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Abstract

Although human mammary glands were traditionally considered sterile, accumulating
evidence has established the presence of distinct microbial communities that may have
colonized breast tissue primarily via retrograde nipple flow or via hematogenous or lym-
phatic translocation from other body sites. Comparative studies reveal differences in the
microbiota of healthy and diseased breast tissues, with variations in microbial signatures
across breast cancer subtypes and in comparison with adjacent normal tissues. This review
synthesizes current evidence on the composition of the breast microbiome, the factors
shaping its development, and alterations it undergoes in inflammatory and malignant
breast diseases. Furthermore, the article discusses mechanistic insights, methodological
challenges, and future therapeutic perspectives based on published studies employing
culture-independent approaches, such as 16S rRNA gene sequencing and metagenomic
analyses. Key host-related factors influencing breast-associated microbial communities, in-
cluding hormonal regulation, environmental exposure, diet, and therapeutic interventions,
are explored. The existing literature is assessed to identify key associations between the
breast microbiome and host signaling pathways, as well as the significant challenges that
remain unresolved, including low biomass contamination, inter-study variability, limited
longitudinal data, and an incomplete understanding of causality. Addressing these limita-
tions is critical for advancing microbiome-based diagnostic and therapeutic strategies for
breast disease.
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1. Introduction
1.1. The Human Microbiome: A Brief Overview

The microbiome encompasses microbial communities (viruses, bacteria, fungi, and
archaea) and their collective genomes that naturally coexist in a given habitat [1]. Recent
developments in shotgun metagenomics, an untargeted sequencing method that analyzes
the entire DNA content of a sample to determine species-level taxonomic profiles and
functional genes without PCR amplification of specific targets, have facilitated the precise
characterization of low-biomass breast tissue microbiota. This approach helps distinguish
authentic tissue-resident microbes from potential contaminants [2]. The microbiome is
essential for vitamin biosynthesis, immune system maturation, xenobiotic metabolism,
and maintenance of epithelial barrier integrity [3,4]. Recent multiomics studies have
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revealed that host genetics account for only a minor fraction of microbiome variation, with
environmental exposure and diet exerting a stronger influence [5]. Multiple factors—such
as heredity, environment, and nutrition—influence the diversity of the human microbiome,
creating a unique fingerprint for each individual (Figure 1) [6]. Any alteration to the
microbiome is a double-edged sword, as it may act as a protective barrier that benefits
human health or contribute to the emergence of disease conditions, including inflammatory
bowel disease [7]. Our understanding of microorganisms in the human microbiome has
expanded with advances in sequencing and in the study of bacterial metabolic activity using
metagenomics and metabolomics [8]. Focused investigations into the intricate interactions
between humans and their indigenous microbiota may yield valuable insights into how
microbiome alterations contribute to disease development and could ultimately support
the identification of novel therapeutic strategies for microbiome-associated disorders.

Figure 1. Schematic summarizing the dynamic seeding and lifelong modulation of the human
breast microbiome. The central illustration of the mammary gland is surrounded by three primary
categories of influencing variables: (A) Early Life and Genetics, highlighting initial colonization via
the birth canal and maternal–infant seeding through the entero-mammary pathway; (B) Hormonal
and Life Stages, depicting shifts across puberty, pregnancy, lactation, and menopause. Notably,
high estrogen levels support beneficial lactic acid bacteria (e.g., Lactobacillus) and antimicrobial
peptide (AMP) expression, whereas postmenopausal estrogen decline is associated with dysbiosis;
and (C) Lifestyle and Environment, illustrating the impact of external determinants, such as dietary
patterns (high-fiber vs. high-fat), antibiotic exposure, physical activity, psychological stress, and
metabolic syndrome/obesity on the microbial composition. Collectively, these factors dictate the
balance between local tissue homeostasis and disease susceptibility.

For clarity and consistency throughout this review, the following operational defini-
tions are used: “Commensal” refers to microorganisms that are normally present within
the host and do not cause harm, although they are not necessarily beneficial. “Probiotic”
refers strictly to live microorganisms that provide a demonstrated health benefit when
administered. “Beneficial” describes taxa associated with positive health outcomes in cor-
relative studies. Finally, “dysbiosis” refers to a pathological shift in the microbiome, which
may encompass a loss of diversity, depletion of potentially beneficial taxa, or enrichment
of pathobionts.

1.2. Distinctive Features of the Breast Microbiota

The breast tissue harbors a distinct, low-biomass microbiome that differs from those
of the skin, gut, and oral cavity [9,10]. While the breast microbiome exhibits significant
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inter-individual variability, it is generally characterized by a lower alpha diversity, indicat-
ing lower species richness and evenness within tissue samples. Several studies consistently
identify genera such as Staphylococcus and Streptococcus as common constituents of the
breast microbiota, which are considered core commensal organisms [9,11]. Under nor-
mal physiological conditions, these bacteria may contribute to immune regulation and
tissue homeostasis. However, disruptions in microbial balance (dysbiosis) have been as-
sociated with inflammatory processes, tumor progression, and metastasis, underscoring
the potential role of the breast microbiome in both health and disease [12,13]. The breast
tissue, milk, and milk ducts harbor a wide variety of normally living microorganisms,
collectively known as the microbiome, given their genomic and metabolic systems [14].
This microbiota not only affects breastfeeding outcomes but also contributes crucially to
maintaining breast health. The dynamic nature of the breast microbiome, influenced by
factors such as hormonal fluctuations, nursing practices, and the mother’s health, is one
of its unique characteristics [9]. Moreover, dysbiosis in the breast microbiome could in-
fluence the health of a newborn through breastfeeding and possibly cause diseases, such
as mastitis [15,16]. Recent mapping studies have shown that microbial communities in
tumor-adjacent normal tissue differ from those in tumor cores, suggesting distinct microen-
vironmental niches [17]. Establishing the link between breast microorganisms in mothers
and newborn health requires a deep understanding of breast microbiome composition and
function. Moossavi et al. [18] suggested that in-depth investigations into the dynamics of
the breast microbiome could yield innovative approaches for enhancing maternal well-
being and optimizing newborn nutrition. A study further suggested that mother–child
microbiological transmission during breastfeeding may influence the development of the
offspring’s immune system and metabolic functions [19].

