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Abstract: Breast cancer (BC) is the most common cancer in women in the United States. There has
been an increasing incidence and decreasing mortality rate of BC cases over the past several decades.
Many risk factors are associated with BC, such as diet, aging, personal and family history, obesity,
and some environmental factors. Recent studies have shown that healthy individuals and BC patients
have different microbiota composition, indicating that microbiome is a new risk factor for BC. Gut
and breast microbiota alterations are associated with BC prognosis. This review will evaluate altered
microbiota populations in gut, breast tissue, and milk of BC patients, as well as mechanisms of
interactions between microbiota modulation and BC. Probiotics and prebiotics are commercially
available dietary supplements to alleviate side-effects of cancer therapies. They also shape the
population of human gut microbiome. This review evaluates novel means of modulating microbiota
by nutritional treatment with probiotics and prebiotics as emerging and promising strategies for
prevention and treatment of BC. The mechanistic role of probiotic and prebiotics partially depend on
alterations in estrogen metabolism, systematic immune regulation, and epigenetics regulation.
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1. Introduction

Breast cancer (BC) affects more than 2 million women each year and became the most
frequently diagnosed cancer in the U.S. in 2021. According to recent studies, ‘dysbiosis’,
or the alteration in gut or breast tissue microbiota diversity, is frequently associated with
BC. While microbiota in breast tissue have direct impact on tumor development, dysbiosis,
or reduced alpha diversity of gut bacteria, can also affect tumor development by the
production of metabolites that can elicit altered immune response, manipulate estrogen
level, or induce epigenetics effects [1,2].

Insoluble dietary fibers, such as cellulose and hemicellulose, are anaerobically fer-
mented by the gut microbiota to produce approximately 500-600 mmols of monocarboxylic
acid compounds, such as acetate, propionate, butyrate, and valerate, which comprise the
short-chain fatty acid (SCFA) family. A relatively small amount of the SCFAs generated
in the lumens of the colon reaches the blood serum after absorption through the mucosa
but can exert significant influence in controlling inflammation by modulating activity of
immune cells, such as macrophages, natural killer cells, dendritic cells, and T cells [3-5].
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SCFAs, similar to propionyl- and butyryl- coA, generated by gut microbiota exert their
effects in part by inhibiting histone deacetylases (HDACs), thereby elevating acetylation
of histone subunits and, subsequently, up-regulating significant genes related to BC de-
velopment. Recent in vitro studies on colon and breast cancer by Thomas et. al. have
brought attention to alterations in activity of histone acetyltransferase (HAT) domains of
bivalent proteins (both tumor suppressors and oncoproteins) such as p300, up-regulation of
which is a marker for extended cell proliferation and survival and thus poor prognosis [6,7].
16s ribosomal RNA and shotgun metagenomics followed by a taxonomic analysis reveal
that the common species of gut microbiota are Bacteroidetes, Firmicutes, Proteobacteria,
Actinobacteria, Verrucomicrobia, and Cyanobacteria [1]. This review aims to elaborate on
the specific changes in diversity of gut and breast microbiota and their relationship with the
epigenetics of BC. Modulating microbiota by probiotics and prebiotics is becoming a new
strategy of BC prevention. This review also discusses the mechanistic roles of probiotics
and prebiotics in BC prevention and treatment.

2. Methods

Research and review papers identified through PubMed database were searched using
key words breast cancer, gut microbiota, breast microbiota, probiotics and breast cancer,
and prebiotics and breast cancer. All research and review references were searched from
PubMed. Full texts articles were assessed for all references. Publication dates within the
past five years were employed. No additional filters were applied. No qualitative or
quantitative synthesis was performed. No meta-analysis was performed. Clinical trials
were searched in ClinicalTrials.gov using key words microbiota and breast cancer.

3. Gut Microbiota and BC

About 10'* microorganisms are living in the gastrointestinal track, participating in
physiological processes, and interacting with each other and the host [8]. Microorganisms
comprise a ‘forgotten organ’ in the human body [9]. The ratio of bacteria cells to human
cells is approximately 1:1 [10]. Infants are exposed to maternal vaginal microbes, such as
Prevotella spp. and Lactobacillus, and skin microbes, such as Staphylococcus and Propionibac-
terium spp. Breast feeding, consumption of solid food, and changes in hormone levels all
contribute to major establishment of gut microbiota [8]. Different bacterial genera colonize
at different locations, such as the ileum, stomach, and colon, and actively regulate the
intestinal immune system [8]. BC occurrence and development are affected by multiple
factors, such as age, hormone level, menopausal stage, inflammation and immunity, and
cancer development stage and severity, as well as other factors. Microorganisms in the
gut have been shown in previous studies to be involved in the crosstalk between multiple
risk factors and BC [2]. The intestinal microbiota population is not only associated with
BC stages but also influences clinical outcomes of BC patients. In the early stages of BC
treatment, cell autonomous and immune responses are important for cancer development.
Blautia, Faecalibacterium prausnitzii, and Bifidobacterium were correlated to clinical stages [11].
For instance, lower abundance of Blautia sp. were present in stage 1 compared to stage 3
BC [11]. Safae and colleagues showed that chemotherapy caused over-abundance of gut
commensals and had a negative impact on BC prognosis [12]. Dysbiosis is believed to
accelerate cancer development by damaging host DNA, producing metabolites to induce
inflammation, and causing dysregulation of the host immune system [13,14]. For example,
an antibiotic treatment using cephalosporin induced BC and reduced microbiota diver-
sity [15]. An EGFR/Her?2 tyrosine kinase inhibitor, lapatinib, can induce diarrhea, decrease
microbiota delivery, and, possibly, lead to dysbiosis [16]. Besides some negative impacts of
pathogenic bacteria, however, microbiota populations can catalyze chemical reactions to
accelerate anti-cancer drug biotransformation [17].



Microorganisms 2022, 10, 1727

3 0f 36

3.1. Gut Microbiota Composition Is Different in BC Patients and Subtypes of BC

Patients with breast carcinoma and those with benign tumors had different gut mi-
crobiota composition. Peidong et al., found that Citrobacter was significantly higher in a
malignant tumor group compared to a benign tumor group. The KEGG pathway analysis
revealed increased glycan biosynthesis and metabolism, and lipopolysaccharide biosyn-
thesis in the malignant tumor group compared to the benign tumor group [18]. Further,
early-stage BC patients have different gut microbiota composition compared to heathy
controls. Alpha diversity Shannon index was lower in BC groups in which fecal samples
were collected from newly diagnosed patients before any treatment. Moreover, there was
a higher abundance of Firmicutes and Verrucomicrobiaceae and lower abundance of Bac-
teroidetes. Moreover, the relative abundance of Odoribacter sp. and Butyricimonas sp. was
observed among BC patients [19]. In addition to differences of gut microbiome observed
within early-stage BC cases, patients undergoing neoadjuvant chemotherapy have different
fecal metabolic profiles due to altered microbiota population. Lactate and fumaric acid were
down-regulated in chemotherapy groups compared to patients before treatment, as shown
by Zidi et al. [19]. SCFAs, including propionate, butyrate, and acetate, increased in patients
who received three cycles of chemotherapy [19]. Another study focused on intestinal micro-
biota in early BC treatment showed microbiome is associated with prognosis of multiple
types of early BC [12]. The abundance of Streptococcus, Lachnospiraceae, etc. were higher
in aggressive tumors, while the abundance of certain health-related commensals was higher
in less aggressive tumors. More importantly, distinct bacterial species were identified with
respect to prognosis to be associated with the cancer status or healthy status. Commensal
bacteria could be promising for characterizing BC patients with better or worse prognosis
in future analysis. Furthermore, side-effects induced by chemotherapy were associated
with decreased beta diversity of fecal microbiota [12]. Overall, these results indicate fecal
metabolites potentially change correlating with the treatment period, and gut microbiome
can change metabolic profiles to affect BC risk.

Gut microbiota has also been associated with emotion stress treatment efficiency in BC
patients. Chemotherapies are known to decrease cancer recurrence and alter gut microbiota
in BC survivors. With emerging evidence indicating the microbiota—gut-brain axis affects
anxiety disorder, Ryo et al., found that among women diagnosed with invasive BC, relative
abundance of Bacteroides genus was directly and significantly associated with fear of cancer
recurrence (FCR). Higher FCR was associated with lower microbial diversity where higher
relative abundance of Bacteroides and lower relative abundance of Lanchnospiraceae and
Ruminococcus were identified [20]. In Her2-negative BC patients treated with metronomic
apecitabine, higher abundance of Slackia was associated with lower progression-free sur-
vival (PFS), while higher abundance of Blautia obeum was associated with higher PFS [21].
These studies shed light on gut microbiota and pathophysiology which, potentially, can
affect prognosis of BC treatment.

3.2. Gut Microbiota Dysbiosis and the Relationship between Microbiota and the Host in BC

BC incidence has been shown to relate to microbiota dysbiosis in the past decade.
Methylobacterium radiotolerans and Sphingomonas yanoikuyae were enriched in breast tumor
tissue and paired normal tissue, respectively [22]. Breast tumor tissue of estrogen receptor-
positive BC is colonized by Methylobacterium [22]. Sphigomonas was shown to activate
Toll-like receptor 5 (TLR5) that inhibits BC development [23]. Reduced total bacterial
DNA load as well as lowered basal level of antibacterial response gene indicated that a
lower microbiota population in tumor tissue was related to limited immune response in the
host [22]. Rosean et al., demonstrated that disturbing microbiota homeostasis by antibiotics
to form a pre-established commensal dysbiosis can result in severe tissue inflammation,
enhanced fibrosis, and tumor cell dissemination in a hormone receptor-positive BC mouse
model [24]. McKee et al., also showed disturbing gut microbiota resulted in aggravated
breast tumor growth [25]. An antibiotics cocktail eliminated some bacterial species and
resulted in significantly accelerated tumor growth in the BrCa mouse model which harbors
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mutations of BRCA genes that repair damaged DNA. Furthermore, SCFAs, such as butyrate
and propionate, as well as medium-chain fatty acids significantly decreased after antibiotics
treatment. However, two strategies rescued this effect; Faecalibaculum rodentium, or mast
cells, can both rescue this negative influence of antibiotics [25]. Therefore, maintaining a
homeostasis environment between bacteria and host is critical for optimizing the beneficial
effects that humans can obtain from microorganisms. Dysbiosis should be considered
carefully to prevent pathobionts from exacerbating the disease while modulating gut
microbiota is becoming a promising strategy for enhancing therapeutic effects in the future.

