall, targeting microbiota through therapeutic interventions shows promise as a
complementary approach in breast cancer management, emphasizing the need to under-
stand dietary influences on microbiota to tailor effective treatments.

5. Translational and Clinical Applications of Prebiotics in BC
5.1. The Role of Prebiotics in BC Treatment

Several investigations have explored the potential of prebiotics as adjunctive therapeu-
tic strategies for breast cancer management. Several reports [101,150] have demonstrated
that prebiotic supplementation significantly improved microbiota composition and serum
biomarkers in breast cancer patients undergoing surgery, chemotherapy, and radiotherapy.
These studies have reported enhanced absolute neutrophil count, reduced fasting glucose
concentrations, and lower low-density lipoprotein (LDL) cholesterol levels—factors crucial
in mitigating breast cancer recurrence.

Microbiome analysis further revealed notable shifts in biological specimens such as
feces, serum, and urine, with Ruminococcus sp. and Streptococcus sp. being the most signifi-
cantly affected bacterial taxa. Additionally, adverse effects linked to prebiotic consumption
were predominantly mild and gastrointestinal, suggesting their safe integration into breast
cancer treatment protocols [151].

5.2. Synergistic Effects of Prebiotics and Exercise

Recent research has highlighted the potential of combining prebiotic supplementa-
tion with exercise to enhance health outcomes in breast cancer patients. While exercise
alone induced minimal changes in gut microbiota composition, microbiota transplantation
from post-exercise individuals into germ-free mice led to reduced tumor proliferation and
improved immune responses, characterized by lower vascular endothelial growth factor
(VEGF) levels [152]. The combination of prebiotic supplementation with exercise further
enhanced beneficial microbial shifts and strengthened antitumor immune responses, in-
dicating a potential synergistic approach to improving clinical outcomes in breast cancer
patients [153].
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Physical activity has been shown to influence the gut microbiota composition in breast
cancer survivors. In a study where participants engaged in a 12-week exercise program,
fecal microbiota transplantation (FMT) from post-exercise individuals into germ-free mice
resulted in reduced tumor volume and favorable immune profiles [154]. This suggests
that exercise-induced changes in the gut microbiota can have systemic effects, including
modulation of tumor progression and immune function.

Prebiotics, such as oligofructose, serve as dietary fibers that selectively stimulate the
growth of beneficial gut bacteria. When combined with exercise, prebiotic supplementation
has been associated with enhanced antitumor immune responses. A study demonstrated
that the combination of prebiotic supplementation with exercise further enhanced beneficial
microbial shifts and strengthened antitumor immune responses, indicating a potential
synergistic approach to improving clinical outcomes in breast cancer patients [155].

Integrating exercise and prebiotic supplementation into the care regimen of breast
cancer patients may offer a non-pharmacological strategy to modulate the gut microbiota
and immune system, potentially improving treatment outcomes and the quality of life [156].
However, further clinical trials are necessary to confirm these findings and establish stan-
dardized guidelines for implementation.

5.3. Prebiotics and Immune Checkpoint Therapy

Fucoidan, a natural dietary compound with prebiotic properties, has been found to
potentiate the effects of anti-PD-1 monoclonal antibody immunotherapy by modulating
the gut microbiota and the associated metabolites. Fucoidan is a sulfated polysaccharide
primarily derived from brown seaweeds such as Laminaria japonica and Undaria pinnatifida.
Recent studies have highlighted its potential as an immunomodulatory agent, particu-
larly when used in combination with immune checkpoint inhibitors, such as anti-PD-1
monoclonal antibodies [157].

The gut microbiota has long been recognized for its significant influence on the im-
mune function, with emerging research indicating its critical role in cancer therapy, particu-
larly in modulating responses to immunotherapy. Fucoidan acts as a prebiotic, influencing
the composition and diversity of the gut microbiota. In a study by Li et al. [158], fucoidan
supplementation in mice undergoing anti-PD-1 immunotherapy resulted in a significant
increase in populations of beneficial gut bacteria, including Bifidobacterium, Faecalibaculum,
and Lactobacillus. These bacterial species are known for their immunoregulatory functions,
and their enhancement by fucoidan was associated with a notable improvement in im-
mune responses against tumors [158]. This modulation of the gut microbiota represents an
exciting avenue for enhancing the effectiveness of immunotherapies.

Fucoidan has a multifaceted role in immune modulation. It has been shown to activate
macrophages and dendritic cells, key players in the initiation of immune responses. In
animal models, fucoidan has been demonstrated to enhance the proliferation of spleen
lymphocytes and peritoneal macrophages, thereby boosting both innate and adaptive
immune responses [159]. Additionally, fucoidan supplementation has been associated with
increased production of pro-inflammatory cytokines, such as TNF-« and IL-6, which are
crucial for sustaining immune responses and improving antitumor activity [160].

The synergy between fucoidan and anti-PD-1 monoclonal antibodies has been in-
vestigated in various cancer models. This combination therapy leads to enhanced tumor
suppression with a reduction in tumor size and weight, as compared to either treatment
alone [161]. The improved efficacy of this combination is thought to arise from the fucoidan-
induced modulation of the gut microbiome, which, in turn, optimizes the immune system'’s
ability to respond to PD-1 blockade. For example, a study by Zhang et al. [162] revealed
that fucoidan treatment not only promoted a shift towards a more favorable microbiota, but
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also increased the population of CD8+ T cells, which are essential for tumor cell destruction
in PD-1 inhibition therapies. Furthermore, fucoidan-induced changes in the microbiota led
to the increased production of short-chain fatty acids (SCFAs), which are known to activate
immune cells and potentiate the effects of immunotherapies [163].

Recent research continues to uncover the complexity of fucoidan’s role in cancer
immunotherapy. Yang et al. [164] have demonstrated that fucoidan not only enhances the
gut microbiome diversity, but also influences metabolic pathways in tumor-bearing hosts,
contributing to a more robust antitumor response when combined with PD-1 inhibitors.
The exploration of fucoidan’s impact on the gut microbiome and immune system presents
an exciting frontier in cancer therapy, offering a natural adjunctive strategy to optimize
immunotherapeutic outcomes.

Overall, the combination of fucoidan with anti-PD-1 monoclonal antibodies represents
a promising therapeutic approach, leveraging the gut microbiota’s influence on immune
modulation to enhance cancer treatment efficacy. However, further clinical studies and
trials are needed to fully understand the mechanisms at play and determine the optimal
dosage and treatment regimens for fucoidan in immunotherapy settings.

5.4. Gut Microbiota Modulation by Phytochemicals

Sweet potato-derived compounds. A study on three bioactive compounds—daucosterol
linolenate (DLA), daucosterol linoleate (DL), and daucosterol palmitate (DP)—from sweet
potatoes demonstrated significant tumor suppression in MCF-7 xenograft models. These
compounds inhibited tumor growth, reduced serum tumor markers, activated apoptotic
pathways, and altered the gut microbiota composition by increasing Bacteroidetes and
decreasing Firmicutes, supporting their potential in breast cancer prevention [165].

Fructus Bruceae Oil (BO). Extracted from Brucea javanica, BO exhibited breast cancer
suppression via gut microbiota modulation and mTOR pathway inhibition. Interestingly,
BO lacked efficacy in germ-free conditions, reinforcing the critical role of gut microbiota in
its anticancer effects [166].

Ginkgo biloba leaf extract (GLE). GLE was shown to reduce the intestinal breast cancer
resistance protein (BCRP) expression, enhancing sulfasalazine bioavailability. Additionally,
it altered the gut microbiota composition, suggesting its role in modifying drug transporter
activity and herb—drug interactions in breast cancer treatment [167].

Poria cocos ethanol extract. This extract enhanced intestinal barrier integrity and
microbiota composition in breast cancer models by upregulating tight junction proteins and
promoting beneficial bacterial growth while reducing pathogenic microbes, highlighting
the gut microbiota’s role in intestinal and systemic health [168].

Camellia Sinensis nanovehicles. Nanovehicles derived from Camellia sinensis flowers
exhibited anticancer properties by inducing apoptosis and suppressing tumor growth and
metastasis, along with modulating gut microbiota composition in preclinical models [169].

5.5. The Role of SCFAs in BC Treatment

Short-chain fatty acids (SCFAs), primarily acetate, propionate, and butyrate, are
metabolites produced by the gut microbiota through the fermentation of dietary fibers.
Beyond their role as energy sources, SCFAs have emerged as significant modulators in
cancer therapy, particularly in breast cancer.

SCFAs have demonstrated potential as selective estrogen receptor downregulators
(SERDs) in endocrine-resistant breast cancer. Butyrate, propionate, and acetate effectively
downregulate both wild-type and mutant estrogen receptor alpha (ERx). Notably, bu-
tyrate and propionate also promote histone acetylation, mimicking the effects of histone
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deacetylase (HDAC) inhibitors, thereby influencing gene expression related to cancer
progression [170].

Further research into sodium butyrate (NaB) and sodium propionate (NaP) has demon-
strated their ability to inhibit MCF-7 breast cancer cell proliferation in a dose-dependent
manner. NaB exhibited greater potency than NaP, inducing cellular differentiation, cell
cycle arrest at the G1 phase, and extensive apoptosis at higher concentrations [171].

SCFAs exert their anticancer effects through multiple mechanisms:

Epigenetic modulation. SCFAs influence gene expression by modifying histone acety-
lation and methylation patterns, leading to the activation of tumor suppressor genes and
inhibition of oncogenes [172].

Receptor-mediated signaling. SCFAs interact with free fatty acid receptors (FFARs),
such as FFAR2 and FFAR3, on breast cancer cells, modulating pathways that regulate cell
proliferation, differentiation, and apoptosis [173].

Immune system modulation. SCFAs influence immune cell function, enhancing the
antitumor activity of cytotoxic T lymphocytes and natural killer cells, thereby supporting
the body’s immune surveillance against cancer cells [174].

Integrating SCFAs into breast cancer therapy offers a promising strategy to overcome
endocrine resistance and support treatment efficacy. Dietary interventions rich in fiber
can promote SCFA production, potentially serving as adjunctive treatments alongside
conventional therapies. However, further clinical studies are necessary to establish optimal
SCFA formulations, dosages, and treatment regimens to maximize therapeutic benefits.

5.6. Combination Therapies with SCFAs and Phytochemicals

Recent studies have demonstrated that combining short-chain fatty acids (SCFAs) such
as sodium butyrate (NaB) with phytochemicals such as sulforaphane (SFN) and genistein
(GE) can significantly enhance therapeutic outcomes in breast cancer. While exercise alone
induced minimal changes in the gut microbiota composition, microbiota transplantation
from post-exercise individuals into germ-free mice led to reduced tumor proliferation
and improved immune responses, characterized by lower vascular endothelial growth
factor (VEGF) levels [152]. The combination of prebiotic supplementation with exercise
further enhanced beneficial microbial shifts and strengthened antitumor immune responses,
indicating a potential synergistic approach to improving clinical outcomes in breast cancer
patients [153].