2. Origin of the Breast Microbiome
2.1. Sources of Initial Colonization

Environmental factors, including geographic location, significantly shape breast mi-
crobial composition [20]. Throughout life, the breast and milk microbiome is a dynamic,
complex community influenced by multiple factors, including hormonal fluctuations, an-
tibiotic exposure, and environmental exposure [21,22]. Aside from being crucial for the
general health of the mammary glands, the presence of certain pathogenic bacteria in the
breast may also affect a person’s vulnerability to conditions such as mastitis or even breast
cancer. Developing measures to support microbial diversity and balance within this niche
requires an understanding of the origins of initial colonization and the variables influencing
the composition of the breast microbiome [15,16].

2.2. Maternal–Infant Microbial Seeding via the Birth Canal and Breastfeeding

Breastfeeding and passage through the birth canal are important processes that seed an
infant’s microbiome and influence its diversity and composition. During vaginal delivery,
infants are directly exposed to maternal vaginal and perianal microorganisms, enabling a
wide range of bacteria to colonize the gut [23]. Dominguez-Bello et al. [24] demonstrated
that this early microbial exposure facilitates the development of a healthy infant microbiome
and influences metabolic activities. Furthermore, breastfeeding supplies live beneficial
bacteria, such as Lactobacillus and Bifidobacterium, as well as human milk oligosaccharides
that serve as prebiotics, promoting the colonization and growth of healthy gut microbes
in infants [25,26]. The special nutritional composition of breast milk supports immune
development in infants and maintains their gut health by preventing infections and in-
flammatory diseases [27,28]. A comprehensive meta-analysis of human milk microbiome
studies revealed the consistent detection of core bacterial genera, such as Streptococcus,

https://doi.org/10.3390/ijms27114723

https://doi.org/10.3390/ijms27114723


Int. J. Mol. Sci. 2026, 27, 4723 4 of 21

Staphylococcus, Corynebacterium, and Lactobacillus, across diverse populations, with signifi-
cant inter-individual variation depending on lactation stage, delivery mode, and maternal
factors [18,29]. Metagenomic studies have demonstrated that the breast microbiome, which
is not derived solely from the skin or the infant’s oral cavity, also harbors unique taxa (e.g.,
Methylobacterium, Ralstonia, and Sphingomonas) [10,22]. These microbes may be transferred
via the entero-mammary pathway, in which maternal gut bacteria or bacterial compo-
nents reach the mammary gland via immune cell trafficking or lymphatic/hematogenous
routes, ultimately seeding the infant gut microbiota [29]. Furthermore, nursing alters the
microbiological composition of breast tissue, which may affect maternal health-related
outcomes, including mastitis [30,31]. Collectively, the evidence supports bidirectional
interactions between the maternal breast microbiota and infant colonization; however,
determining the causal mechanisms and long-term health impacts requires longitudinal,
well-controlled studies.

3. Evolution and Development of the Breast Microbiota
Genetic and Early-Life Determinants of Microbiome Establishment

The breast microbial population is dynamically regulated by genetic, hormonal, and
environmental factors (Figure 1). Host genetics is a major variable influencing the de-
velopment of the breast microbiome. Mechanistically, an individual’s genetic makeup
can modulate epithelial receptor expression and immune responses, thereby determining
which microbes thrive and colonize the breast tissue [9,32]. Genetic polymorphisms can
influence epithelial surface receptors, mucosal secretions (e.g., glycans), and local immune
responses through pattern recognition receptors, all of which are crucial in controlling
microbial adherence and proliferation in the gut. Variations in genes related to mucin
glycosylation or immune signaling may favor or inhibit colonization by specific bacterial
taxa. This model is consistent and supports multiple reports demonstrating that host genet-
ics broadly influence microbiome composition [5] and is parallel with studies suggesting
genetic regulation of the breast duct microbiota [9]. Ethnic and geographic differences in
the breast microbiome composition may contribute to disparities in breast cancer incidence
and outcomes [33]. The delivery procedure during childbirth is another important factor
affecting the breast microbiota. Compared with babies born via vaginal delivery, those
born via cesarean section exhibit distinct patterns of microbial colonization in the stomach
and breast tissue [24,34]. This variability in microbial communities could have severe con-
sequences for immunological development and the general health of infants [24]. During
lactation, the total bacterial counts, especially those of Enterococcus spp., and Bifidobacterium,
increase. Various studies demonstrate that Bifidobacterium spp. are enriched in infants
delivered vaginally. Differences in colostrum composition have also been noted between
delivery modes [24,35].