While gut microbiota is shaped by hosts, altered microbiota can have positive or
negative influences in hosts. For example, enteric bacteria Helicobacter hepaticus-infected
mice can significantly enhance the development of mammary tumors by up-regulating the
TNF-« pro-inflammatory cytokine [26]. A subset of interleukin-10 competent regulatory T
cells rescued this negative effect of H. hapaticus, suggesting that the human immune system
plays important roles in suppressing negative influences from some gut bacteria strains [26].
Consuming a high fat diet after colonization of Erysipelotrichaceae increased inflammation
in the gut [27]. Individuals are benefiting from a positive influence from gut microbiota as
it is not only affecting estrogen levels but also producing metabolites that have anti-cancer
potentials. Lithocholic acid decreased BC cell proliferation and inhibited epithelial to
mesenchymal transition in vitro [28,29]. Lactate and SCFAs, such as butyrate, propionate,
and acetate, are generated by bacteria after indigestible carbohydrate fermentation [29]
(Table 1).

Table 1. Gut microbiota and breast microbiota produce fatty acid metabolites that have
anti-cancer effects.

. . Fatty Acid Associated
Bacteria Location Metabolite Anti-Cancer Mechanism References
Docosahexaenoic acid, Eﬁggcziixglgsi;zr_lﬁf
Bifidobacterium spp. Eicosapentanoic acid, . & - g 1 3
(Actinobacteria) gut Omega-3 PUFA, acetate, and increases PTEN expression, suppresses ce [30-32]
forméte ! proliferation by modulating Bcl-2 and
procaspase-8.
I Conjugated linoleic Activates tumor s;lpdp;ezzisor genes pb3, p21
(Lactobacillaceae) gut, breast acst(: fle’ 2§gf§§;te suppress VEGF, induces G0/G1 cell cycle [33-36]
’ arrest and apoptosis.
Inhibits JAK/STAT3 pathway, activates p38
Akkermansia municiphila . through oxidative phosphorylation and,
(Verrucomicrobia) gut Propionate, and acetate therefore, promotes G0/G1 [37,36]
cell cycle arrest.
Derived from progesterone
Bacillus cereus 5-« -pregnane-3,20-dione, metabolism, metabolite
. gut . .. . [39]
(Firmicutes) and butyrate promotes cancer progression via increase in
cell proliferation.
Baglllus gubtzlzs'and . Down-regulate STAT3 )
Bacillus lichenofirmes gut Propionate [40]
(Bacillota) pathway.
Suppress cancer by inhibiting IL-6 and
Faecalzbuc‘terzum praunitzii gut, breast Butyrate phosphorylatlon of ]AK /STAT p.athway [41]
(Ruminococcaceae) proteins by promoting apoptosis and
decreasing cell proliferation.
Blautia spp. Acetate, formate,
(Lachnospiraceae) gut and propionate NA (321
Propionibacterium .
(Actinomycetota) breast Acetate, and propionate NA [42]
Clostridium gut Acetate, butyrate, propionate, NA [32]

(Firmicutes)

valerate, formate, and lactate
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Table 1. Cont.

Fatty Acid Associated

Bacteria Location Metabolite Anti-Cancer Mechanism References
Strept?coccus breast Acetate, formate, and lactate NA [32]
(Bacillota)

Coprococcus and
Roseburia
(Lachnospiraceae)

Induce G2/M cell cycle arrest. Inhibit
HDAC1 and HDACS3, activate GPR109A and
GPR43, thereby reducing inflammation and
suppressing tumor by over-expressing p57,
gut Butyrate reduces neuropilin-1 and ERK-MAPK [43]
pathway protein expression that prevents
angiogenesis, metastasis and proliferation,
triggers apoptosis via Wnt/ 3-catenin
signaling and suppresses c-Myc.

Prevotella (Bacteroidota)

Acetate, formate,

and propionate NA (321

gut

Bacteroides spp.
(Bacteroidota)

Modulate DNMT activity thereby
hypermethylating HDAC6, NASP, HNRNPC,
gut Valerate and LIN9 genes altering their expression [44,45]
which, in turn, promotes hallmarks of breast
cancer progression.

Abbreviations: PUFA, polyunsaturated fats; PTEN, Phosphatase and tensin homolog; VEGF, vascular endothelial
growth factor; JAK-STAT, Janus kinase-signal transducer and activator of transcription; IL, interleukin; HDAC,
histone deacetylase; GPR, G-protein coupled receptors; ERK, extracellular signal-regulated kinases; MAPK,
mitogen-activated protein kinase; c-Myc, cellular myelocytomatosis oncogene; NASP, nuclear autoantigenic
sperm protein; HNRNPC, heterogeneous nuclear ribonucleoproteins C1/C2; and LIN9, Lin-9 homolog.

SCFA producers not only provide support for the host, but also maintain a viable
environment for other bacteria that produce indole and hydrogen sulfide [46]. Butyrate is
known for its anti-tumor and anti-inflammation effect. Bacteria producing butyrate include
F. prausnitzii, Roseburia intestinalis, and Eubacterium rectale [28]. Acting as an HDAC inhibitor,
sodium butyrate has shown promising anti-triple negative BC (TNBC) impact both alone
and in combination with anti-cancer agents [47]. The amino acid, cadaverine, is also known
for its anti-tumor effect. Cadaverine inhibited BC cellular growth by reducing migration
and invasion of cells, as well as suppressing epithelial to mesenchymal transition [28].
Bacteria secrete metabolites and various compounds, as well as extracellular vesicles to the
extracellular environment. Extracellular vesicles are lipid layer-enclosed cytosol released by
bacteria for communication between cells and transporting content from one cell to another.
Previous investigators added extracellular vesicles produced from Kiebsiella pneumoniae to
the MCF-7 estrogen receptor-positive BC cell line under tam oxifen treatment. Extracellular
vesicles decreased expression of CCNE1 and p-ERK, enhancing the anti-tumor effect of
tamoxifen [48]. On the other hand, gut microbiota can have a negative impact on the host.
Martina et al., showed that gut microbiota can weaken the efficacy of trastuzumab in Her2-
positive BC. Trastuzumab attracts immune cells to tumors that over-express Her2 on their
cell surface. Its antitumor activity is diminished by antibiotic treatment which lowered
the abundance of Lachnospiraceae, Turicibacteraceae, Bifidobacteriaceae, and Prevotellaceae.
Antibiotic treatments that cause dysbiosis decreased CD4" T cells and granzyme B+ cells,
reduced dendritic cell activation, and inhibited the release of interleukin 12p70 [49].

3.3. Clinical Studies on Gut Microbiota in BC

Studying microbiota in BC has translational and clinical significance as the breast
microbiota colonize normal and cancerous breast tissue and the gut microbiota and their
metabolites are closely related to host immune responses and have been associated with BC
progression. Various factors, such as BC stages, subtypes of BC, and therapies, including
neoadjuvant therapy, chemotherapies, and antibiotics treatments, can affect the thera peutic
outcome as well as microbiota composition (NCT03885648). In vitro and in vivo studies of
gut and breast microbiota in BC have been actively investigated during the past two decades.
Clinical trials are needed for understanding the association of microbiota composition with
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the risk of BC in humans and to bring scientific research to publicly available supplements
and treatments for BC patients. Completed clinical studies have explored microbiome in
BC patients, such as the influence of antibiotics in surgery and the association of intestinal
bacteria with BC risks, as well as probiotics and breast health (NCT03702868, NCT01461070,
and NCT03290651) [50]. Several ongoing clinical trials focus on the impact of drugs, diet,
and probiotics on gut microbiota in BC patients undergoing chemotherapy treatments.
The abundance of Akkermansia, a promising probiotics candidate, has been evaluated in
a presurgical weight-loss trail of overweight and obese BC women. Microbiome alpha-
diversity and the abundance of Akkermansia decreased while pro-inflammatory marker
interleukin-6 increased [51]. Another innovative clinical trial explored the immune-boosting
function of probiotics in BC. An over-the-counter probiotic delivered to stage I-III BC
patients three times a day increased CD8" T cells a month after baseline indicating probiotics
induced protective immune response against pathogens as well as tumor surveillance
(NCT03358511). In a case-control clinical study, BC women at early stages who underwent
surgical intervention were involved. Both gut microbiota and breast microbiota will be
assessed and correlated to BC risks (NCT03885648). Evaluating gut and breast microbiota
in the same individuals is critical for establishing association between microbiome and
BC systematically. Since the efficacy of neoadjuvant therapies can be influenced by the
microbiota in different individuals, clinical trials involving BC patients will improve the
application of probiotics in supplementary therapies and neoadjuvant therapies

3.4. The Mechanistic Role of Breast Microbiota in BC

Though researchers have found a strong correlation between microbiome and BC at
different stages and ages, the mechanism of action is in need of further study. Firmicutes and
Bacteroidetes are the most prevalent phyla found in feces in early-stage BC cancer patients.
Stage II and III cancer patients had significantly more Bacteroidetes, Clostridium coccoides,
Clostridium leptum, F. prausnitzii, and Blautia spp. compared to stage 0 and I patients.
Moreover, Blautia spp. increased as the prognostic grades increased [11]. Sheetal et al.,
investigated a pro-carcinogenic colon microbe Bacteroides fragilis that promotes breast
tumorigenesis and metastasis. Mammary gland or gut colonized with enterotoxigenic B.
fragilis induced mammary gland epithelial cell proliferation. Toxins released by B. fragilis
increased metastasis and invasion in BC cell lines and xenografts. This biological effect
in vitro was mediated by toxin activated Notchl and beta-catenin axes [52]. Regulating
tumor infiltrating lymphocyte (TIL) is another means by which gut microbiota can influence
BC. Shi et al., classified TIL as three groups based on the proportion of filtrated area in
tumor and adjacent areas. High TIL individuals had better chemotherapy outcomes and
had statistically different beta diversity distribution of gut microbiota compared to the
low TIL group. Higher abundance of Methanosphaera and Anaerobiospirillum and lower
abundance of Mycobacterium, Rhodococcus, etc., were identified in the high TIL group
compared to the low TIL group [53]. Moreover, species Barnesiae, that is known to regulate
estrogen metabolism, had higher abundance in the low TIL group, indicating Barnesiae
may be a potential risk factor promoting cancer development in low TIL cases [53]. TLRs
respond to pathogen-associated molecular patterns to induce the production of cytokines
and chemokines [54]. For example, TLR2 expression is higher in MDA-MB-231 compared
to less aggressive MCF-7 BC cells. The mechanism of higher aggressiveness seen in the
MDA-MB-231 cell line is partially mediated by induced NF-kB, interlukin-6, and MMP9
levels [55]. These results suggest that immunity is closely related to carcinogenesis. Since
gut microbiota modulate both lymphocytes and neutrophils, immune-related responses
to gut microbiota can have a great impact on mammary carcinogenesis. Lakritz et al.,,
showed neutrophiles-depleted mice were more susceptible to H. hepaticus-triggered tumor
development [56,57]. Decreasing proinflammatory cytokines and inflammation can prevent
tumor development during the early stages of BC [54]. Furthermore, effector CD8" T cells
inhibited the growth of Her-2/neu tumor cells in anti-cancer immunotherapy. Calories
intake is another factor affecting BC treatment outcome. Restricting calories intake during
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TNBC radiotherapy treatment greatly decreased tumor development in mice compared
to normal diet supplying a normal amount of calories. The mechanism was mediated by
down-regulation of a well-known metastasis-driving pathway, insulin-like growth factor,
and Akt pathway [58,59].