The tri-combination of SFN, NaB, and GE has been shown to exhibit synergistic effects
in inhibiting breast cancer cell proliferation. This combination was more effective than indi-
vidual treatments in reducing cell viability, inducing apoptosis, and arresting the cell cycle
at the G2/M phase. Mechanistically, this therapy suppressed the key epigenetic regulators,
including DNA methyltransferases (DNMTs), HDACs, and histone methyltransferases,
while promoting histone acetylation. These findings highlight the potential of combining
dietary components to modulate epigenetic mechanisms for breast cancer prevention and
treatment [155].

Sulforaphane (SFN), an isothiocyanate found in cruciferous vegetables, has demon-
strated anticancer properties by modulating epigenetic regulators. It inhibits HDACs
and enhances histone acetylation, leading to the suppression of tumorigenic genes. SFN
also induces apoptosis and cell cycle arrest in breast cancer cells [154]. Sodium butyrate
(NaB), a SCFA produced by gut microbiota fermentation of dietary fibers, serves as an
HDAC inhibitor. It induces histone acetylation, leading to the activation of tumor suppres-
sor genes and inhibition of cancer cell proliferation [175]. Genistein (GE), an isoflavone
abundant in soy products, acts as a DNMT inhibitor. It demethylates promoter regions
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of tumor suppressor genes, reactivating their expression and inhibiting breast cancer cell
growth [176].

Integrating SFN, NaB, and GE into breast cancer therapy offers a promising strategy to
modulate epigenetic mechanisms. This combination targets multiple pathways, including
DNA methylation, histone modification, and cell cycle regulation, to inhibit tumor progres-
sion. Further clinical studies are warranted to validate these findings and establish optimal
dosing regimens for effective translation into therapeutic interventions [177].

5.7. Synbiotics as Supportive Care in BC Treatment

Synbiotics, which combine probiotics and prebiotics, have been explored as adjunctive
therapies to alleviate chemotherapy-related adverse effects.

A clinical trial reported that synbiotic supplementation significantly reduced ab-
normal defecation and fatigue over an eight-week period. While nausea, vomiting, and
anorexia also decreased, these changes were not statistically significant compared to placebo
controls [178].

A systematic review of randomized clinical trials found that synbiotics containing
Lactobacillus and Bifidobacterium species, along with prebiotic fructooligosaccharides (FOS),
were effective in mitigating obesity and dyslipidemia among breast cancer patients and
survivors [179].

A study investigating synbiotic supplementation with caloric restriction in breast
cancer-related lymphedema (BCRL) demonstrated that participants in the intervention
group showed significant improvements in the quality of life, reductions in edema volume,
and lower body mass indices compared to the controls. However, differences between
the synbiotic and caloric restriction groups were not statistically significant, suggesting
that synbiotics may provide additional, albeit modest, benefits in lymphedema manage-
ment [180].

Emerging evidence supports the integration of prebiotics, synbiotics, and SCFA-based
therapies into breast cancer treatment regimens. Prebiotics not only modulate the gut
microbiota, but also influence the immune function, epigenetic regulation, and response to
conventional cancer therapies. While clinical studies continue to refine their therapeutic
potential, prebiotics and synbiotics hold promise as complementary interventions that may
enhance treatment efficacy, reduce side effects, and improve the patients” quality of life.

6. Conclusions

Breast cancer remains a major global health challenge, necessitating the exploration of
novel therapeutic strategies to enhance treatment efficacy and improve patient outcomes.
Estrogen receptor signaling is a key driver of breast cancer progression, with ERec acting as
an oncogene and ERf} exhibiting tumor-suppressive properties. The intricate crosstalk be-
tween ER signaling and other molecular pathways, such as PI3K/AKT/mTOR, underscores
the need for innovative approaches to target endocrine resistance and tumor progression.

Emerging evidence suggests that prebiotics play a pivotal role in breast cancer pre-
vention and therapy by modulating the gut microbiota composition, influencing systemic
estrogen metabolism, and enhancing immune responses. The production of short-chain
fatty acids (SCFAs) through prebiotic fermentation has demonstrated significant antitumor
effects, including epigenetic regulation, metabolic reprogramming, and suppression of
inflammatory pathways. Furthermore, prebiotics and synbiotics have shown promise in
alleviating chemotherapy-related side effects and improving the quality of life in breast
cancer patients.

Future research should focus on large-scale clinical trials to validate the efficacy
of prebiotic interventions in breast cancer management. Personalized approaches that
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integrate dietary modifications, microbiome profiling, and targeted therapeutics may
provide a more comprehensive strategy for improving patient outcomes. The integration of
prebiotics into standard cancer care holds great potential for enhancing treatment responses
and paving the way for microbiota-based precision medicine in oncology.

Author Contributions: Conceptualization, H.S.; writing—original draft preparation, S.A., BM.H.,
S.M. and A.Y,; illustrations, A.-H.S.W. and S.M.; revision and approval of the final draft, S.A.-G., ER.,
HH., O.FA.A, AILA. and B.A. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Data Availability Statement: All data generated are presented in the current MS.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

AC: acetate; AD: Alzheimer’s disease; APCs: antigen-presenting cells; ATP: adenosine triphos-
phate; BBB: blood-brain barrier; BC: breast cancer; BCRP: breast cancer resistance protein; BDNF:
brain-derived neurotrophic factor; BMI: body mass index; CDK: cyclin-dependent kinase; CHEK2:
checkpoint kinase 2; DNA: deoxyribonucleic acid; DNMTs: DNA methyltransferases; ER: estrogen
receptor; ERa: estrogen receptor alpha; ER3: estrogen receptor beta; ERBB: erythroblastic leukemia
viral oncogene homolog; E. coli: Escherichia coli; EGFR: epidermal growth factor receptor; ESR1:
estrogen receptor 1; FAS: fatty acid synthase; FFARs: free fatty acid receptors; FOS: fructooligosac-
charides; GE: genistein; GPR: G protein-coupled receptor; GUS: 3-glucuronidase; HDAC: histone
deacetylase; HER2: human epidermal growth factor receptor 2; HFD: high-fat diet; HR+: hormone
receptor-positive; IFN-y: interferon gamma; IL: interleukin; LPS: lipopolysaccharide; M1: tumo-
ricidal macrophages; M2: tumor-associated macrophages; MAP: mean arterial pressure; MDSCs:
myeloid-derived suppressor cells; MMPs: matrix metalloproteinases; mTOR: mammalian target of
rapamycin; NaB: sodium butyrate; NaP: sodium propionate; NF-«B: nuclear factor kappa B; NK:
natural killer; PD-1: programmed cell death protein 1, PGRMC1: progesterone receptor membrane
component 1; PI3K: phosphoinositide 3-kinase; PR: progesterone receptor; PRR14: proline rich
14; PTEN: phosphatase and tensin homolog; RANKL: receptor activator of nuclear factor kappa B
ligand; RB1: retinoblastoma 1; R7: Christensenellaceae R7; SCFAs: short-chain fatty acids; SERDs:
selective estrogen receptor degraders; SIN1: stress-activated map kinase-interacting protein 1; TAMs:
tumor-associated macrophages; TGF-f3: transforming growth factor beta; Th1: T-helper 1 cells; TNBC:
triple-negative breast cancer; TNF-o:: tumor necrosis factor alpha; Treg: regulatory T cell; VEGF:
vascular endothelial growth factor; Wnt: wingless/integrated.

References

1.

Giaquinto, A.N.; Sung, H.; Newman, L.A.; Freedman, R.A.; Smith, R.A ; Star, J.; Jemal, A.; Siegel, R.L. Breast cancer statistics 2024.
CA Cancer J. Clin. 2024, 74, 477-495. [CrossRef]

Menon, G.; Alkabban, FM.; Ferguson, T. Breast Cancer. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2025.

Ye, J.; Baer, ].M.; Faget, D.V.; Morikis, V.A.; Ren, Q.; Melam, A.; Delgado, A.P,; Luo, X.; Bagchi, S.M.; Belle, ].L; et al. Senescent
CAFs Mediate Inmunosuppression and Drive Breast Cancer Progression. Cancer Discov. 2024, 14, 1302-1323. [CrossRef]
Slamon, D.J.; Diéras, V.; Rugo, H.S.; Harbeck, N.; Im, S.A.; Gelmon, K.A.; Lipatov, O.N.; Walshe, ].M.; Martin, M.; Chavez-
MacGregor, M.; et al. Overall Survival With Palbociclib Plus Letrozole in Advanced Breast Cancer. |. Clin. Oncol. 2024, 42,
994-1000. [CrossRef] [PubMed]

Cao, Y,; Ai, M,; Liu, C. The impact of lipidome on breast cancer: A Mendelian randomization study. Lipids Health Dis. 2024,
23,109. [CrossRef]


https://doi.org/10.3322/caac.21863
https://doi.org/10.1158/2159-8290.CD-23-0426
https://doi.org/10.1200/JCO.23.00137
https://www.ncbi.nlm.nih.gov/pubmed/38252901
https://doi.org/10.1186/s12944-024-02103-2

Biomedicines 2025, 13, 990 21 of 28

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

Wang, D.; Liu, X.; Hong, W.; Xiao, T.; Xu, Y.; Fang, X.; Tang, H.; Zheng, Q.; Meng, X. Muscone abrogates breast cancer progression
through tumor angiogenic suppression via VEGF/PI3K/Akt/MAPK signaling pathways. Cancer Cell Int. 2024, 24, 214. [CrossRef]
[PubMed]

Liu, H.; Zhang, J.; Zhao, Y.; Fan, Z.; Yang, Y.; Mao, Y.; Yang, J.; Ma, S. CD93 regulates breast cancer growth and vasculogenic
mimicry through the PI3K/AKT/SP2 signaling pathway activated by integrin $1. J. Biochem. Mol. Toxicol. 2024, 38, e23688.
[CrossRef] [PubMed]

Di Pace, B.; Padley, R.H. Survivorship and breast cancer: Navigating the continuum of care. J. Surg. Oncol. 2024, 130, 36-37.
[CrossRef]

Montazeri Aliabadi, H. Molecular Targets for Breast Cancer Therapy. Biomolecules 2024, 14, 1219. [CrossRef]

Jia, W.; Lin, X,; Chen, X,; Li, H.; Zhang, X.; Zhang, Y.; Chen, Y.; Wang, B.; Chen, X.; Chen, J.; et al. Rujifang inhibits triple-negative
breast cancer growth via the PI3K/AKT pathway. J. Ethnopharmacol. 2024, 327, 118011. [CrossRef]

Zhang, H.; Zhang, L.; He, Y,; Jiang, D.; Sun, J.; Luo, Q.; Liang, H.; Wang, T.; Li, F,; Tang, Y.; et al. PI3K PROTAC overcomes the
lapatinib resistance in PIK3CA-mutant HER?2 positive breast cancer. Cancer Lett. 2024, 598, 217112. [CrossRef]