Furthermore, the breast microbiota composition in women is dynamically affected
by hormonal changes during major life stages, including puberty, menstruation, preg-
nancy, lactation, and menopause. Thus, breast microbial diversity and abundance are
broadly affected during these milestones [10,36]. For example, the total microbial pop-
ulation varies throughout pregnancy to support fetal development, then changes again
during lactation to aid breast milk production. Later in life, the cessation of the menstrual
cycle during menopause introduces further shifts in the breast microbiome. The specific
mechanisms by which hormonal fluctuations, particularly those of estrogen, modulate the
breast microbiome will be discussed in detail in Section 9.
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4. Composition of the Breast Microbiome
4.1. Key Bacterial Taxa and Core Microbiome Signatures

Developments in sequencing technology have helped identify important bacterial
species found in breast tissue [37]. Urbaniak et al. [9] showed that breast milk harbors sev-
eral probiotic bacteria, including Streptococcus, Lacticaseibacillus, Staphylococcus, Leuconostoc
mesenteroides, and Lacticaseibacillus rhamnosus. Moreover, research has demonstrated that
variables, including age, hormonal state, and lactation, can affect the composition of the
breast microbiome. While healthy breast tissue has a more diverse microbiome, breast
cancer tissues are more abundant in bacteria linked to inflammation, such as Enterobacteri-
aceae, Staphylococcus, and Escherichia coli [10,16,38,39]. This underscores the significance of
understanding the bacterial composition of the breast, where dysbiosis in the microbiome
may be associated with the development of breast cancer [22,40].

Distinct microbial taxa vary in abundance between healthy and malignant breast
tissues (Table 1). This finding suggests that specific bacterial strains may be associated with
various breast pathologies, highlighting the need for further investigations into microbial
communities across diverse medical circumstances. The environment of the breast microbial
population is dynamic and complex, and is influenced by numerous factors. Further studies
are required to identify the pathways by which the breast microbiome influences breast
health and disease [41].

4.2. Comparative Microbiome Profiles: Healthy vs. Malignant Breast Tissues

The breast microbiome is pivotal in preserving breast health. The microbial compo-
sition varies significantly between healthy individuals and those with breast conditions.
Xuan et al. [10] discovered that tissue samples from patients with breast cancer had sub-
stantially less microbial diversity than those from healthy controls, indicating a possible
link between changes in the breast microbiome and the emergence of breast cancer. Further-
more, the bacterial species present differ between patients with breast cancer and healthy
individuals. Women with benign breast disease exhibit greater numbers of certain bacteria,
including Streptococcus and Staphylococcus, than healthy individuals [39]. Escherichia coli
and Proteobacteria spp. are enriched in certain tumor cohorts, with variations observed
across different molecular subtypes of breast cancer [38,42]. In addition to these bacteria,
relatively low abundance of Firmicutes, Actinobacteria, and Bacteroidetes have been identi-
fied [43]. Thus, a significant variation in specific bacterial species in the cancer microbiome,
or dysbiosis, may promote the emergence or progression of breast diseases.

Microbial diversity, species composition, and functional properties vary between
diseased and healthy individuals. Costantini et al. [44] found altered metabolic pathways in
patients with breast cancer, including modifications in carbohydrate metabolism and amino
acid production. Bacteria-induced DNA damage alone is insufficient to induce cancer, but it
can become influential when combined with other factors [45,46]. Elevated levels of 5-alpha-
3,20-dione generated from progesterone have been observed in tumor tissues compared
with adjacent normal tissues. Accordingly, Bacillus cereus shows similar metabolic activity,
and increased levels of 5-alpha-3,20-dione have been reported in cancer cells compared
with healthy cells [46]. These findings imply that resident microbiome-mediated metabolic
processes contribute to the pathophysiology of breast diseases. They also emphasize
the importance of breast bacterial flora in maintaining health and how alterations in its
composition or function could influence the development of breast disorders. Novel
therapeutic and diagnostic approaches for breast disorders must be developed based on
a deep understanding of the variations in bacterial populations between healthy and
diseased states.
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4.3. Microbial Diversity as a Determinant of Mammary Health

The general health of the human body, including breast tissue health, depends heavily
on microbial diversity. In particular, the wide range of bacteria, fungi, and viruses that
comprise the breast microbiota exhibit functional properties in the mammary gland [47].
According to several studies, the total microbial population variance in the breast can
significantly impact breast health and may contribute to cancer progression and other ill-
nesses. Understanding the distribution and function of bacteria in the breast is essential for
developing novel preventative and therapeutic approaches for breast-related diseases [48].
Specific microbial species (e.g., Fusobacterium nucleatum) can induce the production of
immune factors and pro-inflammatory cytokines in the breast, thereby exacerbating the risk
of breast cancer and other inflammatory disorders [49,50]. In contrast, certain beneficial
bacteria, such as Lactobacillus and Bifidobacterium, exert anti-inflammatory properties that
support the normal balance of breast immunological responses [44,51]. Urbaniak et al. [9]
showed that regulating the breast microbiota can effectively prevent or treat breast can-
cer and other breast diseases. Preventing harmful bacterial growth, which can induce
infections and other health issues, is one of the fundamental roles of the breast microbiota.
Beneficial bacteria can reduce infection risk by preventing harmful pathogens from ac-
cessing nutrients and tissue space within the breast. The potential anticancer effects of
the breast microbiota are highlighted by studies demonstrating how specific microorgan-
isms (e.g., Bifidobacterium spp.) may inhibit the proliferation of breast cancer cells [44,52].
Further research is essential to elucidate bacterial diversity and explore the therapeutic
potential of modifying the breast microbiome [53]. Certain bacteria have been identified
that can alter immune function, creating a tumor-permissive environment [54]. The bac-
terial counts of Staphylococcus spp., which are involved in inflammatory responses, are
elevated in untreated tumors [55], suggesting that cancer treatments may be influenced by
the types of microbial populations in the breast microbiome and by the anti-inflammatory
responses of beneficial microbes. The composition of the available microbiota may affect
the efficacy of chemotherapy and other breast cancer therapies, thereby influencing patient
outcomes [56,57]. Therefore, altering the breast microbiome through probiotics or other
treatments may be a novel way of boosting the efficacy of breast cancer treatments [52]. Risk
factors, such as aging, diet, family and personal history, obesity, and environmental factors,
also influence breast cancer. Breast and gut microbial population changes are severely
associated with breast cancer [58]. Future studies examining the potential relationship
between microbiome availability and breast health may yield novel strategies to develop
preventive measures to manage breast illnesses [59].