Hormone metabolism is another important way for gut microbiota to affect their host,
while the microbiota is, in turn, affected by host menopausal stage and hormone levels.
Pre- and post-menopausal status is known to have significantly different hormone levels.
Ming-Feng et al., showed alpha-diversity significantly decreased in premenopausal BC
patients compared to control. Bacteroides fragilis was found in premenopausal individuals,
while Klebsiella pneumoniae was found in aged post-menopausal individuals [60]. In studies
focused on post-menopausal cases, Jia et al., found BC patients had higher microbial
diversity compared to controls, although the diversity has been found to decrease in BC
patients in most cases. Within multiple species that were enriched in cancer patients, some
species were positively correlated with estradiol levels and negatively correlated with
CD3* CD8* T cells [61]. Moreover, gut metagenome showed enriched genes participating
in lipopolysaccharide biosynthesis and the carbohydrate phosphotransferase system in
cancer patients [61]. Post-menopausal BC patients harbor significantly reduced alpha
diversity especially in IgA-coated and Ig-A noncoated taxa. Species belonging to IgA-
coated Proteobacteria and Firmicutes, and genus belonging to IgA-noncoated Firmicutes,
such as Ruminococcus and Clostridium, are associated with BC cases [62]. According to these
previous studies, the difference in gut microbiota composition is more distinct comparing
post-menopausal BC patients to controls.

Steroid hormones play important roles in BC. For example, in gastrointestinal lumen,
conjugated estrogen is deconjugated by beta-glucuronidase bacteria that supply free es-
trogen to breast tissue through the circulatory system [63]. A higher estrogen level has
been linked to increased risk of BC. Estrogen level is affected by intestinal microbiota
because they produce beta-glucuronidase enzymes that deconjugate estrogen metabolites.
Estrogen metabolites can remain in the circulation to raise the estrogen level. Gut microbial
beta-glucuronidase and estrogen level are regulated bidirectionally. Beta-glucuronidase is
structurally specific for reactivating estrogen. Ervin et al., confirmed in vitro that certain
members in beta-glucuronidase enzymes with distinct structure can reactivate estrogen
glucuronidases [64]. Estrogen level is also affected by bacterial estrobolome in host in-
testine that increases the risk of estrogen-receptor positive BC among post-menopausal
patients [65]. Decreasing diversity of bacteria and dysbiosis of gut microbiome resulted
in excreted estrogen and higher risk of BC [66]. Bacteria that produce beta-glucuronidase
include Clostridia, Ruminococcaceae, and Eschherichia. Potential beta-glucuronidase inhibitors
include the probiotics Bifidobacterium longum, flavonoids, and silybin, as well as others [67].
The relative abundance of B. longum positively correlated with docosahexaenoic acid, an
essential nutrient that has beneficial effects in BC survivors [30]. This study reinforced the
important relationship among gut microbiota, metabolites, and BC prognosis. Estrogen
level can also be manipulated by dietary fiber consumption and gut microbiota diges-
tion [68]. In addition to circulating estrogen levels, hormone receptor level is another
important factor in BC development. A pilot study that explored the association between
gut microbiome and BC risk factors, including receptor status, stage, and grade of BC,
showed that women with Her2+ BC had 12-23% lower alpha diversity, higher abundance of
Bacteroidetes and lower abundance of Firmicutes compared to Her2- patients [69]. On the
other hand, gut microbiota can also have a positive impact on estrogen signaling. Intesti-
nal microbes can break down polyphenols and plant-derived phytochemical compounds
to form estrogen-like compounds [70]. Phytoestrogens and plant-derived xenoestrogens
compete with estrogen for its receptor; therefore, they can act as anti- estrogen agents [71].
Bacteria ferment plant lignans into enterodiol and enterolactone which was shown to serve
as an anti-estrogen agent that can lower the risk of BC [72,73]. Furthermore, gut microbiota
can modulate estrogen metabolism. The ratio of estrogen metabolites, such as estradiol and
hydroxylated estrogen, to parent estrogen are positively related to higher risk of BC. This
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effect has been evaluated on post-menopausal BC patients with higher levels of circulating
estrogen [74,75]. These studies indicate that bacteria that have positive or negative impacts
on BC partially depended on their roles in estrogen metabolism for these effects.

Among several factors that significantly alter gut microbiota in BC, such as diet, obesity,
alcohol consumption, hormone levels, and antibiotic treatment, diet and gut microbiota are
closely related because the presence of bacteria is constantly modulated by our daily dietary
patterns [76]. A diet rich in red meat and animal fat has been associated with increased risk
of BC. Among post-menopausal patients, western diets had a negative impact on hormone
receptor-positive patients. However, the significant effect of a healthy diet (i.e., vegetable,
fruit, and fish) was only significant among premenopausal patients, indicating that diet
may greatly affect the health of individuals at younger ages [77]. Furthermore, diet is
digested by a large number of bacteria called degraders through cross-feeding. Fibers and
polysaccharides are converted to oligosaccharides and SCFAs by primary degraders, such
as B. thetaiotaomicron. These nutrients are further degraded to monosaccharides and other
downstream products by secondary degraders, such as Eubacterium rectale [78]. Gut bacteria
have been shown to participate in food digestion as well as phytochemical breakdown.
For example, Flavonifractor plautii can convert catechin and epicatechin to velaric acids,
and Slackia equolifaciens can turn soy isoflavones to equol and O-desmethylangolensin [79].
The exchange of nutrients and chemicals between bacteria and host occur consistently
rendering it extremely important to study gut microbiota as a ‘new organ system’ in the
human body.

4. Breast Microbiota and BC

The breast is a complex and favorable microenvironment composed of host tissue,
epithelium and stroma, and microorganisms [80]. Breast tissue and ducts are not ster-
ile. Instead, they are colonized with a diverse community of microorganisms originat-
ing from breast skin, nipples, mammary areolas, and entero-mammary pathways where
the same genera of butyrate-producing bacteria have been found in both maternal fe-
ces and milk [73,81,82]. Bacteria can be transported to other areas by dendritic cells [83].
For example, CD18" cells and dendritic cells can transport gut microbiota to lactating
breast tissue [84]. Bacteria can also travel to organs such as mesenteric lymph nodes and
liver [85]. Infants consume 10* to 10° commensal bacteria on average per day [86]. The ‘core’
breast bacteriome consists of Staphylococcus, Streptococcus, Lactobacillus, and Propionibac-
terium to main tain the homeostasis in the breast microenvironment as summarized by
Okunola et al. [87]. Being a distinct community of microbiota different from that found
in other parts of the body, breast microbiota interacts with the host by immune modula-
tion and the production of enzymes and metabolites, such as beta-glucuronidase, SCFAs,
lipopolysaccharide (LPS), bile acids, etc. [88]. In mouse mammary tumor, Butyrivibrio fibri-
solvens-related species in Firmicutes phylum were found in tumors of a xenograft mouse
model [89]. In human mammary tissue, diverse populations of bacteria were found in
human mammary tissue with and without BC, including the main phylum Proteobacteria,
followed by Enterobacteriaceae, Staphylococcus, Propionibacterium, and others [90]. Although
the major phylum and taxa of bacteria identified in breast tissue were different from micro-
biota identified in the GI tract, bacteria established in these two distant located areas can
affect each other through metabolomes and immunity.

4.1. The Origination of Breast Microbiota

Bacteria in breast tissue is hypothesized to originate from translocation from the gas-
trointestinal tract, nipple-areolar complex, or oral contact. Bacterial composition in breast
tissue is distinctly different from gut microbiota. Major microorganisms in the gastroin-
testinal track include Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria [91].
Different from that in the GI track, major microorganisms in breast tissue are Staphylococcus,
Serratia, and Streptococcus, among others [73]. Despite differences in microbiota composition
in gut and breast tissue, fecal transplantation showed changing gut microbiota can lead to
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alteration in breast microbiota [92]. Transplanting control mice with fecal samples from
mice fed high-fat diet (HFD) recapitulated tumorigenic effects in mice on high-fat diet.
Transplanting HFD mice with fecal samples from control mice resulted in reduced tight
junction disrupting bacterial lipopolysaccharide in HFD mice [92]. These results suggest
breast microbiota composition was influenced by gut microbiota.

4.2. Breast Microbiota Composition Is Different in BC Patients and Subtypes of BC

The microbiome of pathogenic tissue is also greatly different from healthy tissue.
Thompson et al., showed that Proteobacteria, Actinobacteria, and Firmicutes are major
phyla in breast tissues. The relative abundance of these phyla is different in breast tis-
sue and adjacent normal tissue. Proteobacteria was more prevalent in breast tumors
while Actinobacteria was more prevalent in normal tissue [93]. When microbiome is ana-
lyzed in the same individual, microbiome composition of BC tumor tissue harbored lower
richness of bacteria compared to healthy adjacent tissue [94]. The relative abundance
of Actinobacteria and Propionibacteriaceae were lower in tumor tissue, while the relative
abundance of Proteobacteria, Firmicutes, and Alphaproteobacteria was higher [94]. Com-
parison of breast microbiota between women that have BC and women with benign breast
disease showed correlation of bacterial genera with malignancy. Higher abundance of
Fusobacterium, Atopobium, and Gluconacetobacter, as well as others, were correlated with
malignancy [80]. Moreover, breast tissue microbiome changed at different stages of BC as
evaluated by a clinical trial [73]. As the BC stage progresses, changes in microbiota can sub-
sequently down-regulate biosynthesis of flavonoids while up-regulating biological process
related to glycerophospholipids and ribosomes [95]. Moreover, Urbanaik et al., also found
that compared to normal breast tissue collected from healthy individuals, BC patients had
higher relative abundance of Bacillus, Enterobacteriaceae, and Staphylococcus [96]. These
three genera were also identified in normal breast tissue in previous research, indicating
the higher concentration, instead of the presence, of certain bacteria is associated with
breast cancer incidence. Moreover, E. coli and Staphylococcus epidermidis, but not Bacillus or
Streptococcus, can produce colibactin that causes DNA double-strand breaks (43, 29). This is
hypothesized to promote BC development.

In all subtypes of BC, Mobiluncus, Brevundimonas, and Actinomyces were presented
at higher abundance [97]. Her2 type of BC had higher abundance of Akkermansia [98].
A higher level of fungal species was identified in estrogen receptor-negative BC compared
to other types of BC. TNBC was associated with a more distinct microorganism popu-
lation [99]. The presence of virus, bacteria, and parasite were different in TNBC breast
tissue compared to the control. The relative abundance of Arcanobacterium as well as
Brevundimonas, Sphingobacteria, and Providencia was higher in breast tissue [99]. The ma-
jority of studies on breast microbiota were performed by 165 rRNA sequencing and/or
metagenomic sequencing. Culturing bacteria from the breast tissue and tumor are more
useful for studying characteristics of specific bacterial strains. A study that compared
culturable bacteria observed in breast tumor and benign lesions showed the BC group
had increased cultivated E. coli and S. aureus and no bacteria was cultivated in the benign
lesions group [100]. Moreover, samples collected from senior women had more culturable
bacteria than women at younger ages [100]. In addition to dominant cultivatable bacteria,
Bifidobacterial and lactic acid-producing Lactobacillus were also identified in the milk of
healthy women [101]. Overall, these results show that the prevalence of distinct types of
microorganism are higher in BC tissue compared to healthy tissue. Microorganisms might
be used as targets for evaluating prognosis of BC.