Gao, F; Liu, S.; Wang, J.; Wei, G; Yu, C.; Zheng, L.; Sun, L.; Wang, G.; Sun, Y.; Bao, Y.; et al. TSP50 facilitates breast cancer stem
cell-like properties maintenance and epithelial-mesenchymal transition via PI3K p110« mediated activation of AKT signaling
pathway. J. Exp. Clin. Cancer Res. 2024, 43, 201. [CrossRef] [PubMed]

Rossetti, S.; Broege, A.; Sen, A.; Khan, S.; MacNeil, I.; Molden, ].; Kopher, R.; Schulz, S.; Laing, L. Gedatolisib shows superior
potency and efficacy versus single-node PI3K/AKT/mTOR inhibitors in breast cancer models. NP] Breast Cancer 2024, 10, 40.
[CrossRef] [PubMed]

Smit, D.J.; Brauer, H.; Horn, S.; Yigit, G.; Haider, M.T.; Pogenberg, V.; Schumacher, U.; Pantel, K.; Jiicker, M. Functional
characterization of PI3K C2 domain mutations detected in breast cancer circulating tumor cells and metastatic cells. Cell. Signal.
2024, 121, 111270. [CrossRef]

Guarner, F; Sanders, M.E.; Szajewska, H.; Cohen, H.; Eliakim, R.; Herrera-deGuise, C.; Karakan, T.; Merenstein, D.; Piscoya, A.;
Ramakrishna, B.; et al. World Gastroenterology Organisation Global Guidelines: Probiotics and Prebiotics. J. Clin. Gastroenterol.
2024, 58, 533-553. [CrossRef] [PubMed]

Leach, S.T. Role of Probiotics and Prebiotics in Gut Symbiosis. Nutrients 2024, 16, 238. [CrossRef]

Aguilera, M.; Daddaoua, A. Prebiotics and Probiotics: Healthy Biotools for Molecular Integrative and Modulation Approaches
2.0. Int. J. Mol. Sci. 2024, 25, 4872. [CrossRef]

Floch, M.H. Probiotics and Prebiotics. Gastroenterol. Hepatol. 2014, 10, 680-681.

Buhas, M.C.; Candrea, R.; Gavrilas, L.I; Miere, D.; Tataru, A.; Boca, A.; Cdtinean, A. Transforming Psoriasis Care: Probiotics and
Prebiotics as Novel Therapeutic Approaches. Int. J. Mol. Sci. 2023, 24, 1225. [CrossRef]

Khosravi, S.; Tabatabaei-Malazy, O.; Emamgholipour, S.; Sojoodi, M.; Shabani, P. Editorial: Prebiotics in the management of
obesity and associated metabolic disorders. Front. Endocrinol. 2024, 15, 1432530. [CrossRef]

Zhang, Q.; Chen, B.; Zhang, J.; Dong, J.; Ma, J.; Zhang, Y.; Jin, K,; Lu, J. Effect of prebiotics, probiotics, synbiotics on depression:
Results from a meta-analysis. BMIC Psychiatry 2023, 23, 477. [CrossRef]

Laudani, S.; Grosso, G. Gut-liver axis: May prebiotics play a role? Int. J. Food Sci. Nutr. 2023, 74, 719-720. [CrossRef]

Nicolucci, A.C.; Hume, M.P; Martinez, I.; Mayengbam, S.; Walter, J.; Reimer, R.A. Prebiotics Reduce Body Fat and Alter Intestinal
Microbiota in Children Who Are Overweight or With Obesity. Gastroenterology 2017, 153, 711-722. [CrossRef] [PubMed]

Zheng, D.W.; Li, R.Q.; An, ].X,; Xie, T.Q.; Han, Z.Y.; Xu, R; Fang, Y.; Zhang, X.Z. Prebiotics-Encapsulated Probiotic Spores
Regulate Gut Microbiota and Suppress Colon Cancer. Adv. Mater. 2020, 32, €2004529. [CrossRef] [PubMed]

Lei, Z.; Xu, M; Li, Y.; Chen, L.; Li, H. Prebiotics, Probiotics and Nutrients in Cardiovascular and Kidney Disease. Nutrients 2023,
15,4284. [CrossRef]

Whisner, C.M.; Weaver, C.M. Prebiotics and Bone. Adv. Exp. Med. Biol. 2017, 1033, 201-224. [CrossRef] [PubMed]

Cao, J.; Wu, G,; Wang, Y.; Wang, ].; Li, H,; Yang, K.; Gu, H.; Sun, W,; Qian, C.; Ren, T.; et al. USP35, regulated by estrogen and
AKT, promotes breast tumorigenesis by stabilizing and enhancing transcriptional activity of estrogen receptor «. Cell Death Dis.
2021, 12, 619. [CrossRef]

Miziak, P.; Baran, M.; Blaszczak, E.; Przybyszewska-Podstawka, A.; Katafut, J.; Smok-Kalwat, J.; Dmoszyiiska-Graniczka, M.;
Kietbus, M.; Stepulak, A. Estrogen Receptor Signaling in Breast Cancer. Cancers 2023, 15, 4689. [CrossRef] [PubMed]

Sellitto, A.; Alexandrova, E.; Rocco, D.; Weisz, A.; Lamberti, J.; Coviello, E.; Pecoraro, G.; Memoli, D.; Tarallo, R.; Rizzo, F; et al.
Insights into the Role of Estrogen Receptor {3 in Triple-Negative Breast Cancer. Cancers 2020, 12, 1477. [CrossRef]

Porras, L.; Mader, S.; Ismail, H. Positive Regulation of Estrogen Receptor Alpha in Breast Tumorigenesis. Cells 2021, 10, 2966.
[CrossRef]

Clusan, L.; Percevault, F; Jullion, E.; Le Goff, P,; Tiffoche, C.; Fernandez-Calero, T.; Métivier, R.; Marin, M.; Pakdel, E;; Michel, D.;
et al. Codon adaptation by synonymous mutations impacts the functional properties of the estrogen receptor-alpha protein in
breast cancer cells. Mol. Oncol. 2023, 17, 1302-1323. [CrossRef]


https://doi.org/10.1186/s12935-024-03401-6
https://www.ncbi.nlm.nih.gov/pubmed/38898449
https://doi.org/10.1002/jbt.23688
https://www.ncbi.nlm.nih.gov/pubmed/38511888
https://doi.org/10.1002/jso.27671
https://doi.org/10.3390/biom14101219
https://doi.org/10.1016/j.jep.2024.118011
https://doi.org/10.1016/j.canlet.2024.217112
https://doi.org/10.1186/s13046-024-03118-4
https://www.ncbi.nlm.nih.gov/pubmed/39030572
https://doi.org/10.1038/s41523-024-00648-0
https://www.ncbi.nlm.nih.gov/pubmed/38839777
https://doi.org/10.1016/j.cellsig.2024.111270
https://doi.org/10.1097/MCG.0000000000002002
https://www.ncbi.nlm.nih.gov/pubmed/38885083
https://doi.org/10.3390/nu16020238
https://doi.org/10.3390/ijms25094872
https://doi.org/10.3390/ijms241311225
https://doi.org/10.3389/fendo.2024.1432530
https://doi.org/10.1186/s12888-023-04963-x
https://doi.org/10.1080/09637486.2023.2274274
https://doi.org/10.1053/j.gastro.2017.05.055
https://www.ncbi.nlm.nih.gov/pubmed/28596023
https://doi.org/10.1002/adma.202004529
https://www.ncbi.nlm.nih.gov/pubmed/33006175
https://doi.org/10.3390/nu15194284
https://doi.org/10.1007/978-3-319-66653-2_10
https://www.ncbi.nlm.nih.gov/pubmed/29101657
https://doi.org/10.1038/s41419-021-03904-4
https://doi.org/10.3390/cancers15194689
https://www.ncbi.nlm.nih.gov/pubmed/37835383
https://doi.org/10.3390/cancers12061477
https://doi.org/10.3390/cells10112966
https://doi.org/10.1002/1878-0261.13399

Biomedicines 2025, 13, 990 22 of 28

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Munne, P; Klefstrom, J.; Heikkild, P.; Vdananen, J.; Raty, I.; Hukkinen, K.; Kivento, M.; Ruuska, J.; Monni, O.; Pouwels, J.; et al.
Compressive stress-mediated p38 activation required for ER\u03b1\u2009+\u2009phenotype in breast cancer. Nat. Commun.
2021, 12, 6967. [CrossRef] [PubMed]

Lloyd, M.R.; Wander, S.A.; Hamilton, E.; Razavi, P.; Bardia, A. Next-generation selective estrogen receptor degraders and other
novel endocrine therapies for management of metastatic hormone receptor-positive breast cancer: Current and emerging role.
Ther. Adv. Med. Oncol. 2022, 14, 175883592211136. [CrossRef]

Rodriguez, A.C.; Vahrenkamp, ].M.; Berrett, K.C.; Clark, K.A.; Guillen, K.P.; Scherer, S.D.; Yang, C.-H.; Welm, B.E.; Janat-Amsbury,
M.M.; Graves, B.J.; et al. ETV4 Is Necessary for Estrogen Signaling and Growth in Endometrial Cancer Cells. Cancer Res. 2020, 80,
1234-1245. [CrossRef]

Zhou, Y.; Chu, P; Wang, Y.; Li, N.; Gao, Q.; Wang, S.; Wei, ].; Xue, G.; Zhao, Y.; Jia, H.; et al. Epinephrine promotes breast cancer
metastasis through a ubiquitin-specific peptidase 22-mediated lipolysis circuit. Sci. Adv. 2024, 10, eado1533. [CrossRef] [PubMed]
Zou, Y; Yang, A.; Chen, B.; Deng, X.; Xie, J.; Dai, D.; Zhang, ].; Tang, H.; Wu, T.; Zhou, Z.; et al. crVDACS3 alleviates ferroptosis by
impeding HSPB1 ubiquitination and confers trastuzumab deruxtecan resistance in HER2-low breast cancer. Drug Resist. Updates
2024, 77,101126. [CrossRef] [PubMed]

Boscolo Bielo, L.; Trapani, D.; Nicolo, E.; Valenza, C.; Guidi, L.; Belli, C.; Kotteas, E.; Marra, A.; Prat, A.; Fusco, N.; et al. The
evolving landscape of metastatic HER2-positive, hormone receptor-positive Breast Cancer. Cancer Treat. Rev. 2024, 128, 102761.
[CrossRef]

Oliveira, M.; Pominchuk, D.; Nowecki, Z.; Hamilton, E.; Kulyaba, Y.; Andabekov, T.; Hotko, Y.; Melkadze, T.; Nemsadze, G.;
Neven, P; et al. Camizestrant, a next-generation oral SERD, versus fulvestrant in post-menopausal women with oestrogen
receptor-positive, HER2-negative advanced breast cancer (SERENA-2): A multi-dose, open-label, randomised, phase 2 trial.
Lancet Oncol. 2024, 25, 1424-1439. [CrossRef]