5. Interactions Between Host Cells and Microbiota
Mechanisms of Host-Microbiota Crosstalk in the Breast

The mammary gland microbiota influences breast epithelial cell proliferation and
immune homeostasis through a complex network of signaling molecules [60,61]. Beneficial
commensal strains produce short-chain fatty acids (SCFAs), which exert anti-inflammatory
effects that inhibit NF-kB activation and regulate epithelial cell proliferation [45]. Con-
versely, dysbiosis is linked to chronic inflammation. Specific bacteria can trigger the
production of pro-inflammatory cytokines. For example, F. nucleatum utilizes virulence
factors like lipopolysaccharide and FadA, a unique filament-forming adhesion protein,
to upregulate matrix metalloproteinase-9 and promote cancer cell proliferation [50]. The
local microbiota also maintains the epithelial barrier by regulating tight junctions and
synthesizing antimicrobial peptides [44]. Interaction with the host immune system occurs
via pattern recognition receptors (e.g., Toll-like receptors [TLRs]) that engage microbial
lipopolysaccharides and peptidoglycans, thereby initiating cascades that regulate cytokine
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production, induce T-cell tolerance, and shape the gut-associated lymphoid tissue re-
sponse [62]. Disruption of this bidirectional microbial–immune system crosstalk can lead
to aberrant immune responses, barrier dysfunction, and a pro-tumorigenic microenviron-
ment. Figure 2 summarizes the proposed mechanistic pathways through which the breast
microbiome may contribute to carcinogenesis, including microbial-induced DNA damage,
immune modulation, metabolic reprogramming, chronic inflammation, and alterations in
epithelial barrier integrity.

 

Figure 2. Comparative representation of the breast tissue microenvironment transitioning from mi-
crobial homeostasis to malignancy. (Left) Under normal physiological conditions, an intact epithelial
barrier is maintained by commensal bacteria (e.g., Bifidobacterium). These beneficial microbes produce
short-chain fatty acids that confer anti-inflammatory protection by suppressing pro-inflammatory
cytokines and preventing NF-κB activation. (Right) Dysbiosis induces the overgrowth of pathogenic
taxa, triggering chronic inflammation, immune modulation, and the breakdown of epithelial barrier
integrity. Furthermore, the malignant microenvironment is characterized by microbial-induced DNA
damage and the presence of intracellular tumor-resident bacteria. Intracellular microbes localize
directly within the cytoplasm of cancer cells, where they reorganize the host actin cytoskeleton to
enhance cellular motility, thereby promoting cell survival during metastatic dissemination.

6. Environmental, Metabolic, and Lifestyle Drivers of Breast
Microbiome Dysbiosis
6.1. Diet, Environment, Toxins, and Antibiotic Exposure

Environmental factors, including diet, toxins, and iatrogenic exposures, significantly
affect the composition and functions of the breast microbiome. High-fat and high-sugar
diets are recognized drivers of dysbiosis, whereas a fiber-rich diet that includes fruits
and vegetables supports a diverse gut microbiome. Consuming fermented foods could
hypothetically increase populations of beneficial bacteria in the breast and help modulate in-
flammatory responses. Notably, evidence demonstrating the impact of dietary modification
on the breast microbiota in humans remains very limited. Beyond diet, antibiotic use can
acutely disrupt breast microbial flora. Antibiotic-induced depletion of beneficial microbial
populations may stimulate local dysbiosis and influence breast-related health outcomes.
Furthermore, environmental exposure to toxic chemicals, including pesticides, pollution,
and endocrine-disrupting substances, can adversely affect the breast microbiome compo-
sition and function, thereby promoting pro-inflammatory states. Heavy metal exposure
has also been implicated in alterations in microbial populations, with evidence suggesting
potential links to mammary carcinogenesis via interactions with the gut microbiota–breast
cancer axis [63].
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6.2. Obesity and Metabolic Syndrome

Obesity and metabolic syndrome, characterized by dyslipidemia, hypertension, and
insulin resistance, are fundamentally linked to chronic, low-grade systemic inflammation,
which can alter microbial diversity. Hyperglycemia and insulin resistance may influence
microbiota diversity by favoring the proliferation of opportunistic pathogens while decreas-
ing the abundance of beneficial taxa. The resulting dysbiosis generates a pro-inflammatory
microenvironment that promotes the survival and proliferation of breast cancer cells [64].

Distinct microbial enrichments have been observed in patients with breast cancer,
including in Paenibacillus spp., which have been strongly associated with lower survival [65].
Furthermore, microbial-derived metabolites such as lipopolysaccharides, cadaverine, and
trimethylamine N-oxide have been implicated in tumor progression. In contrast, SCFAs
produced by commensal bacteria can modulate histone acetylation in breast epithelial cells,
promoting the expression of tumor suppressor genes [66]. Notably, most of the current
mechanistic evidence linking metabolic syndrome to microbial dysbiosis is extrapolated
from gut microbiome studies; direct human evidence demonstrating the effects of dietary
or metabolic modulation on breast tissue microbiota remains limited.