4.3. Breast Milk Microbiota

Breast milk is also a non-sterile environment harboring viruses, fungi, and bacte-
ria. Milk is hypothesized to contribute to fungi and bacteria establishment in the infant
gut [81]. Dysbiosis of maternal milk microbiota can be passed on to infants and, potentially,
result in alteration of gut microbiota in infants [81]. Specific microbiota was identified
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in breast milk. Chan et al., identified major flora of microbiota in nipple aspirate fluid
(NAF) [23]. Compared to healthy controls that had higher abundance of Sphingomonadaceae,
BC survivors had higher abundance of Alistipes in the ductal area. Interestingly, higher
beta-glucuronidase activity was associated with microbes identified in BC samples [23].
Microbiota composition was different in breast tissue and NAF. NAF is an important means
of exposing infants to a variety of microorganisms. Therefore, studying and understanding
microbiota in the breast milk of healthy nursing mothers and breastfed infants are impor-
tant as beneficial bacteria can help maintain a healthy status of hosts and infants in the
later stages of life [102]. Infants are exposed to bacteria in maternal milk where bacteria
originate [103]. Babakobi et al., showed postpartum maternal diet affects maternal milk
microbiota and infant gut microbiota composition [104]. In breast milk, the abundance of
Streptococcus was negatively related to dietary consumption of unsaturated fatty acids, folic
acid, and vitamin B-12. Staphylococcus hominis correlated to medium-chain saturated fatty
acids. Though bacterial growth depends on oxygen requirement, they found Streptococcus,
Escherichia, and Staphylococcus in stool samples as well as milk samples [104]. Therefore,
diet intake can cause microbiota changes in both gut and maternal milk which can further
modulate infant gut microbiota. Compounds in milk, such as fucosyltransferase 8 (Fut8),
were also studied for their impact on infant gut microbiota [105]. Catalyzing core fucosyla-
tion in milk, Fut8 selectively promoted the growth of Bifidobacterium spp. and Lactobacillus
spp., because Bifidobacterium can metabolize human milk oligosaccharides fucosyllactose in
breastfed infants [102]. Moreover, B lymphocytes are activated by metabolites produced
during catalysis. Furthermore, alpha-diversity and beta-diversity of infant gut microbiota
were influenced by nursing mothers [104]. Streptococcaceae can be directly passed to infants
by breast milk [104]. The impact of the nursing mother on infants during lactation and
early development might be important at later life stages. Overall, breast milk promotes
growth of probiotics and induced protective immune response in infants [105].

Breastfed infants gain a complex population of bacteria, viruses, and fungi from the
mother based on the evidence that mammary milk microbiota is dominant in infant fecal
microbiota [106]. Breast milk has anti-pathogen and anti-cancer effects because it contains
antimicrobial compounds, such as organic acids and hydrogen peroxide. Consuming milk
can also strengthen the infant gut barrier by decreasing intestinal permeability. Several
bacterial species served as immune cells activators during immune programming of in-
fants. Modulating milk microbiota by diets and/or supplements may be used to shape the
microbiota toward a protective composition of bacteria that potentially benefit both the
mammary gland and infants. Metabolites discovered in human milk are relevant to health
of the mammary gland and infant. Functioning as prebiotics, human milk oligosaccha-
rides (HMOs) were found in milk that contained Bifidobacterium and Staphylococcus [107].
Furthermore, two butyrate-producing bacteria, Roseburia and Eubacterium, were found to
grow in the presence of HMOs [108]. Among a variety of metabolites identified, SCFAs are
produced by microbiota and play important roles in host-immune and neuroendocrine
systems [109]. SCFAs have also been associated with anti-cancer effects by previous studies
(Table 1). SCFAs levels increased in six-month-old infants during the postpartum period
who received Lactobacillus isolated from mammary milk, indicating probiotics isolated
in milk can be used to shape gut microbiota in infants toward a protective microbiota
composition [110]. Another bacteria species of Lactobacillus can also exert probiotics effect.
This species had immune-modulatory DNA motifs and open reading frames to regulate
host immunity, as well as nitrogen metabolism and stress response in the GI track [111,112].
A probiotics cocktail administered orally to pregnant women created higher abundance of
Bifidobacterium and Lactobacillus in milk microbiome compared to the placebo group [113].
However, this effect was not seen when administering milk containing bacterial strains to
pregnant women.
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4.4. The Mechanistic Role of Breast Microbiota in BC

The mechanistic role of breast microbiota in BC is mediated by hormone level regula-
tion, inflammation and immunity, dietary patterns, and the bacterial metabolome. Estrogen
level plays an important role in BC development, and it is bidirectionally regulated by
beta-glucuronidase level in the gut. Interestingly, previous studies found that compared
to healthy controls, beta-glucuronidase level was higher in nipple aspirate fluid in BC pa-
tients [114]. Beta-glucuronidase is utilized by bacteria and promotes the growth of certain
bacteria strains. High-fat diet not rich in fibers was shown to increase beta-glucuronidase
activity. Alcohol intake and adiposity can also increase beta-glucuronidase level [115].
Therefore, HFD can increase beta-glucuronidase level to regulate estrogen level which is
positively correlated to higher BC risk. BC risk is positively correlated with chronic inflam-
mation status. For example, increased cyclooxygenase 2 and prostaglandin E2 can induce
the expression of aromatase and estrogen that promote BC [116]. There have been emerging
needs to study the mechanistic role of breast microbiota in BC [117]. Banerjee et al., showed
Proteobacteria is the predominant phylum in both breast tumor and normal tissues. In addi-
tion, normal adjacent tissue had increased the abundance of Actinobacteria [99]. However,
the mechanistic role of breast microbiota in BC needs further exploration. Banerjee eta al.
proposed epithelial-to-mesenchymal transition (EMT) was associated with higher abun-
dance of Listeria fleischmannii. Genome-regulating cell cycle checkpoints and mitosis were
associated with Haemophilus influenzae [99]. An anti-tumor role of bacterial metabolite was
mediated by suppressing EMT and metastasis and reducing cell stemness [118]. Diet can
affect microbiota in both breast tissue and the GI tract. In addition to regulating circulatory
estrogen levels, diet alone can shape breast microbiota. The Mediterranean diet significantly
increased relative abundance of mammary gland Lactobacillus which was present at lower
abundance in tumors compared to benign tissue, indicating the importance of diet pattern
in protective breast microbiota formation [119]. Gut microbiota also plays an important
role in modulating breast microbiota. The gut environment can secrete compounds to
affect epithelial-to-mesenchymal transition. For example, secondary bile acids that are
exclusively secreted by bacteria can inhibit BC cellular proliferation by down-regulating
several intermediates in the Krebs cycle and oxidative phosphorylation pathways [120].
The serum level of lithocholic acid, a secondary bile acid, was lower in BC patients com-
pared to healthy control, indicating the protective role of secondary bile acid and other
bacterial metabolites in preventing BC.

4.5. Modifying Breast Microbiota in BC

Modifying breast microorganisms is closely related to BC risk. Diet has been studied
and compared to FDA-approved drugs regarding their ability to modify the breast mi-
croenvironment. Dietary flaxseed affected microenvironment in normal breast tissue of
post-menopausal women by increasing several interleukin levels after treatment, and the
mechanism was similar to that seen in tamoxifen treatment. Flaxseed and tamoxifen also
regulated other different types of interleukins. Therefore, in addition to FDA-approved
drugs, dietary treatment can also stimulate inflammatory response by regulating different
factors [121]. Breast implant is another main reason of microbiota modulation in breast
tissue. Gram-negative bacteria Pseudomonas aeruginosa secrete pyocyanin to escape the host
immune system to cause early infection in breast implants [122]. Necrotizing soft tissue
infection is also caused by bacterial infection [97]. P. aeruginosa can also play an important
role in chemotherapy as it greatly increases after chemotherapy. However, high concen-
tration, not low concentration, of P. aeruginosa inhibited the growth of multiple BC cell
lines [123]. Moreover, this particular bacteria species can enhance the effect of doxorubicin
mediated by increasing production of Pseudomonas quinolone signal that inhibited NF-kB
pathways as well as iron levels to suppress BC development [123].

Breast microbiota affects host immune response mediated by pattern recognition
receptors in the tumor microenvironment [124]. The gut-breast microbiota axis can also
shape the systemic immunity and regulate estrogen and bile acid levels [124]. Studying
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breast microbiota is translationally important. Overall, there are many factors modulating
breast microbiota composition in different cases (Figure 1). Precision and personalized
medicine or dietary supplements may be promising fields for treating breast dysbiosis in
the future. When targeting breast microbiota for prognosis and BC treatment, multiple
factors need to be considered, including dietary habits, and toxicity and immunity in the
breast tumor microenvironment.
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Figure 1. The origin and anti-cancer roles of breast microbiota and milk microbiota. NAF, nipple
aspirate fluid; HMOs, human milk oligosaccharides; DC, dendritic cell; SCFAs, short-chain fatty
acids; LPS, lipopolysaccharides; and EMT, epithelial-mesenchymal transition.

5. Modulating Microbiota by Probiotics and Prebiotics in BC

Gut microbiota is closely related to BC development and progression and is corre-
lated to BC stages. Probiotics can maintain microbiota homeostasis, outcompete harmful
bacteria, and produce beneficial metabolites. Modulating gut microbiota composition
by consuming probiotics or prebiotics that stimulate the growth of probiotics has been
shown to attenuate side-effects such as dysbiosis of chemotherapy treatment clinically and
slow down the development of BC. For example, probiotics supplementation can reduce
the incidence of BC chemotherapy-related cognitive impairment mediated by metabolite
mentha-1,8-dien-7-ol [50]. Some probiotic bacterial species, such as Clostridia and Bifido bac
teria, can also be genetically modified to express tumor suppressor genes, suicide genes, and
tumor-associated antigens, making them more constructive and profitable in anti-tumor
treatments [125].