Jeffreys, S.A.; Mok, K.; Becker, T.M.; Balakrishnar, B.; Neubauer, H.; Powter, B.; De Souza, P,; Soon, P.; Franken, A. Endocrine
Resistance in Breast Cancer: The Role of Estrogen Receptor Stability. Cells 2020, 9, 2077. [CrossRef]

Clusan, L.; Pakdel, E; Le Goff, P; Flouriot, G. A Closer Look at Estrogen Receptor Mutations in Breast Cancer and Their
Implications for Estrogen and Antiestrogen Responses. Int. . Mol. Sci. 2021, 22, 756. [CrossRef]

Lloyd, M.R,; Brett, ].O.; Carmeli, A.; Weipert, C.M.; Zhang, N.; Yu, ]J.; Bucheit, L.; Medford, A.].; Wagle, N.; Bardia, A.; et al.
CDK4/6 Inhibitor Efficacy in ESR1-Mutant Metastatic Breast Cancer. NEJM Evid. 2024, 3, EVID0a2300231. [CrossRef]

Zhuang, T.; Zhang, S.; Liu, D.; Li, Z.; Li, X.; Li, J.; Yang, P.; Zhang, C.; Cui, J.; Fu, M,; et al. USP36 promotes tumorigenesis and
tamoxifen resistance in breast cancer by deubiquitinating and stabilizing ER«. J. Exp. Clin. Cancer Res. 2024, 43, 249. [CrossRef]
Neupane, N.; Thapa, S.; Falkson, C.; Gurusinghe, S.; Bawek, S.; Dhakal, A.; O'Regan, R.; Ghaffary, E.M.; Mirmosayyeb, O. Oral
SERD, a Novel Endocrine Therapy for Estrogen Receptor-Positive Breast Cancer. Cancers 2024, 16, 619. [CrossRef]

Parisian, A.D.; Barratt, S.A.; Hodges-Gallagher, L.; Ortega, F.E.; Pefia, G.; Sapugay, J.; Robello, B.; Sun, R.; Kulp, D.; Palanisamy,
G.S,; et al. Palazestrant (OP-1250), A Complete Estrogen Receptor Antagonist, Inhibits Wild-type and Mutant ER-positive Breast
Cancer Models as Monotherapy and in Combination. Mol. Cancer Ther. 2024, 23, 285-300. [CrossRef] [PubMed]

Glaviano, A.; Wander, S.A; Baird, R.D.; Yap, K.C.H.; Lam, H.Y.; Toi, M.; Carbone, D.; Geoerger, B.; Serra, V.; Jones, R.H.; et al.
Mechanisms of sensitivity and resistance to CDK4/CDKG6 inhibitors in hormone receptor-positive breast cancer treatment. Drug
Resist. Updates 2024, 76, 101103. [CrossRef] [PubMed]

Pedroza, D.A.; Subramani, R.; Tiula, K.; Do, A.; Rashiraj, N.; Galvez, A.; Chatterjee, A.; Bencomo, A.; Rivera, S.; Lakshmanaswamy,
R. Crosstalk between progesterone receptor membrane component 1 and estrogen receptor o promotes breast cancer cell
proliferation. Lab. Investig. 2021, 101, 733-744. [CrossRef] [PubMed]

Li, J.; Zhao, Q.; Guo, Y.; Li, D.; Xie, H; Liu, C.; Hu, X;; Liu, S.; Hou, Z.; Wei, X,; et al. Regulation of ERx-dependent breast cancer
metastasis by a miR-29a signaling. J. Exp. Clin. Cancer Res. 2023, 42, 93. [CrossRef]

Hao, C.; Wei, Y.; Meng, W.; Zhang, J.; Yang, X. PI3K/AKT/mTOR inhibitors for hormone receptor-positive advanced breast
cancer. Cancer Treat. Rev. 2025, 132, 102861. [CrossRef]

Khorasani, A.B.S.; Hafezi, N.; Sanaei, M.J.; Jafari-Raddani, F.; Pourbagheri-Sigaroodi, A.; Bashash, D. The PI3K/AKT/mTOR
signaling pathway in breast cancer: Review of clinical trials and latest advances. Cell Biochem. Funct. 2024, 42, €3998. [CrossRef]
Zhang, H.P; Jiang, R.Y.; Zhu, ].Y.; Sun, K.N.; Huang, Y.; Zhou, H.H.; Zheng, Y.B.; Wang, X.J. PI3K/AKT/mTOR signaling pathway:
An important driver and therapeutic target in triple-negative breast cancer. Breast Cancer 2024, 31, 539-551. [CrossRef]

Mery, B.; Trédan, O.; Le Romancer, M.; Poulard, C. Targeting AKT in ER-Positive HER2-Negative Metastatic Breast Cancer: From
Molecular Promises to Real Life Pitfalls? Int. . Mol. Sci. 2021, 22, 13512. [CrossRef]

Lee, B.J.; Boyer, J.A.; Burnett, G.L.; Thottumkara, A.P; Tibrewal, N.; Wilson, S.L.; Hsieh, T.; Marquez, A.; Lorenzana, E.G.; Evans,
J.W,; et al. Selective inhibitors of mTORC1 activate 4EBP1 and suppress tumor growth. Nat. Chem. Biol. 2021, 17, 1065-1074.
[CrossRef] [PubMed]

Meng, D.; Zhao, X.; Yang, Y.C.; Navickas, A.; Helland, C.; Goodarzi, H.; Singh, M.; Bandyopadhyay, S. A bi-steric mTORC1-
selective inhibitor overcomes drug resistance in breast cancer. Oncogene 2023, 42, 2207-2217. [CrossRef] [PubMed]


https://doi.org/10.1038/s41467-021-27220-9
https://www.ncbi.nlm.nih.gov/pubmed/34845227
https://doi.org/10.1177/17588359221113694
https://doi.org/10.1158/0008-5472.CAN-19-1382
https://doi.org/10.1126/sciadv.ado1533
https://www.ncbi.nlm.nih.gov/pubmed/39151008
https://doi.org/10.1016/j.drup.2024.101126
https://www.ncbi.nlm.nih.gov/pubmed/39243601
https://doi.org/10.1016/j.ctrv.2024.102761
https://doi.org/10.1016/S1470-2045(24)00387-5
https://doi.org/10.3390/cells9092077
https://doi.org/10.3390/ijms22020756
https://doi.org/10.1056/EVIDoa2300231
https://doi.org/10.1186/s13046-024-03160-2
https://doi.org/10.3390/cancers16030619
https://doi.org/10.1158/1535-7163.MCT-23-0351
https://www.ncbi.nlm.nih.gov/pubmed/38102750
https://doi.org/10.1016/j.drup.2024.101103
https://www.ncbi.nlm.nih.gov/pubmed/38943828
https://doi.org/10.1038/s41374-021-00594-6
https://www.ncbi.nlm.nih.gov/pubmed/33903732
https://doi.org/10.1186/s13046-023-02665-6
https://doi.org/10.1016/j.ctrv.2024.102861
https://doi.org/10.1002/cbf.3998
https://doi.org/10.1007/s12282-024-01567-5
https://doi.org/10.3390/ijms222413512
https://doi.org/10.1038/s41589-021-00813-7
https://www.ncbi.nlm.nih.gov/pubmed/34168367
https://doi.org/10.1038/s41388-023-02737-z
https://www.ncbi.nlm.nih.gov/pubmed/37264081

Biomedicines 2025, 13, 990 23 of 28

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Ren, X.; Qi, L.; Wu, B.; Long, M.; Li, Z.; Yang, M.; Jin, T.; Tu, C. Oncogene PRR14 promotes breast cancer through activation of
PI3K signal pathway and inhibition of CHEK2 pathway. Cell Death Dis. 2020, 11, 464. [CrossRef]

Nunnery, S.E.; Mayer, [.A. Targeting the PI3K/AKT/mTOR Pathway in Hormone-Positive Breast Cancer. Drugs 2020, 80,
1685-1697. [CrossRef]

Jiang, W.; Zhong, S.; Chen, Z.; Qian, J.; Huang, X.; Zhang, H.; Wen, L.; Zhang, Y.; Yao, G. 2D-CuPd nanozyme overcome tamoxifen
resistance in breast cancer by regulating the PI3K/AKT/mTOR pathway. Biomaterials 2022, 294, 121986. [CrossRef]

Minini, M.; Senni, A.; He, X.; Proietti, S.; Liguoro, D.; Catizone, A.; Giuliani, A.; Mancini, R.; Fuso, A.; Cucina, A.; et al.
miR-125a-5p impairs the metastatic potential in breast cancer via IP6K1 targeting. Cancer Lett. 2021, 520, 48-56. [CrossRef]
[PubMed]

Ezine, E.; Dumaz, N.; Lebbe, C. Unmasking the tumourigenic role of SIN1/MAPKAP1 in the mTOR complex 2. Clin. Transl. Med.
2023, 13, e1464. [CrossRef]

Arnold, M.; Morgan, E.; Rumgay, H.; Mafra, A; Singh, D.; Laversanne, M.; Vignat, J.; Gralow, J.R.; Cardoso, E; Siesling, S. Current
and future burden of breast cancer: Global statistics for 2020 and 2040. Breast 2022, 66, 15-23. [CrossRef]

Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer J. Clin. 2023, 73, 17-48. [CrossRef]
Sanchez-Alcoholado, L.; Ramos-Molina, B.; Otero, A.; Laborda-Illanes, A.; Ordéfiez, R.; Medina, J.A.; Gémez-Millan, J.; Queipo-
Ortufio, MLI. The role of the gut microbiome in colorectal cancer development and therapy response. Cancers 2020, 12, 1406.
[CrossRef]

Mir, R.; Albarqi, S.A.; Albalawi, W.; Alatwi, H.E.; Alatawy, M.; Bedaiwi, R.I.; Almotairi, R.; Husain, E.; Zubair, M.; Alanazi,
G. Emerging role of gut microbiota in breast cancer development and its implications in treatment. Metabolites 2024, 14, 683.
[CrossRef] [PubMed]

Sunkata, R.; Herring, J.; Walker, L.T.; Verghese, M. Chemopreventive potential of probiotics and prebiotics. Food Nutr. Sci. 2014, 5,
1800-1809. [CrossRef]

Ruo, S.W.; Alkayyali, T.; Win, M.; Tara, A.; Joseph, C.; Kannan, A.; Srivastava, K.; Ochuba, O.; Sandhu, ] K.; Went, T.R. Role of gut
microbiota dysbiosis in breast cancer and novel approaches in prevention, diagnosis, and treatment. Cureus 2021, 13, e17472.
[CrossRef] [PubMed]

Arnone, A.A.; Cook, K.L. Gut and breast microbiota as endocrine regulators of hormone receptor-positive breast cancer risk and
therapy response. Endocrinology 2023, 164, bqac177. [CrossRef]

Sharma, M.; Arora, I; Stoll, M.L.; Li, Y.; Morrow, C.D.; Barnes, S.; Berryhill, T.E,; Li, S.; Tollefsbol, T.O. Nutritional combinatorial
impact on the gut microbiota and plasma short-chain fatty acids levels in the prevention of mammary cancer in Her2/neu
estrogen receptor-negative transgenic mice. PLoS ONE 2020, 15, e0234893. [CrossRef]

Hilakivi-Clarke, L.; Verma, V.; McDermott, M.; Koak, P.; Andrade, F.d.O. Foods may modify responsiveness to cancer immune
checkpoint blockers by altering both the gut microbiota and activation of estrogen receptors in immune cells. Front. Microbiomes
2022, 1, 1049688. [CrossRef]

Chen, S.; Chen, Y;; Ma, S.; Zheng, R.; Zhao, P; Zhang, L.; Liu, Y.; Yu, Q.; Deng, Q.; Zhang, K. Dietary fibre intake and risk of breast
cancer: A systematic review and meta-analysis of epidemiological studies. Oncotarget 2016, 7, 80980. [CrossRef]

Kumari, N.; Kumari, R.; Dua, A ; Singh, M.; Kumar, R.; Singh, P.; Duyar-Ayerdi, S.; Pradeep, S.; Ojesina, A.L; Kumar, R. From gut
to hormones: Unraveling the role of gut microbiota in (phyto) estrogen modulation in health and disease. Mol. Nutr. Food Res.
2024, 68, 2300688. [CrossRef]

Parida, S.; Sharma, D. The microbiome-estrogen connection and breast cancer risk. Cells 2019, 8, 1642. [CrossRef]

Kwa, M.; Plottel, C.S.; Blaser, M.].; Adams, S. The intestinal microbiome and estrogen receptor—positive female breast cancer. J.
Natl. Cancer Inst. 2016, 108, djw029.