6.3. Lifestyle Determinants: Smoking, Alcohol, Physical Activity, and Stress

Lifestyle choices inherently impact systemic and local microbial populations. Smoking
is a known driver of dysbiosis, with studies demonstrating that the breast tissue in smok-
ers harbors a significantly different microbial composition from that in non-smokers [9].
Similarly, prolonged alcohol consumption has been associated with disruption of microbial
equilibrium and alterations in breast microbiota diversity [67]. In contrast, regular exer-
cise has been associated with beneficial effects on microbial diversity and the abundance
of gut probiotic bacteria [68]. However, no studies have directly evaluated the specific
impact of exercise on the human breast microbiome, highlighting a significant research
gap. Determining the role of lifestyle factors facilitates understanding of their impact on
microbial populations in breast tissue (Figure 1). Psychological stress may also affect the
microbiome via the gut–brain axis. In a study evaluating the quality of life and distress
levels in patients diagnosed with breast cancer using the FACT-B questionnaire and the
Distress Thermometer, higher psychological distress was linked to elevated abundances
of Alcaligenaceae and Sutterella. Conversely, lower psychological distress was correlated
with lower Streptococcaceae and Streptococcus abundances. Consequently, managing chronic
stress may support host-microbial homeostasis and regulate pro-inflammatory cytokine
expression [69].

6.4. Iatrogenic Alterations: Surgery, Radiation, and Chemotherapy

Clinical interventions for breast cancer can actively remodel the local and systemic
microbiome. Surgical procedures, such as phased post-mastectomy breast reconstruction,
frequently involve antibiotic irrigation. Compared with saline treatment, prophylactic
triple-antibiotic therapy significantly affects the periprosthetic capsule microbiota in cancer-
naive breasts, demonstrating an iatrogenic alteration of the local microbiome [70].

Radiation therapy, which induces cancer cell death via DNA damage, also induces
gastrointestinal distress and systemic dysbiosis. Radiation-induced reduction in gut mi-
crobiome diversity is associated with an increase in pathogenic Fusobacterium spp. and
a gradual decrease in beneficial Firmicutes. Conversely, the baseline presence of robust
probiotic microbial flora significantly enhances the effectiveness of radiation therapy [57].
Similarly, systemic chemotherapy critically affects the rapidly dividing cells of the gut mu-
cosa, inducing dysbiosis that can, in turn, alter drug efficacy. In animal models, antibiotic-
induced depletion of the gut flora reduced the effectiveness of cisplatin and oxaliplatin
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chemotherapy. Drug metabolism and host responses are actively influenced by specific
microorganisms, such as Paraprevotella clara and Bacteroides fragilis, indicating that both
the gut and tumor microbiota are key modulators of chemotherapeutic efficacy and drug
resistance [57].

7. Dysbiosis and Breast Pathology
Microbiome Signatures Associated with Breast Carcinogenesis

Breast-tissue-resident bacteria have been consistently linked with breast cancer pro-
gression [39]. However, researchers disagree on the bacteria’s origins. A recent study
revealed the presence of bacteria from the family Bacteroidaceae in the mouth, tumor
tissue, and gut of dogs [71], suggesting that bacteria may have been translocated from the
mouth to the gut and then to the mammary gland. However, the isolation of Staphylococcus
epidermidis and Micrococcus luteus from breast tumors suggests the possible translocation
of these bacterial strains through the nipples and into the mammary ducts. Methodologi-
cal advances over the last 5 years have significantly advanced the analytical approaches
used in the field, from basic 16S amplicon profiling to high-resolution spatial mapping
and metatranscriptomic analyses. For example, breakthrough single-cell RNA sequenc-
ing and spatial mapping techniques (such as INVADEseq), as reported by Fu et al. [12],
explicitly demonstrated that tumor-resident bacteria are frequently intracellular, localizing
within the cytoplasm of malignant cells and tumor-associated macrophages. This intracel-
lular niche protects the bacteria from host immune surveillance. Studies using preclinical
murine models have demonstrated that, upon invasion, intracellular microbes can recog-
nize and reorganize the host actin cytoskeleton, enhancing cellular motility and resistance
to mechanical stress in the circulation, suggesting a potential mechanism for promoting
cancer cell survival during metastatic dissemination (Figure 2) [72,73]. However, crucially,
human studies characterizing these intertumoral bacteria are mostly cross-sectional and
observational. While these microbial signatures are strongly correlated with malignancy,
causality in human breast cancer is not yet proven. An outstanding question remains
whether these bacteria actively drive tumorigenesis and metastasis in humans, or whether
the immunosuppressed and hypoxic tumor microenvironment merely provides a favor-
able physiological niche for opportunistic bacterial colonization from adjacent tissues or
hematogenous spread. A summary of the microbial taxa identified in healthy versus
cancerous breast tissue is presented in Table 1.

Table 1. Microbial taxa identified in healthy vs. cancerous breast tissue.

Category Healthy Breast Tissue/Breast Milk Cancerous Breast Tissue References

Dominant phyla Firmicutes, Actinobacteria Proteobacteria, Actinobacteria [4,9–11,13]

Common genera
Staphylococcus, Streptococcus,

Lactobacillus, Corynebacterium,
Cutibacterium

Escherichia, Pseudomonas, Ralstonia,
Acinetobacter, Methylobacterium [38,42,58]

Probiotic/beneficial
species

Lacticaseibacillus rhamnosus,
Lactobacillus fermentum,

Leuconostoc spp.