5.1. Probiotics in BC Preventions

Bacteria populations established in the host share the environment and nutrients
and compete with other bacteria to survive. The growth of one bacterial species can be
affected by the presence of others. For example, H. pylori caused less acute gastrointestinal
pathology when co-colonized with Lactobacillus murinus and Clostridium [126]. Beneficial
bacteria compete with pathogenic bacteria to reach a homeostasis state in the human
body. Probiotics are bacteria that help maintain a homeostasis state and prevent dysbio-
sis. Probiotics are becoming a promising supplementary treatment for BC patients under
chemotherapy treatment. The condition of the gastrointestinal tract in patients is greatly
improved by consuming prescribed dosages of probiotics. During the past decade, pro-
biotic treatment has stimulated increasing attention and is more widely used in clinical
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cases and research fields. Probiotics such as Bifidobacterium suppress the growth of patho-
bionts, preventing a dysbiosis condition in the GI tract, and produces beneficial metabolites
that are transported by the circulatory system to distant organs in the body. A mixed
probiotic (Bifidobacterium longum BB536 and Lactobacillus rhamnosus HNOO01) administered
to BC survivors increased microbiota diversity and significantly decreased the ratio of
Bacteroidetes to Firmicutes. A probiotic supplement also decreased body mass index and
insulin resistance [127]. Probiotics can be ingested from fermented food or as commer-
cially available capsules. Modulating microbiota composition is becoming a promising
strategy for inhibiting carcinogenesis. Previous study has shown that breast milk-derived
Lactobacillus rhamnosus ameliorated inflammation and tumorigenesis in a colitis-associated
colorectal mouse model [128]. Considering the protective effect of probiotics and the strong
association between probiotics treatment and alleviated BC patient cases, questions have
been raised regarding the mechanistic roles of probiotics in BC prevention.

5.1.1. Mechanistic Roles of Probiotics in BC

Mechanistic roles of probiotic bacteria species have been studied during the past
decade. Bifidobacterium and Lactobacillus enhance immune response to eliminate tumor cells
in tumor microenvironment [129]. A well-known probiotic, Lactobacillus reuteri, was found
by Lakritz et al., to have anti-cancer influence in mouse models. [130]. L. reuteri rescued
increased risk of mammary tumor in Swiss mice on a westernized diet. Oral administration
of L. reuteri in Her2 mutant mice inhibited tumor development. Its anti-tumor function was
mediated by induced CD4" CD25* lymphocytes which elicit transplantable protection in
mice [130]. Another probiotics strain, Lactobacillus acidophilus, orally delivered to BALB/c
mice significantly decreased tumor growth rate by inducing the production of interlukin-
12 [131]. Mice fed with Lactobaciilus helveticus-fermented milk had elevated IgA and CD4*
cells in their mammary glands, and increased interlukin-10 [132]. These results indicate the
anti-cancer effect of probiotic strains is mediated by host immunity.

Probiotics and immunotherapies are closely related. Bacterial species have been
known to have an important role in immunotherapy, and their mechanisms of action are
critical for improving immunotherapies. The population of Sphingomonas was significantly
reduced in non-effective anti-programmed death receptor therapy because of increased
inflammation and reduced CD8* T cells [133,134]. However, probiotics Bifidobacterium
can rescue this situation by inducing the production of interferon-gamma, CD8" tumor-
specific T cells and dendritic cells and facilitate anti-PD-L1 immunotherapy [135]. Selected
bacterial species, including Enterococcus, Ruminococcaceae, and Akkermansia, can increase
the efficacy of PD-1 blockade treatment and with Enterococci are being studied as a new
probiotics candidate [136]. A BC patient who reacted to PD-1 checkpoint inhibitor had
higher abundance of Akkermansia muciniphila. Fecal transplant from patients to recipient
mice rendered a good response to PD-1 blockade in recipients, confirming the importance of
protective bacterial colonization in immunotherapy [137]. Another commensal bacterium,
Bacteroides fragilis, as a probiotics candidate, can activate Th1 cells to enhance anti-cytotoxic
T lymphocyte-associated protein 4 [138]. Based on previous research on TLR agonists as
vaccine adjuvants for anti-cancer therapies, Singh et al., found BC mice exposed to TLR4
and LPS had a better outcome than TLR4- or microbial-deficient mice [139].

In addjition to regulating hormone levels and host immune responses, gut microbiota
can also affect distant organs by producing metabolites that travel in the circulating system.
Investigators are seeking additional approaches to prevent BC using probiotic supplemen-
tations to understand probiotic metabolite profiles and their mechanistic roles as well as
their clinical significance.

5.1.2. The BC Prevention Roles of Probiotics and Their Metabolites Are Investigated
In Vitro

Probiotics are primarily shown to increase SCFA production with a concurrent de-
crease of pathobionts. Many prevention studies were performed to associate fecal and
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serum fatty acid production with an elevated population of probiotics in gut microbiota.
Several members in the SCFA family are well-known HDAC inhibitors that are involved
in epigenetics regulations, cell proliferation, immunity responses, programmed cell death,
and other processes [43]. Being produced by two major phyla of bacteria, propionate and ac-
etate are primarily produced by Bacteroidetes, and butyrate is produced by Firmicutes [43].
In a study on BC, SCFAs were found to bind to G-protein coupled receptors that induce
signaling cascade and phosphorylation of MAPK p38 in the MCF-7 cell line [140]. The level
of SCFAs in the GI tract was measured to be more than 100 mM which is assumed to induce
protective changes in the distal organs by the circulatory system [43]. Sodium propionate is
an important member in the SCFA family. Park et al., showed that 5 to 20 mM of sodium
propionate significantly inhibited proliferation and promoted apoptosis in JIMT-1 and
MCEF-7 cell lines mediated by inhibited JAK2 STAT3 signaling pathway and cell cycle arrest
at GO/G1 phase. Treatment also induced apoptosis by up-regulating the phosphorylated
p38 MAKP [38].

SCFAs in extracellular metabolites have been investigated both mixed and individually,
according to a study done by Nakkarach et al. [141]. Extracellular metabolites produced by
bacterial strain Escherichia coli KUB-36 was confirmed to generate seven SCFAs. The MCF-7
BC cell line was treated with SCFA-containing bacterial supernatant and individual SC-
FAs whose concentration was determined by the actual concentration in the supernatant.
Treatment exerted cytotoxicity effects on the MCEF-7 cell line but not on the noncancerous
control cell line MCF10A. Furthermore, E. coli metabolites reduced inflammatory cytokines
expression in macrophage cells and promoted anti-inflammatory cytokine IL-10 expres-
sion [141]. Although previous studies have investigated the influence of Lactobacillus
supernatant on BC cells, Nakkarach et al., was the first to show that the mechanism of
Lactobacillus supernatant depended on anti-inflammation and cytotoxicity effects of SCFAs.
Another well-known probiotic strain is F. prausnitzii. Similar to Bifidobacterium longum, F.
prausnitzii grows in strict anaerobic conditions and produces high amounts of butyrate and
anti-inflammatory compounds. When gut microbiota from BC patients were compared to
control, the population ratio of Firmicutes to Bacteroidetes decreased, while the abundance
of Verrucomicrobla, Proteobacteria, and Actinobacteria all increased [41]. The abundance
of Faecalibacterium negatively correlated to phosphorocholine which was up-regulated in
cancer patients. Moreover, F. prausnitzii can inhibit the IL-6/JAK/STAT3 pathway and
inhibit proliferation of the MCF-7 cell line [41]. These results indicate probiotics prevent
tumor development by inhibiting cell proliferation and down-regulating IL-6 and JAK
whose inhibitors are used for malignancies in clinics [142].

In addition to commercially available probiotics, such as Lactobacillus and Bifidobac-
terium, other bacteria species having probiotics effects are also scientifically and clinically
important. Hassan et al., explored the anti-cancer impact of heat-killed cells and cytoplas-
mic fraction of Enterococcus faecalis and Staphylococcus hominis. The growth of MCEF-7 cells
was suppressed dose-dependently. Apoptosis and cell cycle arrest at GO/G1 phase was
induced after treatment, indicating anti-cancer impact of both bacteria strains in vitro [143].

In addition to using one anti-tumor bacterial metabolite, treating BC cell line MCF-7
with fecal water that contains multiple metabolites was studied by Dubigeon et al. [144].
This experiment closely resembled in situ conditions. Fecal water samples collected from
healthy controls or patients newly diagnosed for BC were co-incubated with caco-2 cells to
harvest basolateral medium. MCEF-7 cells incubated with basolateral medium generated
from BC patients had higher viability compared to that from the control. Bifidobacterium sp.
was positively correlated with cancer cell viability and valerate was the only SCFA that was
negatively correlated with viability, suggesting metabolites pooled from BC fecal samples
were more likely to increase the risk of BC [144]. Furthermore, lipid metabolism gene
expression revealed that apo AIV was positively correlated with abundance of Bacteroidetes
and SCFA levels, including acetate, propionate, and butyrate [144]. These results open a
new direction to study bacterial metabolites in vitro. Fecal water collected from patients
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need to be metabolized first by gut intestinal epithelial cells, then the basolateral medium
was used to treat the BC cell line.

5.1.3. The BC Prevention Roles of Probiotics Metabolites Are Investigated In Vivo

The cancer prevention roles of probiotics are mainly studied in vitro. Exploring the
beneficial effects of probiotics in vivo is needed. Cadaverine, a diamines product of lysin
decarboxylation, is used by bacteria to buffer environment pH value. Kovacs et al., admin-
istered 500 nmol/kg cadaverine to female mice bearing 411 BC cells [118]. The treatment
successfully reduced tumor growth and primary tumor filtration, as well as attenuated
stemness of 4T1 cells. The mechanism of action was mediated by increasing trace amino
acid receptors that are known to associate with better survival in BC. Furthermore, cadav-
erine biosynthesis was reduced in early-stage BC patient fecal samples indicating potential
importance of this metabolite in BC prognosis [118]. Park et al., found in vivo sodium
propionate at 20 mg/mL significantly prevented tumor development by down-regulating
the STAT3 pathway [38]. Studying the mechanistic role of probiotics in animal BC mod-
els is needed for developing probiotics supplements and applying probiotics into the
translational and clinical fields.

5.1.4. The BC Prevention Roles of Probiotics Are Investigated in Clinical Studies

With emerging studies of probiotics in vitro and in vivo, investigators are exploring
the beneficial roles of probiotics in clinical studies. In an observational study, Alcon-Giner
et al., orally supplemented preterm infants with Bifidobacterium and Lactobacillus. Higher
fecal acetate, lactate, 2’ -fucosyllactose, 3 -fucosyllactose, and arabinose were found in
all treatment groups at various time points after birth, and trehalose only in the latest
group at 50-99 days after birth. These results showed positive correlation between fecal
fatty acids and abundance of probiotic Bifidobacterium, the presence of which was further
confirmed by 16S rRNA gene profiling and its ability to metabolize oligosaccharides in
human milk to acetate [145]. A combination of probiotics and phytochemical was studied
by Toi et al., Lactobacillus casei strain Shirota and soy isoflavone consumption was evaluated
in volunteers aged 40 to 55 in Japan. Though the interaction between probiotics and soy
isoflavone was not significant, soy isoflavone consumption was associated with lower BC
risk among volunteers [146].