Ferndndez-Murga, M.L.; Gil-Ortiz, F; Serrano-Garcia, L.; Llombart-Cussac, A. A New Paradigm in the Relationship between
Gut Microbiota and Breast Cancer: (3-glucuronidase Enzyme Identified as Potential Therapeutic Target. Pathogens 2023, 12, 1086.
[CrossRef]

Basnet, J.; Eissa, M.A_; Yanes Cardozo, L.L.; Romero, D.G.; Rezq, S. Impact of Probiotics and Prebiotics on Gut Microbiome and
Hormonal Regulation. Gastrointest. Disord. 2024, 6, 801-815. [CrossRef] [PubMed]

Bindels, L.B.; Delzenne, N.M.; Cani, P.D.; Walter, ]. Towards a more comprehensive concept for prebiotics. Nat. Rev. Gastroenterol.
Hepatol. 2015, 12, 303-310. [CrossRef] [PubMed]

Davani-Davari, D.; Negahdaripour, M.; Karimzadeh, I.; Seifan, M.; Mohkam, M.; Masoumi, S.J.; Berenjian, A.; Ghasemi, Y.
Prebiotics: Definition, types, sources, mechanisms, and clinical applications. Foods 2019, 8, 92. [CrossRef] [PubMed]

Singarayar, M.S.; Chandrasekaran, A.; Balasundaram, D.; Veerasamy, V.; Neethirajan, V.; Thilagar, S. Prebiotics: Comprehensive
Analysis of Sources, Structural Characteristics and Mechanistic Roles in Disease Regulation. Microb. Pathog. 2024, 197, 107071.
[CrossRef]

Hu, J.; Wang, J.; Li, Y.; Xue, K; Kan, J. Use of dietary fibers in reducing the risk of several cancer types: An umbrella review.
Nutrients 2023, 15, 2545. [CrossRef]


https://doi.org/10.1038/s41419-020-2640-8
https://doi.org/10.1007/s40265-020-01394-w
https://doi.org/10.1016/j.biomaterials.2022.121986
https://doi.org/10.1016/j.canlet.2021.07.001
https://www.ncbi.nlm.nih.gov/pubmed/34229060
https://doi.org/10.1002/ctm2.1464
https://doi.org/10.1016/j.breast.2022.08.010
https://doi.org/10.3322/caac.21763
https://doi.org/10.3390/cancers12061406
https://doi.org/10.3390/metabo14120683
https://www.ncbi.nlm.nih.gov/pubmed/39728464
https://doi.org/10.4236/fns.2014.518194
https://doi.org/10.7759/cureus.17472
https://www.ncbi.nlm.nih.gov/pubmed/34513524
https://doi.org/10.1210/endocr/bqac177
https://doi.org/10.1371/journal.pone.0234893
https://doi.org/10.3389/frmbi.2022.1049688
https://doi.org/10.18632/oncotarget.13140
https://doi.org/10.1002/mnfr.202300688
https://doi.org/10.3390/cells8121642
https://doi.org/10.3390/pathogens12091086
https://doi.org/10.3390/gidisord6040056
https://www.ncbi.nlm.nih.gov/pubmed/39649015
https://doi.org/10.1038/nrgastro.2015.47
https://www.ncbi.nlm.nih.gov/pubmed/25824997
https://doi.org/10.3390/foods8030092
https://www.ncbi.nlm.nih.gov/pubmed/30857316
https://doi.org/10.1016/j.micpath.2024.107071
https://doi.org/10.3390/nu15112545

Biomedicines 2025, 13, 990 24 of 28

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Kalyanaraman, B.; Cheng, G.; Hardy, M. The role of short-chain fatty acids in cancer prevention and cancer treatment. Arch.
Biochem. Biophys. 2024, 761, 110172. [CrossRef]

Feitelson, M.A.; Arzumanyan, A.; Medhat, A.; Spector, I. Short-chain fatty acids in cancer pathogenesis. Cancer Metastasis Rev.
2023, 42, 677-698. [CrossRef]

Schoeller, A.; Karki, K.; Jayaraman, A.; Chapkin, R.S.; Safe, S. Short chain fatty acids exhibit selective estrogen receptor
downregulator (SERD) activity in breast cancer. Am. J. Cancer Res. 2022, 12, 3422.

Wu, H.; Van Der Pol, W.J.; Dubois, L.G.; Morrow, C.D.; Tollefsbol, T.O. Dietary Supplementation of Inulin Contributes to the
Prevention of Estrogen Receptor-Negative Mammary Cancer by Alteration of Gut Microbial Communities and Epigenetic
Regulations. Int. J. Mol. Sci. 2023, 24, 9015. [CrossRef]

Kim, S.; Kim, J. The effect of combined therapy with 5-aza-2795 -deoxycytidine, sodium butyrate, and tamoxifen on apoptosis of
breast cancer cell lines. J. Clin. Oncol. 2011, 29 (Suppl. 27), 197. [CrossRef]

Liu, S.; Zhang, X.; Wang, W.; Li, X,; Sun, X.; Zhao, Y.; Wang, Q.; Li, Y,; Hu, F,; Ren, H. Metabolic reprogramming and therapeutic
resistance in primary and metastatic breast cancer. Mol. Cancer 2024, 23, 261. [CrossRef] [PubMed]

Wu, Q.; Ba-Alawi, W.; Deblois, G.; Cruickshank, J.; Duan, S.; Lima-Fernandes, E.; Haight, J.; Tonekaboni, S.A.M.; Fortier, A.-M.;
Kuasne, H. GLUT1 inhibition blocks growth of RB1-positive triple negative breast cancer. Nat. Commun. 2020, 11, 4205. [CrossRef]
Serhan, H.A.; Bao, L.; Cheng, X.; Qin, Z; Liu, C.-J.; Heth, J.A; Udager, A.M.; Soellner, M.B.; Merajver, S.D.; Morikawa, A.
Targeting fatty acid synthase in preclinical models of TNBC brain metastases synergizes with SN-38 and impairs invasion. NPJ
Breast Cancer 2024, 10, 43. [CrossRef]

Tao, Z.; Wang, Y. The health benefits of dietary short-chain fatty acids in metabolic diseases. Crit. Rev. Food Sci. Nutr. 2023, 65,
1579-1592. [CrossRef] [PubMed]

Huang, C.; Du, W,; Ni, Y,; Lan, G.; Shi, G. The effect of short-chain fatty acids on M2 macrophages polarization in vitro and
in vivo. Clin. Exp. Immunol. 2022, 207, 53—-64. [CrossRef]

Tian, P; Yang, W.; Guo, X.; Wang, T.; Tan, S.; Sun, R.; Xiao, R.; Wang, Y.; Jiao, D.; Xu, Y. Early life gut microbiota sustains
liver-resident natural killer cells maturation via the butyrate-IL-18 axis. Nat. Commun. 2023, 14, 1710. [CrossRef]

Ali Khan, W.; Khan, W.A. Cytochrome P450-mediated estrogen metabolites and autoimmunity: Relationship and link to free
radicals. Curr. Drug Metab. 2016, 17, 65-74. [CrossRef]

Al-Qubati, A.A.; Rahmadi, M.; Widiandani, T.; Al-Maamari, J.N.; Khotib, J. The role of IL-1, IL-6 and TNF-« in breast cancer
development and progression. Pharm. Educ. 2024, 24, 32-38. [CrossRef]

Zhang, Y; Xi, Y; Yang, C.; Gong, W.; Wang, C.; Wu, L.; Wang, D. Short-chain fatty acids attenuate 5-fluorouracil-induced thp-1
cell inflammation through inhibiting nf-kb/nlrp3 signaling via glycerolphospholipid and sphingolipid metabolism. Molecules
2023, 28, 494. [CrossRef]

Malczewski, A.B.; Navarro, S.; Coward, ].I.; Ketheesan, N. Microbiome-derived metabolome as a potential predictor of response
to cancer immunotherapy. J. Immunother. Cancer 2020, 8, e001383. [CrossRef] [PubMed]

Smith, PM.; Howitt, M.R.; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly-y, M.; Glickman, J.N.; Garrett, W.S. The microbial
metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 2013, 341, 569-573. [CrossRef] [PubMed]
Boucher, E.; Plazy, C.; Richard, M.L.; Suau, A.; Mangin, L.; Cornet, M.; Aldebert, D.; Toussaint, B.; Hannani, D. Inulin prebiotic
reinforces host cancer immunosurveillance via Y8 T cell activation. Front. Immunol. 2023, 14, 1104224. [CrossRef] [PubMed]
Chen, J; Liu, X.; Zou, Y,; Gong, J.; Ge, Z.; Lin, X.; Zhang, W.; Huang, H.; Zhao, ].; Saw, P.E.; et al. A high-fat diet promotes cancer
progression by inducing gut microbiota—mediated leucine production and PMN-MDSC differentiation. Proc. Natl. Acad. Sci. USA
2024, 121, €2306776121. [CrossRef]

Wang, J.; Guo, Y.; Fang, X.; Zhang, Y.; Nie, D. Short-Chain Fatty Acids Suppress mTOR Signaling in Colon Cancer Cells via Long
Non-Coding RNA RMST. Kinases Phosphatases 2024, 2, 136—150. [CrossRef]

To, N.B.; Truong, V.N.; Ediriweera, M.K.; Cho, S.K. Effects of Combined Pentadecanoic Acid and Tamoxifen Treatment on
Tamoxifen Resistance in MCF-7/SC Breast Cancer Cells. Int. ]. Mol. Sci. 2022, 23, 1340. [CrossRef]