Reduced relative abundance compared
with healthy controls [74]

Inflammation-
associated taxa

Low abundance of
opportunistic pathogens

Higher levels of Escherichia coli,
Streptococcus agalactiae, and other

opportunistic bacteria
[12,22,39,67]

Microbial functions
Immune regulation, maintenance of

epithelial integrity, production of
anti-inflammatory metabolites

DNA damage, chronic inflammation,
altered estrogen metabolism, and

immune evasion
[11,12,42,58]

Alpha diversity Higher microbial diversity Lower microbial diversity in the
tumor microenvironment [10,11,17]
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Numerous studies have identified various microbial signatures associated with differ-
ent subtypes of breast cancer, with variations in microbiota composition observed among
the major molecular subtypes. Banerjee et al. [42] identified a link between distinct micro-
bial signatures and specific cancer subtypes, including triple-negative breast cancer (TNBC),
estrogen receptor-positive (ER+), HER2/neu-positive, and triple-positive. Smith et al. [75]
reported distinct abundances of the Firmicutes, Eucaryarchaeota, and Cyanobacteria in
TNBC. Furthermore, analysis of a dataset containing 668 breast tumor samples revealed
the link between the expression of certain tumor genes and the microbiome profile [38].
These results indicate an association between distinct tumor-associated microbiota and
intrinsic tumor traits; however, more work is needed to explore the link between the tumor-
associated microbiome and mutations in breast cancer cells. Notably, Staphylococcus and
E. coli isolated from breast cancer specimens exhibit distinct genotoxic activity [76]. More re-
cently, AlDawsari et al. [77] demonstrated that factors secreted by MDA-MB-231 TNBC cells
alter the metabolic profile of Pseudomonas aeruginosa. Similarly, emerging in vitro evidence
from luminal A models indicates that tumor-derived conditioned media can reprogram
breast-associated bacteria by modulating biofilm formation, antimicrobial susceptibility,
and virulence gene expression in a species-specific manner [78]. These findings further
support the concept that breast cancer cells actively shape the functional phenotype of the
local microbiota within the tumor microenvironment. These cancer cell-derived factors
not only modulate bacterial metabolism but also drive the production of specific microbial
metabolites with divergent effects on tumor biology: some promote oncogenesis, while
others exhibit tumor-suppressive properties. This finding underscores the complexity of
the breast tissue microenvironment, where cancer cells and resident microbiota engage
in dynamic crosstalk. Elucidating these complex interactions could lead to novel thera-
peutic interventions targeting both tumor cells and their microbial counterparts to disrupt
microbiota-induced cancer progression. However, further studies are needed to clarify the
underlying mechanisms and determine how these host–microbe interactions actively shape
the tumor microenvironment, with potential for developing novel strategies for breast
cancer prevention and treatment.

8. Microbial Modulation of the Local Immune Microenvironment
8.1. Chronic Inflammation and the Dysbiosis Feedback Loop

Observational studies have frequently correlated microbiome dysbiosis with long-term
systemic inflammation and a higher breast cancer incidence [79]. However, the direction-
ality of this relationship remains controversial. Hypothetically, dysbiotic microbiota may
produce metabolites that disrupt immunological homeostasis and promote pro-tumorigenic
inflammatory reactions. An equally plausible explanation is that the developing tumor,
along with its highly inflammatory microenvironment, and subsequent iatrogenic treat-
ments induce local microbial dysbiosis as a secondary consequence [80]. Zitvogel et al. [81]
noted that persistent inflammation may further alter the microbiome composition, poten-
tially generating a feedback loop that maintains a pro-tumorigenic milieu.

Pro-inflammatory cytokines, such as TNF-α, IL-1β, and IL-6, alter the local tissue en-
vironment, promoting the growth of opportunistic pathogens while suppressing beneficial
commensal bacteria [82]. The resulting inflammatory state also increases reactive oxygen
species levels, selecting for microbes resistant to oxidative stress. In turn, specific microbial
taxa can exacerbate this state. For example, Parvimonas micra can activate the RAS/ERK/c-
FOS pathway, thereby initiating downstream inflammatory responses that assist in tumor
formation. Ultimately, this bidirectional regulation may also create a feedback loop that
maintains a pro-tumorigenic milieu [83].
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8.2. Commensal Defense Mechanisms and SCFA-Mediated Homeostasis

A balanced breast microbiome may confer protection against opportunistic infec-
tions and mitigate chronic inflammation. Beneficial commensal bacteria species, such as
Lactobacillus and Staphylococcus, restrict pathogen colonization by reducing competition,
lowering local pH, and secreting antimicrobial bacteriocins. Beyond direct pathogen ex-
clusion, these microbes may modulate the local immune microenvironment by producing
SCFAs. SCFAs are produced by bacterial fermentation of dietary carbohydrates and act
as critical anti-inflammatory signaling molecules. They can directly inhibit nuclear factor
kappa B (NF-κB) activation, thereby suppressing the biosynthesis of pro-inflammatory
cytokines, such as TNF-α and IL-6 [84].

Concurrently, SCFAs and microbial interactions with host TLRs can stimulate the pro-
duction of anti-inflammatory cytokines, most notably IL-10. This combined suppression of
inflammatory signaling cascades and upregulation of IL-10 fosters immunological tolerance
and promotes tissue repair. Collectively, these mechanisms establish an anti-tumorigenic
microenvironment that resists chronic inflammation, which is a primary risk factor for
breast carcinogenesis [84].