5.1.5. Quorum Sensing between Bacteria Affects BC Progression

Assessing relationships between bacteria is important while modulating gut micro-
biota for treating BC. Quorum sensing helps bacteria to communicate with other bacteria
and respond to environmental stimulation [147]. Bacterial species and host intestinal envi-
ronment interact to form a dynamic equilibrium. Quorum sensing peptides secreted by
gram-positive bacteria are shown to promote angiogenesis and metastasis of BC cells. In ad-
dition, quorum-sensing compounds RapG inhibitor produced by B. subtilis and competence
stimulating peptide, produced by S. Mitis found in human intestine, induced angiogenesis
and invasion in BC cell lines [148]. On the other hand, quorum-sensing cyclodipeptides
produced by some bacteria have antitumor effects [149].

5.1.6. Combinatorial Treatment of Probiotics and Conventional BC Treatment

Recently, investigators have developed combination therapy of probiotics and con-
ventional treatment, such as TGF-beta blockade. Cancer patients developed resistance to
a clinical trial drug, galunisertib, a TGF-beta inhibitor [150]. To improve the therapeutic
effect of galunisertib, Shi et al., delivered commensal-derived probiotics E. coli Nissle 1917
orally to 4T1 and H22 tumors-bearing mice undergoing TGF-beta blockade treatment [151].
Combinatorial treatment successfully inhibited tumor growth and metastasis. Gut micro-
biota was shaped toward higher abundance of beneficial bacteria, such as genus Bacteroides,
and genera Allstipes and Allermansia. Interestingly, Akkermansia which was positively corre-
lated with IFN-gamma and negatively correlated to immunosuppressive cytokines [151].
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This is direct evidence showing that gut bacteria can enhance immune response. Therefore,
the anti-cancer effects of probiotics are mediated by bacterial metabolites and protective
immune responses (Figure 2). Probiotics can be used as health supplements to alleviate
side effects of chemotherapies and can also be combined to facilitate immunotherapies.
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Figure 2. Probiotics and beneficial bacteria with probiotics effects in BC. A higher abundance of ben
eficial bacteria was associated with induced protective immune responses and improved conventional
immunotherapy treatments. Bacterial metabolite profiles were changed. Anti-cancer mechanistic
roles of probiotics were mediated by inhibited tumor cell survival and induced apoptosis.

5.2. Prebiotics and Dietary Compounds with Prebiotic Effects in BC Prevention

Prebiotics are dietary mono- and polysaccharides and fibers that promote the prolifera-
tion of gut microbiota, especially probiotics. Previous researches have shown that prebiotics
can inhibit BC development in various BC cell lines and mouse models. In addition to
more commonly seen prebiotics, such as dietary fiber, additional studies recently revealed
microbiota changes induced by phytochemicals, such as polyphenols and flavonoids, in
diets. Though the prebiotic effect of these phytochemicals needs further exploration, they
are shown to promote the growth of microorganisms which are targets of prebiotics. For ex-
ample, among dietary substrates that have prebiotics effects, polyphenol consumption was
associated with a higher abundance of Bifidobacterium and Lactobacillus and SCFA produc-
tion in humans [152]. Prebiotics and dietary compounds with prebiotic effects and their
mechanisms in BC prevention are discussed in this review (Table 2).

Prebiotics are considered ‘fiber” and are healthy to consume. Dietary fiber consump-
tion promotes estrogen metabolism and removal of estrogen from the body. Since most
BC cases are aggravated by high levels of estrogen, dietary fiber that eliminates hormonal
effects has potential for protective effects against BC [43]. Fibers are indigestible in the
gut; therefore, gut microbiota can play an important role in digesting fibers and producing
metabolites in the GI track environment. Dietary fiber consumption was related to higher
prevalence of Clostridium hathewayi sp., and insoluble dietary fiber was associated with a
higher abundance of Bacteroides uniformis sp. in the gut of post-menopausal women newly
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diagnosed with BC [68]. Despite the beneficial impact of dietary fiber, fermentable oligosac-
charides, disaccharides, monosaccharides, and polyols (FODMAP) that are commonly
found in foods such as wheat and beans were found to increase overall cancer risk in an
epidemiology study focused on breast, prostate, and colorectal cancer [153]. Therefore, con-
suming prebiotic food with low FODMAP, such as whole grains and tomato, are important
for cancer prevention.

5.2.1. The Protective Roles of Mediterranean Diet in BC

Since prebiotics are dietary compounds, food is one of the substantial factors affecting
the amounts of prebiotics we consume. Researchers found different dietary patterns shift
gut microbiota and can have a positive or negative impact on BC risk. The Mediterranean
diet that contains less red meat, refined sugar, carbohydrates, and fat is one of the healthiest
dietary patterns. This healthy dietary pattern is associated with fewer cardiovascular
disease and cancer risk for all subtypes of BC, while the western diet has the opposite
influence. The Mediterranean diet reduces the intake of calories, saturated fatty acid,
and amino acids, while it increases the intake of phytochemicals [154]. Therefore, the
Mediterranean diet is known to protect against oxidative stress and inflammation and
regulate hormones in cancer [154]. It has been hypothesized that gut microbiota also
mediates a protective role of this dietary pattern (Table 2). Among people consuming the
Mediterranean diet, Ruminococcus decreased and Lachnospira and Prevotella increased in
fecal samples [155]. Results were similar in non-human primates in which Ruminococcus
and Coprococcus decreased while Lactobacillus and Clostridium increased. Shively et al.,
also showed consuming the Mediterranean diet increased Lactobacillus abundance in the
mammary gland. The diet reduced oxidative stress metabolites and increased bile acid
metabolites which induced an anti-BC effect [119]. Breast milk microbiota can be changed by
prebiotics intake. A previous study showed that S. yanoikuyae can express glycosphingolipid
ligands that activate invariant natural killer T cells [22]. Measuring the microbial sensors
TLRs and downstream signaling molecules such as caspase recruitment domain family
in breast tissues can also reveal the influence of microbiota on breast tissue [22]. Overall,
a healthy diet can effectively increase Lactobacillus abundance, bile acid metabolites, and
other bioactive compounds in the mammary gland. Phenolic and phytochemical levels
also greatly increased after consumption of the Mediterranean diet, though the detailed
effects of these chemicals, such as Hippurate, p-cresol sulfate, 3-indole sulfate, and indole
propionate, needs further exploration [155].

5.2.2. Phytosterols from Sweet Potato in BC Prevention

Investigators have studied food consumptions ranging from a dietary pattern com-
posed of multiple healthy types of food to one type of vegetable. Though prebiotics
generally includes fibers in vegetable and fruit and polysaccharides in wheat bread and
vegetables, there are other compounds in food that have been shown to alter gut mi-
crobiota population and, potentially, inhibit BC development. Some examples include
genistein in soybeans, daucosterol in sweet potato, sulforaphane in broccoli, polyphenols
and flavonoids in a variety of vegetable and plants, and piperine in black and white pepper.
There is a need to further explore gut microbiota changes in BC models under different
dietary compound treatments. Han et al., showed phytosterols extracted from sweet
potato, including daucosterol linolenate, daucosterol linoleate, and daucosterol palmitate,
inhibited tumor growth and decreased carcinoembryonic antigens in an MCF-7 xerograph
mouse model [156]. This prevention effect is associated with increased Bacteroidetes and
decreased Firmicutes populations in gut microbiome. The production of SCFAs, such as
butyric acid and acetic acid in fecal samples, increased in the treatment groups. Treatment
inhibited the PI3K/AKT pathway and NF-kB expression and activated caspases and other
pro-apoptotic factors [156]. Overall, the phytosterols from sweet potato shaped gut mi-
crobiota and increased SCFA production to lead to inhibited cell cycle progression and
apoptosis promotion (Table 2).
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5.2.3. Genistein in BC Prevention

Genistein is an isoflavone in soybeans. Though the effect of genistein has been con-
troversial, dietary supplementation of genistein provides more benefits over negative
influence for BC patients under tamoxifen treatment. Paul et al., revealed a significant im-
pact of genistein on the microbiome in a humanized BC mouse model [157]. After treating
humanized germ-free mice with 0.25 g/kg of genistein diet, Lactococcus and Eubacterium
abundance increased. After tumor developed, mice on genistein diet had lower abundance
of Ruminococcaceae [157]. Their result was consistent with other findings where lower
abundance of Ruminococcaceae was associated with a healthier state (Table 2). Genistein
can also prevent BC in offspring born by obese mothers. Dietary genistein after tamoxifen
treatment prevented local mammary cancer, reversed negative impact of gut microbiota in
offspring, and decreased immunosuppressive mRNA expression in tumors [158].

5.2.4. Grape Polyphenols in BC Prevention

Bioactive compounds, such as polyphenols and flavanols, are well-studied regarding
their anti-tumor function. Teixeira et al., delivered polyphenol-enriched grumixama fruit
juice to healthy volunteers and obtained a pool of polyphenol metabolites from urine
samples. Polyphenol metabolites inhibited cell proliferation and promoted cell cycle arrest
at G2/M phase in the MDA-MB-231 cell line [159]. The finding has clinical significance
because they used a pool of metabolites from urine samples collected from patients for
the cell line experiments. The concentrations and ratios of different polyphenols resemble
in situ conditions. Quercetin is an anti-carcinogenic flavanol. C3(1)/5V40 mice fed with
0.2% quercetin in their diet had reduced tumor growth and tumor volume compared
to the control [160]. Combined grape polyphenols significantly inhibited BC cell lines
proliferation and induced cell cycle arrect in vitro, and greatly reduced primary tumor
growth in vivo. Combined grape polyphenols, composed of resveratrol, quercetin, and
catechin, had more effective anti-cancer effect in vitro (Table 2). 5 mg/kg of each of the
combined compounds significantly reduced tumor growth and metastasis in a MDA-MB-
435 xenograft mouse model by up-regulating FOXO1 and NFKBIA [161]. Another well-
known commercially available supplementary treatment for BC is piceatannol. Also found
in grapes and berries, piceatannol has been shown to regulate transcriptional pathways.
Song et al., orally administered 10-20 mg/kg piceatannol in mice carrying 471 mammary
carcinoma cells [162]. Treatment successfully inhibited tumor growth mediated by down-
regulation of STAT3 and p-NFkB p65. Furthermore, treatment induced cell cycle arrest
and apoptosis, and led to a decrease in angiogenesis markers, metastasis, and macrophage
filtration [162].

5.2.5. Ganoderma Lucidum in BC Prevention

The active component in spores of Ganoderma lucidum has been used as a herbal treat-
ment and a health supplement in traditional Asian medicine. Its anti-cancer effect was
first evaluated in melanoma and TNBC models. Ganoderma lucidum inhibited cell prolifera-
tion of MDA-MB-231 cell lines dose-dependently. Moreover, treatment also reduced cell
migration and inhibited the release of interleukins and matrix metalloproteinases under
pro-inflammatory environment [163]. Another study showed extract from sporoderm-
breaking G. lucidum (ESG) suppressed 4T1 tumor growth in xenograft mice by stimulating
cytotoxic T cell population in both peripheral blood and tumor-infiltrating lymphocytes, as
well as down-regulation of inhibitory checkpoints for T cell paradigm. Furthermore, 400
mg/kg ESG-treated mice had altered microbiota composition toward microbiota in normal
controls; there was a higher abundance of Firmicutes and Proteobacteria and a lower
abundance of Actinobacteria and Bacteroidetes [164]. Ganoderma lucidum spore-derived
polysaccharide has been combined with the chemotherapy drug paclitaxel in the 4T1 BC
mouse model [165]. This combinatorial treatment decreased expression of protein related to
the Warburg effect and induced tumor infiltration lymphocytes. More importantly, polysac-
charide from Ganoderma lucidum reversed gut microbiota dysbiosis caused by paclitaxel
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treatment; relative abundance of Bacteroides and Ruminococcus increased and Ruminococcus
was negatively correlated with fructose-6-phosphate level in tumor [165] (Table 2).