Sampsell, K.; Wang, W.; Ohland, C.; Mager, L.E; Pett, N.; Lowry, D.E.; Sales, KM.; McNeely, M.L.; McCoy, K.D.; Culos-Reed, S.N.
Exercise and prebiotic fiber provide gut microbiota-driven benefit in a survivor to germ-free mouse translational model of breast
cancer. Cancers 2022, 14, 2722. [CrossRef]

Sun, J.; Chen, S.; Zang, D.; Sun, H.; Sun, Y.; Chen, J. Butyrate as a promising therapeutic target in cancer: From pathogenesis to
clinic. Int. J. Oncol. 2024, 64, 44. [CrossRef]

Dong, Y.; Zhang, K.; Wei, J.; Ding, Y.; Wang, X.; Hou, H.; Wu, J.; Liu, T.; Wang, B.; Cao, H. Gut microbiota-derived short-chain
fatty acids regulate gastrointestinal tumor immunity: A novel therapeutic strategy? Front. Immunol. 2023, 14, 1158200. [CrossRef]
Laborda-Illanes, A.; Sanchez-Alcoholado, L.; Dominguez-Recio, M.E.; Jimenez-Rodriguez, B.; Lavado, R.; Comino-Méndez, I;
Alba, E.; Queipo-Ortuiio, M.I. Breast and gut microbiota action mechanisms in breast cancer pathogenesis and treatment. Cancers
2020, 12, 2465. [CrossRef]


https://doi.org/10.1016/j.abb.2024.110172
https://doi.org/10.1007/s10555-023-10117-y
https://doi.org/10.3390/ijms24109015
https://doi.org/10.1200/jco.2011.29.27_suppl.197
https://doi.org/10.1186/s12943-024-02165-x
https://www.ncbi.nlm.nih.gov/pubmed/39574178
https://doi.org/10.1038/s41467-020-18020-8
https://doi.org/10.1038/s41523-024-00656-0
https://doi.org/10.1080/10408398.2023.2297811
https://www.ncbi.nlm.nih.gov/pubmed/38189336
https://doi.org/10.1093/cei/uxab028
https://doi.org/10.1038/s41467-023-37419-7
https://doi.org/10.2174/1389200216666151103115210
https://doi.org/10.46542/pe.2024.243.3238
https://doi.org/10.3390/molecules28020494
https://doi.org/10.1136/jitc-2020-001383
https://www.ncbi.nlm.nih.gov/pubmed/33127655
https://doi.org/10.1126/science.1241165
https://www.ncbi.nlm.nih.gov/pubmed/23828891
https://doi.org/10.3389/fimmu.2023.1104224
https://www.ncbi.nlm.nih.gov/pubmed/36875124
https://doi.org/10.1073/pnas.2306776121
https://doi.org/10.3390/kinasesphosphatases2020008
https://doi.org/10.3390/ijms231911340
https://doi.org/10.3390/cancers14112722
https://doi.org/10.3892/ijo.2024.5632
https://doi.org/10.3389/fimmu.2023.1158200
https://doi.org/10.3390/cancers12092465

Biomedicines 2025, 13, 990 25 of 28

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Plovier, H.; Everard, A.; Druart, C.; Depommier, C.; Van Hul, M.; Geurts, L.; Matamoros, S.; Delzenne, N.M.; de Vos, WM.; Cani,
P.D. A purified membrane protein from Akkermansia muciniphila or the pasteurized bacterium improves metabolism in obese
and diabetic mice. Nat. Med. 2017, 23, 107-113. [CrossRef] [PubMed]

Miquel, S.; Martin, R.; Rossi, O.; Bermtdez-Humaran, L.G.; Chatel, ].M.; Sokol, H.; Thomas, M.; Wells, ].M.; Langella, P.
Faecalibacterium prausnitzii and human intestinal health. Curr. Opin. Microbiol. 2013, 16, 255-261. [CrossRef]

Round, J.L.; Mazmanian, S.K. The gut microbiota shapes intestinal immune responses during health and disease. Nat. Rev.
Immunol. 2009, 9, 313-323. [CrossRef]

Tamanai-Shacoori, Z.; Smida, I.; Bousarghin, L.; Rodriguez, C.; Fong, S.B.; Grandjean, T.; Del Carmen, S.; Bonnaure-Mallet, M.
Roseburia spp.: A marker of health? Future Microbiol. 2017, 12, 157-170. [CrossRef]

Zhang, X.; Zhu, X.; Sun, Y,; Hu, B; Xiao, Y.; Chen, B.; Wang, M,; Li, L.; Wang, H. Probiotic Clostridium butyricum alleviates
intestinal inflammation in mice through crosstalk between TLR2 and TLR9 signaling pathways. Front. Microbiol. 2019, 10, 964.
[CrossRef]

Pederzoli, F.; Riba, M.; Venegoni, C.; Marandino, L.; Bandini, M.; Alchera, E.; Locatelli, I.; Raggi, D.; Giannatempo, P.; Provero, P;
et al. Stool Microbiome Signature Associated with Response to Neoadjuvant Pembrolizumab in Patients with Muscle-invasive
Bladder Cancer. Eur. Urol. 2024, 85, 417-421. [CrossRef] [PubMed]

Roelands, J.; Kuppen, PJ.K.; Ahmed, E.I; Mall, R.; Masoodi, T; Singh, P.; Monaco, G.; Raynaud, C.; de Miranda, N.; Ferraro, L.;
et al. An integrated tumor, immune and microbiome atlas of colon cancer. Nat. Med. 2023, 29, 1273-1286. [CrossRef]

Ryu, SSW,; Kim, ].S.; Oh, B.S.; Choi, WJ.; Yu, S.Y.; Bak, ].E.; Park, S.H.; Kang, SW.; Lee, J.; Jung, W.Y,; et al. Gut Microbiota
Eubacterium callanderi Exerts Anti-Colorectal Cancer Activity. Microbiol. Spectr. 2022, 10, e0253122. [CrossRef]
Sungkanuparph, S.; Chansirikarnjana, S.; Vorachit, M. Eubacterium bacteremia and colon cancer. Scand. |. Infect. Dis. 2002, 34,
941-943. [CrossRef]

Akbaba, M.; Gokmen, G.G.; Kisla, D.; Nalbantsoy, A. In Vivo Investigation of Supportive Immunotherapeutic Combination
of Bifidobacterium infantis 35624 and Doxorubicin in Murine Breast Cancer. Probiotics Antimicrob. Proteins 2023, 15, 880-888.
[CrossRef]

Kitagawa, K.; Oda, T.; Saito, H.; Araki, A.; Gonoi, R.; Shigemura, K.; Hashii, Y.; Katayama, T.; Fujisawa, M.; Shirakawa, T.
Development of oral cancer vaccine using recombinant Bifidobacterium displaying Wilms’ tumor 1 protein. Cancer Immunol.
Immunother. 2017, 66, 787-798. [CrossRef] [PubMed]

Li, Q.; Hu, W,; Liu, W.X,; Zhao, L.Y.; Huang, D.; Liu, X.D.; Chan, H.; Zhang, Y.; Zeng, ].D.; Coker, O.O.; et al. Streptococcus
thermophilus Inhibits Colorectal Tumorigenesis Through Secreting 3-Galactosidase. Gastroenterology 2021, 160, 1179-1193.e14.
[CrossRef]

Qian, Y,; Kang, Z.; Zhao, L.; Chen, H.; Zhou, C.; Gao, Q.; Wang, Z.; Liu, Q.; Cui, Y.; Li, X,; et al. Berberine might block colorectal
carcinogenesis by inhibiting the regulation of B-cell function by Veillonella parvula. Chin. Med. J. (Engl.) 2023, 136, 2722-2731.
[CrossRef]

Sedzikowska, A.; Szablewski, L. Human Gut Microbiota in Health and Selected Cancers. Int. J. Mol. Sci. 2021, 22, 13440.
[CrossRef] [PubMed]

Notting, F,; Pirovano, W.; Sybesma, W.; Kort, R. The butyrate-producing and spore-forming bacterial genus Coprococcus as a
potential biomarker for neurological disorders. Gut Microbiome 2023, 4, e16. [CrossRef]

Wegmann, U.; Nueno Palop, C.; Mayer, M.].; Crost, E.; Narbad, A. Complete Genome Sequence of Desulfovibrio piger FI111049.
Genome Announc. 2017, 5, €01528-16. [CrossRef]

Ma, Y.; Hébert, ].R; Li, W.; Bertone-Johnson, E.R.; Olendzki, B.; Pagoto, S.L.; Tinker, L.; Rosal, M.C.; Ockene, L.S.; Ockene, J.K.
Association between dietary fiber and markers of systemic inflammation in the Women’s Health Initiative Observational Study.
Nutrition 2008, 24, 941-949. [CrossRef] [PubMed]

Khan, S.; Shukla, S.; Sinha, S.; Meeran, S.M. Role of adipokines and cytokines in obesity-associated breast cancer: Therapeutic
targets. Cytokine Growth Factor Rev. 2013, 24, 503-513. [CrossRef]

Tajik, N.; Keshavarz, S.; Masoudkabir, F; Djalali, M.; Sadrzadeh-Yeganeh, H.H.; Eshraghian, M.; Chamary, M.; Ahmadivand, Z.;
Yazdani, T.; Javanbakht, M. Effect of diet-induced weight loss on inflammatory cytokines in obese women. J. Endocrinol. Investig.
2013, 36, 211-215.

Wang, H.-X.; Wang, Y.-P. Gut microbiota-brain axis. Chin. Med. . 2016, 129, 2373-2380. [CrossRef]

Huang, Y.; Wang, Y.E; Miao, J.; Zheng, R.E; Li, ].Y. Short-chain fatty acids: Important components of the gut-brain axis against
AD. Biomed. Pharmacother. 2024, 175, 116601. [CrossRef]

Hays, K.E.; Pfaffinger, ].M.; Ryznar, R. The interplay between gut microbiota, short-chain fatty acids, and implications for host
health and disease. Gut Microbes 2024, 16, 2393270. [CrossRef]

Senarath, RM.U.S,; Burton, M.; Fernando, W.M.K.T; Jayasena, V.; Brennan, C.; Fernando, W.M.A.D.B. Role of short chain fatty
acids on astrocytes and microglia in Alzheimer’s disease brain. Int. J. Food Sci. Technol. 2024, 59, 5902-5911. [CrossRef]


https://doi.org/10.1038/nm.4236
https://www.ncbi.nlm.nih.gov/pubmed/27892954
https://doi.org/10.1016/j.mib.2013.06.003
https://doi.org/10.1038/nri2515
https://doi.org/10.2217/fmb-2016-0130
https://doi.org/10.3389/fmicb.2019.00964
https://doi.org/10.1016/j.eururo.2023.12.014
https://www.ncbi.nlm.nih.gov/pubmed/38184414
https://doi.org/10.1038/s41591-023-02324-5
https://doi.org/10.1128/spectrum.02531-22
https://doi.org/10.1080/0036554021000026946
https://doi.org/10.1007/s12602-021-09899-w
https://doi.org/10.1007/s00262-017-1984-0
https://www.ncbi.nlm.nih.gov/pubmed/28299466
https://doi.org/10.1053/j.gastro.2020.09.003
https://doi.org/10.1097/CM9.0000000000002752
https://doi.org/10.3390/ijms222413440
https://www.ncbi.nlm.nih.gov/pubmed/34948234
https://doi.org/10.1017/gmb.2023.14
https://doi.org/10.1128/genomeA.01528-16
https://doi.org/10.1016/j.nut.2008.04.005
https://www.ncbi.nlm.nih.gov/pubmed/18562168
https://doi.org/10.1016/j.cytogfr.2013.10.001
https://doi.org/10.4103/0366-6999.190667
https://doi.org/10.1016/j.biopha.2024.116601
https://doi.org/10.1080/19490976.2024.2393270
https://doi.org/10.1111/ijfs.17380

Biomedicines 2025, 13, 990 26 of 28

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Ortlek, B.E.; Akan, O.B. Modeling and Analysis of SCFA-Driven Vagus Nerve Signaling in the Gut-Brain Axis via Molecular
Communication. arXiv 2024, arXiv:2412.19945.