9. Endocrine–Microbiome Interactions
Bidirectional Hormone–Microbiome Signaling

Hormones play a major role in shaping the resident microbiome, while the micro-
biota reciprocally modulates hormone bioavailability through the “estrobolome,” a set of
microbial genes encoding enzymes involved in estrogen metabolism. Specifically, certain
bacterial taxa, such as Clostridia, produce β-glucuronidase and β-glucosidase, which de-
conjugate excreted estrogens, facilitating their reabsorption into the circulation, thereby
increasing local bioactive estrogen levels [72]. This bidirectional relationship may have im-
portant implications for hormone-dependent malignancies. Higher baseline estrogen levels
have been associated with shifts in microbial composition, supporting the proliferation of
beneficial bacteria (e.g., Lactobacillus and Bifidobacterium) and modulating host antimicrobial
peptides, such as β-defensins [85,86]. Menopause is associated with a steep decline in
estrogen levels, which may reduce antimicrobial peptide expression and contribute to
microbiome dysbiosis. This menopause-induced shift has been correlated with decreased
abundance of lactic acid-producing bacteria and overgrowth of opportunistic pathogens,
such as Enterobacteriaceae and Staphylococcus [34]. Key human cohort studies involving
postmenopausal women have demonstrated that increased abundance of gut Clostridia
and elevated microbial β-glucuronidase activity are positively associated with elevated
estrone levels and urinary estrogen metabolites, both of which are established risk factors
for breast cancer [72]. Furthermore, dietary phytoestrogens, such as soy isoflavones and
lignans, exhibit bidirectional interactions with the microbiota. They can be metabolized
by the microbiota into bioactive compounds that competitively bind estrogen receptors,
while fermented soy beverages produced using probiotics have demonstrated potential
protective effects against breast carcinogenesis [72]. Furthermore, although hormone re-
placement therapy is used to manage menopausal symptoms, its ability to restore microbial
homeostasis via systemic hormone modulation requires further prospective validation.

10. Microbiome-Targeted Therapeutics and Treatment Modulation
Microbial Interventions and Treatment Efficacy

The use of targeted microbial interventions, including prebiotics, probiotics, and
synbiotics, is a promising, albeit preliminary, theoretical approach for modulating the
breast microbiome. Current evidence suggests that certain beneficial bacterial strains may
modulate immune function and attenuate chronic inflammatory responses associated with
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breast carcinogenesis. For example, oral administration of Lactobacillus reuteri can inhibit
breast cancer progression in controlled animal models [39]. However, extrapolating these
interventional successes to humans remains highly speculative due to the lack of prospec-
tive, longitudinal clinical studies validating the efficacy of probiotics-based interventions,
specifically within human breast tissue. Consequently, although microbiome-targeted
interventions offer an exciting therapeutic frontier, their clinical efficacy as a definitive
method for preventing or treating human breast cancer remains unproven and should be
viewed through an observational lens.

Beyond direct disease prevention, the microbiome profoundly modulates established
cancer therapies, including chemotherapy, radiation, and immunotherapy [57,87,88]. In the
context of chemotherapy, dysbiosis can induce the production of specific bacterial enzymes
that can actively metabolize chemotherapeutic agents, thereby potentially altering drug
toxicity and efficacy [89,90]. The administration of probiotics during chemotherapy has
demonstrated potential clinical utility in maintaining gastrointestinal microbial balance
and may help reduce treatment-associated toxicities, such as mucositis and diarrhea. Fur-
thermore, emerging evidence suggests that specific microbial signatures may influence
antitumor immune responses. These observations suggest that targeted microbiome ma-
nipulation, via fecal microbiota transplantation or precise probiotic administration, could
hypothetically reverse immunotherapeutic resistance and improve overall patient survival
outcomes by reconditioning the immunological milieu within the tumor microenviron-
ment [73].

11. Emerging Research and Future Directions
11.1. Methodological Challenges and Multiomics Integration

Studying the breast microbiome presents a profound methodological challenge due
to its ultralow microbial biomass. Thus, sequence data can be heavily confounded by
contaminating DNA from laboratory reagents and extraction kits (often referred to as the
“kitome”). Therefore, rigorous inclusion of blank experimental controls and advanced
bioinformatic decontamination pipelines is mandatory in modern studies to distinguish
authentic tissue-resident microbes from environmental contaminants. Furthermore, be-
cause DNA-based metagenomics cannot distinguish live bacteria from extracellular DNA
fragments, integrating metatranscriptomics (RNA sequencing) is increasingly vital for
confirming the presence of transcriptionally active, viable microbial communities within
breast tissue.

Beyond genomics, metabolic profiling is critical for identifying specific active molecu-
lar metabolic pathways within the breast microenvironment. Tang et al. [91] highlighted
the potential of specific metabolites produced by beneficial microbiota in mitigating can-
cer development, as these compounds can modulate inflammation and carcinogenesis
(Figure 3). Consequently, Ursell et al. [61] suggest that the discovery of specific microbial
markers and metabolites linked to breast cancer may drive the development of innovative
diagnostic instruments or targeted treatments intended to alter the microbiome to enhance
patient outcomes. Table 2 summarizes and compares some methodologies used in breast
microbiome research.
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Figure 3. Schematic illustration of the comprehensive pipeline from clinical sample acquisition to
multi-omics data integration and downstream therapeutic application. To mitigate the profound
methodological challenges posed by the ultralow microbial biomass in breast tissue, the workflow
mandates the integration of rigorous negative controls and advanced bioinformatic decontamination
algorithms to systematically subtract environmental and reagent-derived (“kitome”) contaminants.
Purified nucleic acids and metabolites are subsequently analyzed using a robust multiomics approach:
DNA-based metagenomic sequencing for high-resolution taxonomic profiling, metatranscriptomics
(RNA-seq) to validate viable, transcriptionally active microbial communities, and metabolomics to
capture functional biochemical outputs. The translational trajectory highlights the application of these
integrated data toward precision medicine, encompassing the deployment of targeted microbiome-
modulating agents (probiotics, prebiotics, and synbiotics) and the strategic manipulation of the breast
microbiota to potentiate the efficacy and attenuate the toxicity of conventional oncological regimens.