5.2.6. Piperine in BC Prevention

Naturally occurring piperine not only serves as an antioxidant and anti-cancer agent
but also shapes gut microbiota. Piperine extract delivered in tablets increased observed
species in gut microbiota by 7%; the relative abundance of Clostridium, Bacteroides, Enterobac-
ter, Enterococcus, and Klebsiella increased compared to the control group, while the relative
abundance of Ruminococcus and Blautia decreased compared to the control group [166].
In addition, piperine is also known to regulate proteins involved in cell cycle and apoptosis
pathways, proinflammatory factors and other protein targets in the immune system, in
addition to well-studied pathways, such as AKT/mTOR/MMP-9, ERK1/2, and Wnt/Beta-
batenin [167]. Based on previous results, regulation of cell proliferation, apoptosis, and
immune response were associated with altered gut microbiota (Table 2). However, whether
gut microbiome alterations reinforce the anti-cancer function of piperine needs to be fur-
ther studied.

5.2.7. Bruceae Fructus Oil and Ginko Biloba Leaf in BC Prevention

Bruceae fructus oil (BO) is a vegetable oil derived from Brucea javanica. It has been
used as a marketable auxiliary treatment for multiple types of cancer, including liver
cancer, lung cancer, and gastrointestinal cancer [168,169]. Su et al., first showed the anti-BC
effect of BO on TNBC model was dependent on gut microbiome alteration [170]. MDA-
MB-231 xenograft mouse model was orally treated 100 to 400 mg/kg BO daily. Several
species in the treatment group presented at significantly higher levels, including C. Melain
abacteria, N. massiliensis, and P. ruminicola. Changes in microbiota also correlated to changes
in metabolic profile. More remarkably, in pseudo germ-free and specific pathogen-free
condition (SPF), the tumor-suppression effect of BO decreased. Autophagy was inhibited
in non-SPF condition, but not in SPF condition. These findings suggested that the tumor-
inhibiting function of BO was dependent on gut microbiota [170] (Table 2). Another group
investigated the correlation between gut microbiota and BC resistance proteins (BCRP).
Kim et al., found that ginkgo biloba leaf extract suppressed intestinal BCRP expression and
modulated gut microbiota composition [171]. The abundance of Bacteroidetes, Firmicutes,
and Proteobacteria correlated with intestinal BCRP, among which alpha-Proteobacteria
significantly and positively correlated with BCRP expression [171].

5.2.8. Marine Originated Compounds in BC Prevention

Polymers derived from plants can promote the growth of probiotics. Therefore, they
are proposed as potential prebiotics used in the food industry and as health supplements.
These prebiotics candidates can be used for developing pharmaceutical treatments or
supplements in the future. A marine-origin compound, fucoidan, has a sulfated poly-alpha-
(1-3)-fucopyranoside long backbone with branched single units. Fucoidan is enriched in
brown seaweed which is consumed frequently in East Asian diets. Xue et al., found that
in 7,12-dimenthybenz anthracene induced BC rat model and that 200 mg and 400 mg per
kg body weight fucoidan recovered damaged intestinal wall and increased diversity of
intestinal microbiota with increased Bacteroidetes-to-Firmicutes ratio [172]. Furthermore,
plasma endotoxin, D-lactic acid, and diamine oxidase decreased in treatment groups.
The expression of phosphorylated p38 MAPK and ERK1/2, occludin, claudin-1, and
claudin-8 were up-regulated [172]. These results associated beneficial gut microbiota
alteration with pro-apoptotic function of fucoidan and better overall survival outcome, as a
low level of claudin is a critical marker for primitive breast malignancies (Table 2). Another
dietary compound found in marine fish oil that has prebiotics effect is n-3 polyunsaturated
fatty acids (PUFAs) [173]. Well-known anti-cancer and antioxidant omega-3 and omega-6
are major classes of PUFAs. Vijay et al., compared the prebiotic effects of omega-3 with
inulin; inulin increased the abundance of Bifidobacterium and Lachnospiraceae, while omega-3
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increased the abundance of Coprococcus spp. and Bacteroides spp. These two compounds also
changed metabolic profiles differently [174]. Moreover, maternal PUFAs consumption was
shown to decrease tumor incidence and shape gut microbiota in offspring [175]. Maternal
generation was fed fish oil-supplemented diet during gestation and lactation, and all
offspring were on normal diet. Gut microbiota of offspring in the maternal-treated group
had higher alpha diversity; the abundance of Akkermansia, lactobacillus, and Mucispirillum
increased. Interestingly, the abundance of Mucispirillum was positively associated with
anti-inflammatory factor, while the abundance of Akkermansia was negatively correlated
with pro-inflammatory factors [175] (Table 2). These previous results highlighted the
importance of correlation studies that associate gut microbiota alteration with clinically
significant factors such as inflammation and gastrointestinal dysbiosis as well as age, sex,
and other factors.

5.2.9. Ginseng in BC Prevention

Ginseng, a traditional herbal medicine frequently used in East Asian countries, has
anti-tumor effects against BC and lung cancer models and is known to have therapeutic
effects on diabetes, colitis, and obesity [176,177]. Ginseng polysaccharides treatment
promoted the growth of probiotics Bifidobacterium, Bacteroides, and Verrucomicrobia, while it
reduced pathogenic bacteria in gut microbiota [178]. Huang et al., found ginseng altered gut
microbiota and increased metabolite valeric acid while it decreased kynurenine /tryptophan
ratio to activate regulatory T cells which sensitize non-small cell lung cancer to anti-PD-1
therapy [179]. BC tumor microenvironment can also be potentially remodeled by ginseng
polysaccharides (Gp). For example, Gp was shown to enhance cytotoxicity of natural killer
cells and stimulate dendritic cells in murine bone marrow [180,181]. The gut environment
associated with mammary carcinogenesis was improved by ginsenoside. The expression
of tight junction proteins was up-regulated to protect the barrier of the small intestine.
In addition to Gp, ginseng contains a variety of compounds, such as Rg3 and Rd, for
inhibiting angiogenesis and suppressing cancer stemness, and Rh2 that modulate immune
response [182]. Though the role of ginseng and its compounds in gut microbiota alteration
and BC prevention remains unclear, ginseng polysaccharide and other ginsenosides may
be promising dietary supplements or treatment agents (Table 2).

5.2.10. Poria Cocos in BC Prevention

Poria cocos (PC) is a traditional East Asian health product and medicine frequently
consumed in the diet and added as a supplementary product in yogurt and staple food. PC
belongs to the Polyporaceae fungus family and has been used as an effective treatment for
gastrointestinal disorders. Jiang et al., applied 700 mg/kg PC to xenograft mice carrying
MDA-MB-231 cancer cell tumors [183]. Treatment greatly reduced tumor growth and
repaired intestinal barrier dysfunction. PC protectively shaped gut microbiota composition;
Lactobacillus and Bifidobacterium, known as probiotics, both increased, while Mucispirillum
and 524-7 were related to reduced inflammation status [183]. Moreover, Bacteroidetes
positively correlated with tight junction proteins and markers of intestinal barrier, indicating
poria cocos had a protective impact on GI health in TNBC (Table 2).

5.2.11. Prebiotic Inulin in BC Prevention

Another well-studied prebiotic is inulin, a non-digestible polysaccharide that can
be utilized by gut microbiota, including probiotics such as Bifidobacterium, to produce
SCFAs [184]. Dietary inulin improved glucose metabolism in gestational diabetes by up-
regulating the insulin signaling pathway [185]. Inulin was also shown to decrease caloric
intake and improve glucose tolerance in a dose-dependent manner [186]. The microbiota
and metabolites were both altered; the relative abundance of Bacteroidetes and Bifidobac-
terium spp. both increased and protective metabolites, such as butyryl-CoA and peptide
YY, increased in the cecum [186]. Regarding the anti-cancer efficacy of inulin, Taper et al.,
showed 15% (w/w%) inulin or oligofructose reduced tumor growth and metastasis in
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a mammary mouse carcinoma EMT6 model [187]. In an ER+ BC mouse model, MCF-7
athymic xenograft was stimulated by 17 beta-estradiol. 5% (w/w%) fructooligosaccha-
rides supplemented in food inhibited tumor growth and induced apoptosis mediated by
decreased expression of bcl-2, bel-xL, and cyclin D1 [188]. These results suggested inulin
alone can attenuate tumor development. The anti-cancer effect of inulin is strengthened
when combined with probiotics Lactobacillus plantarum [189,190]. Combinatorial treatment
induced protective immune response, increased CD4* T-cells in tumor and decreased
tumor necrosis factor-alpha in serum [189]. 20 g/kg probiotic strain L. plantarum LS/07 and
20 mg/L oligofructose-enriched inulin were delivered to rats bearing BC tumor through
daily diet and water, respectively. The ratio of high-grade to low-grade carcinomas and
Ki-67 expression decreased in combinatorial treatment [190] (Table 2).

5.2.12. Combinatorial Dietary Treatments in BC Prevention

As we have studied the influence of single dietary compounds on BC models, investi-
gators have recently begun to observe the combinatory effect of two or more compounds.
In combinatorial treatment, fewer dosages of single compounds are combined and elicit
greater effect on gut microbiota modulation and cancer prevention. Sharma et al., studied
the combinatorial impact of green tea polyphenols and broccoli sprouts on gut microbiota
and short-chain fatty acids levels in a Her2 /neu transgenic mouse model (Table 2). The rel-
ative abundance of Adlercreutzia, Lactobacillus, and Lachnospiraceae, and S24-7 increased
in treatment groups. Interestingly, the concentration of plasma SCFAs, including propi-
onate and isobutyrate, increased in treated mice [191]. In another study, a combination of
polyphenols, flavonoids, and functional proteins in natural nanovehicles from tea flowers
(TFENSs) had great anti-tumor effect both in vitro and in vivo [192] (Table 2). These nanove-
hicles have a lipid layers exosomal-like structure and a large amount of polyphenols and
flavonoids inside lipid layers. The cytotoxicity effect against BC cell lines of TFENs was
mediated through stimulated reactive oxygen species (ROS). ROS resulted in increased
cleaved caspases, decreased cyclin A and B in cell cycle arrest, and anti-migration and pro-
apoptotic activities in MCF-7 and 4T1 BC cell lines. The cancer-prevention effect of TFENs
was also shown in vivo in a MCF-7 xenograft mouse model. Oral treatment or intravenous
injection significantly decreased tumor weight and volume, and inhibited metastasis. More
importantly, gut microbiota was greatly altered after treatment. The relative abundance
of Muribaculaceae, Lachnospiraceae NK4A136, Dubosiella, and Desulfovibrionaceae increased,
while the relative abundance of Bacteroides, Prevotellaceae, and Roseburia decreased [192].