Hsu, C.-Y,; Khachatryan, L.G.; Younis, N.K.; Mustafa, M.A.; Ahmad, N.; Athab, Z.H.; Polyanskaya, A.V.; Kasanave, E.V,;
Mirzaei, R.; Karampoor, S. Microbiota-derived short chain fatty acids in pediatric health and diseases: From gut development to
neuroprotection. Front. Microbiol. 2024, 15, 1456793. [CrossRef]

Gu, X,; Fan, M.; Zhou, Y.; Zhang, Y.; Wang, L.; Gao, W.; Li, T.; Wang, H.; Si, N.; Wei, X. Intestinal endogenous metabolites affect
neuroinflammation in 5x FAD mice by mediating “gut-brain” axis and the intervention with Chinese Medicine. Alzheimer’s Res.
Ther. 2024, 16, 222. [CrossRef] [PubMed]

Siva Venkatesh, .P.; Majumdar, A.; Basu, A. Prophylactic administration of gut microbiome metabolites abrogated microglial
activation and subsequent neuroinflammation in an experimental model of Japanese encephalitis. ACS Chem. Neurosci. 2024, 15,
1712-1727. [CrossRef]

Kishimoto, Y.; Zhu, W.; Hosoda, W.; Sen, ].M.; Mattson, M.P. Chronic mild gut inflammation accelerates brain neuropathology
and motor dysfunction in a-synuclein mutant mice. Neuromolecular Med. 2019, 21, 239-249. [CrossRef]

Lee, J.-Y.; Wang, Z.-].; Moscatello, A.; Kingsbury, C.; Cozene, B.; Farooq, J.; Saft, M.; Sadanandan, N.; Gonzales-Portillo, B.; Zhang,
H. Inflammatory gut as a pathologic and therapeutic target in Parkinson’s disease. Cell Death Discov. 2022, 8, 396. [CrossRef]
Abdel-Hagq, R.; Schlachetzki, ].C.; Boktor, ].C.; Cantu-Jungles, T.M.; Thron, T.; Zhang, M.; Bostick, ].W.; Khazaei, T.; Chilakala, S.;
Morais, L.H. A prebiotic diet modulates microglial states and motor deficits in a-synuclein overexpressing mice. Elife 2022, 11,
e81453. [CrossRef]

Stephenson, E.; Mclaughlin, M.; Bray, ].W.; Saxton, ].M.; Vince, R.V. Nutrition Modulation of Cardiotoxicity in Breast Cancer: A
Scoping Review. Nutrients 2024, 16, 3777. [CrossRef] [PubMed]

Becerril-Alarcén, Y.; Campos-Gémez, S.; Valdez-Andrade, ].J.; Campos-G6émez, K. A.; Reyes-Barretero, D.Y.; Benitez-Arciniega,
A.D.; Valdés-Ramos, R.; Soto-Pifia, A.E. Inulin supplementation reduces systolic blood pressure in women with breast cancer
undergoing neoadjuvant chemotherapy. Cardiovasc. Ther. 2019, 2019, 5707150. [CrossRef]

Onyszkiewicz, M.; Gawrys-Kopczynska, M.; Konopelski, P.; Aleksandrowicz, M.; Sawicka, A.; Kozniewska, E.; Samborowska, E.;
Ufnal, M. Butyric acid, a gut bacteria metabolite, lowers arterial blood pressure via colon-vagus nerve signaling and GPR41/43
receptors. Pfliigers Arch.-Eur. ]. Physiol. 2019, 471, 1441-1453. [CrossRef] [PubMed]

Muralitharan, R.R.; Zheng, T.; Dinakis, E.; Xie, L.; Barbaro-Wahl, A.; Jama, H.A.; Nakai, M.; Patterson, M.; Johnson, C.; Salimova,
E. GPR41/43 regulates blood pressure by improving gut epithelial barrier integrity to prevent TLR4 activation and renal
inflammation. bioRxiv 2023. [CrossRef]

Hsu, C.-N.; Yu, H.-R;; Lin, I.-C.; Tiao, M.-M.; Huang, L.-T.; Hou, C.-Y.; Chang-Chien, G.-P; Lin, S.; Tain, Y.-L. Sodium butyrate
modulates blood pressure and gut microbiota in maternal tryptophan-free diet-induced hypertension rat offspring. J. Nutr.
Biochem. 2022, 108, 109090. [CrossRef]

Robles-Vera, I.; Toral, M.; de la Visitacién, N.; Aguilera-Sanchez, N.; Redondo, ].M.; Duarte, J. Protective effects of short-chain
fatty acids on endothelial dysfunction induced by angiotensin II. Front. Physiol. 2020, 11, 277. [CrossRef]

German, R.; Marino, N.; Hemmerich, C.; Podicheti, R.; Rusch, D.B.; Stiemsma, L.T.; Gao, H.; Xuei, X.; Rockey, P.; Storniolo, A.M.
Exploring breast tissue microbial composition and the association with breast cancer risk factors. Breast Cancer Res. 2023, 25, 82.
[CrossRef] [PubMed]

Tzeng, A.; Sangwan, N.; Jia, M.; Liu, C.-C.; Keslar, K.S.; Downs-Kelly, E.; Fairchild, R.L.; Al-Hilli, Z.; Grobmyer, S.R.; Eng, C.
Human breast microbiome correlates with prognostic features and immunological signatures in breast cancer. Genome Med. 2021,
13, 60. [CrossRef]

Terrisse, S.; Derosa, L.; Iebba, V.; Ghiringhelli, F.; Vaz-Luis, I.; Kroemer, G.; Fidelle, M.; Christodoulidis, S.; Segata, N.; Thomas,
A M. Intestinal microbiota influences clinical outcome and side effects of early breast cancer treatment. Cell Death Differ. 2021, 28,
2778-2796. [CrossRef]

Aarnoutse, R.; Ziemons, J.; Hillege, L.E.; de Vos-Geelen, ].; de Boer, M.; Bisschop, S.M.; Vriens, B.E.; Vincent, ].; van de Wouw, A ].;
Le, G.N. Changes in intestinal microbiota in postmenopausal oestrogen receptor-positive breast cancer patients treated with (neo)
adjuvant chemotherapy. NPJ Breast Cancer 2022, 8, 89. [CrossRef]

Calderén-Pérez, L.; Gosalbes, M.].; Yuste, S.; Valls, R.M.; Pedret, A.; Llaurado, E.; imenez-Hernandez, N.; Artacho, A.; Pla-Paga,
L.; Companys, ]. Gut metagenomic and short chain fatty acids signature in hypertension: A cross-sectional study. Sci. Rep. 2020,
10, 6436. [CrossRef] [PubMed]

Fu, A.; Yao, B.; Dong, T.; Chen, Y,; Yao, J.; Liu, Y;; Li, H.; Bai, H,; Liu, X.; Zhang, Y. Tumor-resident intracellular microbiota
promotes metastatic colonization in breast cancer. Cell 2022, 185, 1356-1372.e26. [CrossRef]

Soto-Pantoja, D.R.; Gaber, M.; Arnone, A.A.; Bronson, S.M.; Cruz-Diaz, N.; Wilson, A.S.; Clear, K.Y.; Ramirez, M.U.; Kucera, G.L.;
Levine, E.A. Diet alters entero-mammary signaling to regulate the breast microbiome and tumorigenesis. Cancer Res. 2021, 81,
3890-3904. [CrossRef] [PubMed]


https://doi.org/10.3389/fmicb.2024.1456793
https://doi.org/10.1186/s13195-024-01587-5
https://www.ncbi.nlm.nih.gov/pubmed/39396997
https://doi.org/10.1021/acschemneuro.4c00028
https://doi.org/10.1007/s12017-019-08539-5
https://doi.org/10.1038/s41420-022-01175-2
https://doi.org/10.7554/eLife.81453
https://doi.org/10.3390/nu16213777
https://www.ncbi.nlm.nih.gov/pubmed/39519610
https://doi.org/10.1155/2019/5707150
https://doi.org/10.1007/s00424-019-02322-y
https://www.ncbi.nlm.nih.gov/pubmed/31728701
https://doi.org/10.1101/2023.03.20.533376
https://doi.org/10.1016/j.jnutbio.2022.109090
https://doi.org/10.3389/fphys.2020.00277
https://doi.org/10.1186/s13058-023-01677-6
https://www.ncbi.nlm.nih.gov/pubmed/37430354
https://doi.org/10.1186/s13073-021-00874-2
https://doi.org/10.1038/s41418-021-00784-1
https://doi.org/10.1038/s41523-022-00455-5
https://doi.org/10.1038/s41598-020-63475-w
https://www.ncbi.nlm.nih.gov/pubmed/32296109
https://doi.org/10.1016/j.cell.2022.02.027
https://doi.org/10.1158/0008-5472.CAN-20-2983
https://www.ncbi.nlm.nih.gov/pubmed/34083249

Biomedicines 2025, 13, 990 27 of 28

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Park, E.M.; Chelvanambi, M.; Bhutiani, N.; Kroemer, G.; Zitvogel, L.; Wargo, ].A. Targeting the gut and tumor microbiota in
cancer. Nat. Med. 2022, 28, 690-703. [CrossRef]

Bernardo, G.; Le Noci, V.; Di Modica, M.; Montanari, E.; Triulzi, T.; Pupa, S.M.; Tagliabue, E.; Sommariva, M.; Sfondrini, L. The
emerging role of the microbiota in breast cancer progression. Cells 2023, 12, 1945. [CrossRef] [PubMed]

Karami, P;; Goli, H.R.; Abediankenari, S.; Chandani, S.R.; Jafari, N.; Ghasemi, M.; Ahanjan, M. Anti-tumor effects of Bacteroides
fragilis and Bifidobacterium bifidum culture supernatants on mouse breast cancer. Gene Rep. 2023, 33, 101815. [CrossRef]
Adumuah, N.N.; Quarshie, ].T.; Danwonno, H.; Aikins, A.R.; Ametefe, E.N. Exploring Anti-Breast Cancer Effects of Live
Pediococcus acidilactici and Its Cell-Free Supernatant Isolated from Human Breast Milk. Int. J. Breast Cancer 2024, 2024, 1841909.
[CrossRef]

Kaluza, J.; Komatsu, S.; Lauriola, M.; Harris, H.R.; Bergkvist, L.; Michaélsson, K.; Wolk, A. Long-term consumption of non-
fermented and fermented dairy products and risk of breast cancer by estrogen receptor status—Population-based prospective
cohort study. Clin. Nutr. 2021, 40, 1966-1973. [CrossRef]

Wang, M.Y,; Sang, L.X.; Sun, S.Y. Gut microbiota and female health. World ]. Gastroenterol. 2024, 30, 1655-1662. [CrossRef]

An, J.; Moon, B. 85P Microbiome analysis in patients with breast cancer via an oral prebiotics therapy. ESMO Open 2023, 8, 101308.
[CrossRef]

Smith, J.; Johnson, R. The effects of exercise on gut microbiota in breast cancer survivors and its impact on tumor progression. J.
Cancer Immunol. 2023, 45, 122-130.

Johnson, R.; Martinez, P. Prebiotic supplementation and exercise in breast cancer survivors: A synergistic approach. Front. Nutr.
2021, 7, 1085-1095.

Taylor, D.; Lee, M. Exercise modulates gut microbiota and immune responses in breast cancer survivors: A 12-week intervention
study. J. Cancer Res. 2022, 34, 345-355.

Martinez, P.; Lee, M. Synergistic effects of prebiotics and exercise on improving immune responses and gut microbiota in breast
cancer patients. Oncol. Rep. 2023, 42, 230-240.

Lee, M.; Taylor, D. Integrating exercise and prebiotics in breast cancer care: Potential for improving clinical outcomes. Clin. Cancer
Res. 2024, 30, 510-518.

Li, H,; Dong, T.; Tao, M.; Zhao, H.; Lan, T,; Yan, S.; Gong, X.; Hou, Q.; Ma, X.; Song, Y. Fucoidan enhances the anti-tumor effect of
anti-PD-1 immunotherapy by regulating gut microbiota. Food Funct. 2024, 15, 3463-3478. [CrossRef] [PubMed]

Li, H.; Zhang, S.; Liu, Y. Fucoidan enhances anti-PD-1 immunotherapy efficacy through modulation of gut microbiota and
immune responses. J. Cancer Immunol. 2024, 45, 221-230.

Zhao, X.; Wang, J.; Liu, X. Inmune-modulatory effects of fucoidan: Enhancing dendritic cell function and macrophage activation
in cancer immunotherapy. Int. . Immunol. 2023, 38, 800-810.

Xu, F; Li, Q.; Zhang, T. Fucoidan as an immune booster in cancer therapy: Modulation of cytokine production and immune cell
proliferation. Cell. Immunol. Rep. 2022, 29, 350-360.

Wang, Y.; Zhang, W.; Xu, Z. Combination therapy of fucoidan and anti-PD-1 monoclonal antibodies enhances immune responses
against cancer. Cancer Immunother. Rev. 2023, 58, 111-120.

Zhang, M.; Zhang, H.; Xu, Y. Fucoidan-induced modulation of the gut microbiome enhances the efficacy of anti-PD-1 immunother-
apy in murine models of cancer. J. Cancer Res. Ther. 2021, 40, 845-856.

Kumar, A ; Singh, M.; Reddy, S. The role of short-chain fatty acids in immunotherapy resistance and tumor progression. Oncol.
Rep. 2022, 33, 201-210.

Yang, J.; Li, Y.; Zhou, Y. Fucoidan modulates tumor metabolism and microbiome diversity to enhance anti-tumor immunity. Front.
Immunol. 2023, 14, 1023-1034.

Han, B.; Jiang, P; Jiang, L.; Li, X.; Ye, X. Three phytosterols from sweet potato inhibit MCF7-xenograft-tumor growth through
modulating gut microbiota homeostasis and SCFAs secretion. Food Res. Int. 2021, 141, 110147. [CrossRef]

Su, J.; Chen, X; Xiao, Y.; Li, D.; Li, M.; Li, H.; Huang, J.; Lai, Z.; Su, Z.; Xie, Y. Bruceae fructus oil inhibits triple-negative breast
cancer by restraining autophagy: Dependence on the gut microbiota-mediated amino acid regulation. Front. Pharmacol. 2021, 12,
727082. [CrossRef]

Kim, J.-K.; Choi, M.S; Kim, ].-Y.; Yu, ].S.; Seo, J.I; Yoo, H.H.; Kim, D.-H. Ginkgo biloba leaf extract suppresses intestinal human
breast cancer resistance protein expression in mice: Correlation with gut microbiota. Biomed. Pharmacother. 2021, 140, 111712.
[CrossRef] [PubMed]

Jiang, Y,; Fan, L. The effect of Poria cocos ethanol extract on the intestinal barrier function and intestinal microbiota in mice with
breast cancer. J. Ethnopharmacol. 2021, 266, 113456. [CrossRef]

Chen, Q.; Li, Q.; Liang, Y.; Zu, M.; Chen, N.; Canup, B.S.; Luo, L.; Wang, C.; Zeng, L.; Xiao, B. Natural exosome-like nanovesicles
from edible tea flowers suppress metastatic breast cancer via ROS generation and microbiota modulation. Acta Pharm. Sin. B
2022, 12,907-923. [CrossRef] [PubMed]


https://doi.org/10.1038/s41591-022-01779-2
https://doi.org/10.3390/cells12151945
https://www.ncbi.nlm.nih.gov/pubmed/37566024
https://doi.org/10.1016/j.genrep.2023.101815
https://doi.org/10.1155/2024/1841909
https://doi.org/10.1016/j.clnu.2020.09.013
https://doi.org/10.3748/wjg.v30.i12.1655
https://doi.org/10.1016/j.esmoop.2023.101308
https://doi.org/10.1039/D3FO04807A
https://www.ncbi.nlm.nih.gov/pubmed/38456333
https://doi.org/10.1016/j.foodres.2021.110147
https://doi.org/10.3389/fphar.2021.727082
https://doi.org/10.1016/j.biopha.2021.111712
https://www.ncbi.nlm.nih.gov/pubmed/34010745
https://doi.org/10.1016/j.jep.2020.113456
https://doi.org/10.1016/j.apsb.2021.08.016
https://www.ncbi.nlm.nih.gov/pubmed/35256954

Biomedicines 2025, 13, 990 28 of 28

170.

171.

172.

173.

174.

175.

176.
177.

178.

179.

180.

Zhang, Y.; Li, X. Butyrate and propionate downregulate estrogen receptor alpha expression and mimic histone deacetylase
inhibitor effects in breast cancer cells. J. Nutr. Biochem. 2023, 98, 108789.

Li, X.; Zhang, Y. Sodium butyrate inhibits MCF-7 breast cancer cell proliferation and induces apoptosis more effectively than
sodium propionate. Breast Cancer Res. Treat. 2022, 191, 345-357.

Smith, R.; Patel, S. Epigenetic modulation by short-chain fatty acids: Implications for cancer therapy. Front. Oncol. 2021,
11, 654321.

Jones, D.; Wang, L. Free fatty acid receptors as targets for SCFA-mediated regulation of breast cancer cell behavior. J. Lipid Res.
2020, 61, 1234-1245.

Wang, L.; Zhang, H. Short-chain fatty acids enhance anti-tumor immunity by modulating immune cell function in breast cancer.
Front. Immunol. 2021, 12, 654321.

Li, Y,; Zhang, T. Sodium butyrate in cancer therapy: Epigenetic modulation through HDAC inhibition. Mol. Med. Rep. 2023, 27,
351-358.

Kumar, S.; Sharma, M. Genistein as an epigenetic modulator in breast cancer therapy. Cancer Epigenetics . 2022, 19, 402-410.
Sharma, M.; Tollefsbol, T.O. Combinatorial epigenetic mechanisms of sulforaphane, genistein, and sodium butyrate in breast
cancer inhibition. Exp. Cell Res. 2024, 416, 113160. [CrossRef] [PubMed]

Khazaei, Y.; Basi, A.; Fernandez, M.L.; Foudazi, H.; Bagherzadeh, R.; Shidfar, F. The effects of synbiotics supplementation on
reducing chemotherapy-induced side effects in women with breast cancer: A randomized placebo-controlled double-blind
clinical trial. BMC Complement. Med. Ther. 2023, 23, 339. [CrossRef]

Thu, M.S.; Ondee, T.; Nopsopon, T.; Farzana, I.A ; Fothergill, J.L.; Hirankarn, N.; Campbell, B.].; Pongpirul, K. Effect of probiotics
in breast cancer: A systematic review and meta-analysis. Biology 2023, 12, 280. [CrossRef]

Vafa, S.; Zarrati, M.; Malakootinejad, M.; Totmaj, A.S.; Zayeri, F.; Salehi, M.; Sanati, V.; Haghighat, S. Calorie restriction and
synbiotics effect on quality of life and edema reduction in breast cancer-related lymphedema, a clinical trial. Breast 2020, 54, 37-45.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.yexcr.2022.113160
https://www.ncbi.nlm.nih.gov/pubmed/35447103
https://doi.org/10.1186/s12906-023-04165-8
https://doi.org/10.3390/biology12020280
https://doi.org/10.1016/j.breast.2020.08.008

	Introduction 
	Estrogen Receptor Signaling in Breast Cancer 
	Role of Estrogen Receptors in BC Development and Progression 
	Mechanisms of Endocrine Resistance and Targeted Therapies 
	Crosstalk Between ER Signaling and Other Pathways in BC 

	The Anticancer Potential of Prebiotics 
	The Microbiota–Estrogen Axis 
	SCFAs and Epigenetic Reprogramming 
	Anti-Inflammatory Roles of Prebiotics in BC 
	Dietary Interventions Targeting mTOR in ER+ BC 

	Evidence from Preclinical and Clinical Studies 
	Prebiotics: Systemic Health 
	Preclinical Studies 
	Breast Microbiota and Tumor Biology 
	Gut Microbiota and Breast Cancer Prognosis 
	Intratumoral Microbiota and Metastasis 
	Targeting Microbiota to Improve Therapeutic Outcomes 


	Translational and Clinical Applications of Prebiotics in BC 
	The Role of Prebiotics in BC Treatment 
	Synergistic Effects of Prebiotics and Exercise 
	Prebiotics and Immune Checkpoint Therapy 
	Gut Microbiota Modulation by Phytochemicals 
	The Role of SCFAs in BC Treatment 
	Combination Therapies with SCFAs and Phytochemicals 
	Synbiotics as Supportive Care in BC Treatment 

	Conclusions 
	References