Table 2. Prebiotics and dietary compounds with prebiotic effects induce gut microbiota alterations
which are associated with anti-cancer mechanisms in BC.

Dieta . . .
Compmzds gtu.d y Sequencing Method Gut Mu:r(.)bwta . Associated . References
L esign Alteration Anti-Cancer Mechanism
and Prebiotics
Genistein metabolism changed
in mice humanized with
Phylum Verrucomicrobia post-chemotherapy
Germ-free RAG2—/— significantly changed. Family patient fecal samples.
humanized mice were Lachnospiraceae and 4-ethylphenol
treated with 0.25 g/kg Ruminococcaceae increased. The and 2-(4-hydroxyphenol)
genistein-supplemented abundance of genera propionic acid
Genistein diet; mice with ER+ High throughput 165 Lactococcus were completely depleted. BC [157,158]
mammary tumors were rRNA and Eubacterium increased; tumor latency was 25%. Tumor e
treated with 500 ppm Genistein decreased size significantly decreased;
genistein diet with or Prevotellaceae Genistein reduced genotoxic
before tamoxifen and Enterobacteriaceae, tyramine levels, increased
treatment. increased tumor
SCFA producing Clostridiaceae. suppressor gene expression,

and induced protective
immunity changes.
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Table 2. Cont.
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significantly reduced under
treatment. Lung metastasis
and the number of
metastasis nodules greatly
decreased under treatment.

5.2.13. Secondary Bile Acid in BC Prevention

In addition to prebiotics and probiotics, bile acids also have an important role in
BC prevention. Lithocholic acid (LCA) is a bile acid that solubilizes fats for absorption.
Chenodeoxycholic acid is reduced to form LCA by bacteria in the colon. Since mammary
tumor cells have increased lipogenesis, Luu et al., evaluated the inhibitory effect of LCA on
BC cells [193]. 50 uM to 200 uM of LCA induced TGR5 expression and pro-apoptotic factors
in both MCF-7 and MDA-MBA-231 cells. LCA increased p53 expression and decreased
Bcl-2 expression in MCF-7 cells. More importantly, regarding the inhibitory effect against
lipogenesis, LCA decreased expression of SREBP-1c, FASN, and ACACA [193]. Another
study focused on LCA also showed its ability to reduce proliferation by inhibiting War-
burg metabolism and decreasing aggressiveness by inhibiting endothelial-to-mesenchymal
transition [120]. These studies open a new direction for cancer prevention investigations.
Though bile acid has been studied for its importance in lipid and glucose metabolism, vita-
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min absorption, and energy homeostasis, its role in cancer prevention needs to be further
explored in cell lines as well as animal models for developing potential treatment methods.
Therefore, prebiotics and a variety of dietary compounds that have prebiotic effects
have been studied regarding their anti-BC mechanisms which are mediated by bacterial
metabolites, bile acids, and protective immune responses. Gut microbiota population can
be altered by prebiotics and dietary compounds. Microbiota changes have been associated
with biological processes (Table 2). Biological processes, such as reduced tumor cells
proliferation, inhibited oxidative stress, induced apoptosis, and decreased metastasis, all
contribute to slowing down BC tumor development and cancer prevention (Figure 3).
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Figure 3. Prebiotics and dietary supplements having prebiotic effects in BC. Prebiotics consumption
increased fiber and bioactive phytochemicals levels in situ and promoted the growth of probiotics. Tu-
mor size, weight, metastasis, and EMT were reduced by protective bacterial metabolites, reduced pro-
inflammatory status, up-regulated tumor-suppressor genes, and inhibited tumor cell proliferation.

6. Epigenetics Impact of Microbiota Altered by Nutrients

Microbiota can have protective or destructive roles in BC development mediated
by epigenetics regulations. Besides many other factors, such as genotoxins, inflamma-
tion, and immunity, epigenetics is another potential mechanism connecting microbiota
and BC [13,14]. Previous research showed that microbiota can influence DNA methyla-
tion and regulate DNA damage and repair [91]. Epigenetics modulation leads to up- or
down-regulated cellular growth or signaling pathways. Therefore, studying epigenetics
as one mechanism for microbiota to affect BC is very important. Fusobacterium nucleatum
express Fad A protein to regulate E-cadherin and Beta-catenin pathways to promote colon
cancer [194]. E. coli is known to induce inflammation DNA damage, such as DNA double-
strand breaks in colorectal cancer [195,196]. However, epigenetics regulation by microbiota
in BC remains unclear. Epigenetics mechanisms include DNA methylation, histone pro-
teins acetylation and deacetylation, and modification on non-coding RNAs, such as long
noncoding RNA and miRNAs. Diet and phytochemicals contained in food can regulate
epigenetics enzymes and related pathways [197]. The expression of genes instead of
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genome are altered and can be inherited in the next generation [198]. During DNA methy-
lation, a methyl group is transferred from donor to cytosine bases in CpG islands [199].
Hypermethylation in BC has been related to increased risk of BC due to inhibition of tumor-
suppressor genes. Histone proteins can also be methylated, acetylated, phosphorylated,
and ubiquitinated, among which histone acetylation has gained more attention in the
field of microbiology in BC. Butyrate can be produced by a variety of bacteria, such as F.
prausnitzii and Clostridium spp. The epigenetics regulatory role of microbiota is mediated
by immunity and secreted metabolites. Secreted compounds and metabolites can alter
enzymes involved in methylation or acetylation processes. In addition to FDA-approved
HDAC inhibitors, bacterial metabolites, such as SCFAs, isothiocyanates, folate, and biotin,
have also been studied as epigenetics regulators. Isothiocyanates can be generated from
glucosinolates by gut bacteria, such as Enterococcus faecalis, Bacteroides thetaiotaomicron,
and Peptostreptococcus sp. [200]. Many SCFAs are known as HDAC inhibitors. Butyrate
that serves as an HDAC inhibitor induced cancer cell death, promoted apoptosis, and
inhibited migration in BC cell lines [201,202]. It can also induce epigenetic changes to
activate tumor-suppressor genes such as p21. Dietary polyphenol epigallocatechin-3-gallate
(EGCG) and isothiocyanate sulforaphane (SFN) can change gut microbiota composition and
regulate epigenetics markers [203]. EGCG is a polyphenol extracted from green tea with
health beneficials. EGCG inhibits DNA methyltransferase (DNMT) in BC prevention [204].
Metabolized by gut microbiota from glucoraphanin, SEN is an anti-oxidant, anti-tumor
agent, HDAC and DNMT inhibitor, and hTERT inhibitor [205-207]. Sharma et al., showed
combinatorial dietary compounds SFN and EGCG changed gut microbiota and elevated
SCFAs levels in a Her2 /neu transgenic mouse model [191]. The same combinatorial treat-
ment induced cell cycle arrest and epigenetics modulation through decreased expression of
DNMT1, DNMT3a, DNMT3b, and HDACS in vivo [208]. Therefore, changes in bacteria
composition and metabolic profile have been associated with epigenetics regulations.

As an important component of epigenetics regulation, non-protein coding miRNAs have
been studied for their interaction with gut microbiota. miRNAs can regulate gene expres-
sion by degrading multiple mRNAs and interfering with translation that regulates tumor
cell proliferation and survival, metastasis, and other important cancer-related biological
processes in BC [209,210]. Recently, investigators have found association between micro-
biota alteration and miRNAs expression in various types of cancer [211]. For example,
miR-515-5p and miR-1226-5p can not only target the nucleic acid sequences but also pro-
mote the growth of Fusobacterium nucleatum and E. coli, respectively [212]. Bidirectional
interaction between gut microbiota and host miRNA expression was established where
gut microbiota affects miRNA expression through MyD88-dependent pathway and TLR4
signalings while host miRNAs can be taken up by gut microbiota and affect the growth
of bacteria [209]. Several miRNAs’ expressions are distinct in healthy individuals and BC
patients. miR-21 is over-expressed in breast tumor samples while other miRNAs, such as
miR-126 and miR-199a, were under-expressed [213]. Different miRNAs were also identified
in different subtypes of BC [209]. Circulating miR-21 has gained more attention in the field
because it is used as a biomarker to recognize metastasis levels, diagnosis, and prognosis.
miR-155 was studied as a prognosis biomarker in early-stage TNBC [209]. The mechanistic
role of miRNAs depends in part on host immune regulations as some miRNAs can help
tumor cells to escape host immune surveillance. In the microenvironment of gut and
breast tumors, inflammation status, miRNA expressions, and microbiota population are
closely regulated mutually. Since miRNAs can regulate innate and adaptive immunity, their
expression may affect the outcome of immune checkpoint blockade therapies [214]. Gut mi-
crobiota also influences the effectiveness of PD-1 blockade. For example, higher abundance
of Enterococcus, Ruminococcaceae, and Akkermansia were found to increase the effectiveness
of PD-1 blockade indicating that miRNA and gut microbiota are acting simultaneously
in immune-based therapies for BC [136]. Studying mechanistic roles of miRNA and gut
microbiota helps investigators to develop miRNA-based therapies for BC.
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Epigenetics regulations of gut and breast microbiota in BC prevention, treatment, and
reoccurrence need further exploration. This plays an important role in cancer prevention
because early-life dietary treatment showed promising anti-cancer effects of phytochemi-
cals [207]. Despite research in microbiota and epigenetics in separate fields making connec-
tions between gene expression and the environment, epigenetics and diets in carcinogenesis
will help increase understanding of the mechanistic roles of microbiota, especially when
applied to facilitate miRNA-based therapies and conventional BC treatment

7. Conclusions

Gut microbiota and breast microbiota play critical roles in healthy individuals and
BC patients. Dysbiosis of microbiota in breast tissue and the GI track are both associated
with a higher risk of BC. Although the association between microbiome and development
of BC has been studied in the past decade, there are many remaining questions about
the mechanistic role of specific bacterial strains in carcinogenesis progression. Serving as
supplements for conventional treatments, probiotics strains and dosage and the mechanism
for facilitating conventional treatments have not been studied in depth. Further studies
are needed to reveal cause and effect mechanisms between microbiota and BC. Although
modulating microbiota with probiotics and/or prebiotics are promising strategies of cancer
prevention, there are many open avenues for invention, such as resolving the interactions
between particular strains and the host, whether microbiota alteration leads to BC or vice
versa, whether dysbiosis can be reversed by probiotics or prebiotics in patients, and the
dosage and timing of supplementary treatment. Conducting experiments involving various
animal models and human volunteers is encouraged in this field. Precision medicine is
also critical when addressing these remaining questions as each individual has distinct
microbiota composition. More large-scale and proof-of-concept research need to be done
before research findings can be brought to the translational and clinical stages.
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