Table 2. Studies investigating the breast microbiome in breast cancer.

Method Description Strengths Limitations References

16S rRNA gene
sequencing

Amplifies hypervariable
regions of the bacterial 16S
rRNA gene to identify taxa

Cost-effective; widely
used; suitable for

low-biomass samples

Limited taxonomic
resolution;

contamination
sensitivity

[10,39,44]

Shotgun
metagenomic
sequencing

Sequences the total
microbial DNA in tissue

Species/strain-level
resolution; functional

profiling

Expensive;
computationally

intensive
[92]

Metatranscriptomics Profiles active microbial
gene expression

Identifies metabolically
active microbes

RNA instability;
high cost [44]

Metabolomics

Identifies metabolites
produced by

tumor-associated
microbiota

Functional insight;
host–microbe

interaction data

Requires integrative
interpretation [93]

qPCR/targeted PCR Quantifies specific bacterial
taxa or genes

Highly sensitive;
quantitative

Limited to
known targets [9]

Culture-based assays Isolation of viable bacteria Confirms viability; enables
functional testing

Cannot detect
unculturable taxa [39]

Spatial transcrip-
tomics/spatial

microbiome mapping

Maps microbial signals
within the tumor

microenvironment

Reveals spatial
organization;

tumor–microbe interaction

Very costly;
emerging field [94]
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11.2. Precision Medicine and Microbiome-Based Prognostics

The main objective of personalized medicine is to customize treatment strategies to
every individual based on unique properties; one potential area for this approach is the
breast microbiome. Individual differences exist in the makeup of the breast microbiome,
which can be attributed to environmental, genetic, and lifestyle factors. It is plausible
that profiling the particular microbial composition of a patient’s breast tissue may identify
distinct microbial signatures linked to therapy response and disease risk. For example,
some species of bacteria have been associated with a higher risk of breast cancer, while
other species could be preventive. To improve patient outcomes, personalized therapies
may entail altering the microbiome to increase its beneficial components or decrease its
detrimental ones [44]. One important strategy to design customized treatment involves
analyzing the breast microbiome through metagenomic sequencing. Using this technology,
microbial communities found in breast tissue may be thoroughly analyzed in order to
determine the bacterial species and the genes that control their functions. With this knowl-
edge, medical professionals may develop customized treatments that alter the microbiota
to prevent or cure breast diseases. For instance, it could be advised to consume probiotics,
prebiotics, or make particular dietary adjustments to encourage the proliferation of probi-
otic organisms and suppress the growth of disease-causing organisms [95]. Metabolomics
and metagenomics can offer important insights into the functional status of the breast
microbiome. The metabolites generated by microbial activity are essential for controlling
cellular metabolism, inflammation, and immune function. Careful analysis of the metabolic
profile in a patient’s breast tissue can provide insight into how the microbiome affects
breast health. These data encourage the development of tailored therapy strategies that
target certain metabolic pathways, which can enhance the effectiveness of current therapies.
For instance, the discovery of metabolites with anti-inflammatory properties may result in
the development of novel targeted therapy that reduces chronic inflammation, a recognized
risk factor for breast cancer [93]. Nonetheless, the analysis and use of microbiome data in a
therapeutic environment is on the rise and becoming more reliable due to developments
in bioinformatics and machine learning [96]. The utilization of breast microbiome-based
personalized medicine has significant potential to enhance disease prevention, diagnosis,
and therapy. With further study in this area, more accurate and efficient therapies can be
customized to the distinct microbial makeup of every patient’s breast tissue [97].

11.3. Ethical Considerations in Microbiome-Based Clinical Translation

Translating the findings of breast microbiome research to clinical practice presents
a number of ethical issues and difficulties. Key concerns include patient autonomy and
consent about the use, storage, and sharing of their microbiome data. This entails maintain-
ing openness on the advantages and disadvantages, as well as privacy issues. Due to the
complexity of microbiome research, maintaining patient autonomy is difficult but necessary,
while ensuring informed consent by communicating this information clearly [98]. The
possibility of unforeseen repercussions of microbiome-based therapies presents another
ethical dilemma. For example, probiotics and other treatments that alter the microbiome
may cause unanticipated health problems or dysbiosis. Thorough clinical studies are re-
quired to guarantee the effectiveness and safety of these therapies. Furthermore, a thorough
evaluation of ethical principles is essential to safeguard participants from damage and
guarantee that the benefits outweigh the risks [99]. Ethical challenges also arise regarding
equity and access to microbiome-based medicines. These cutting-edge therapies could
be costly and initially restricted to specialized facilities, which might exacerbate health
inequities [100]. Fair and equal access to these developments must be guaranteed, tak-
ing insurance coverage into account and incorporating new therapies into public health
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initiatives. Ethical frameworks must be constructed to ensure equitable distribution and
prevent the creation of a healthcare divide [101].

Finally, much remains unknown about the long-term effects of modifying the breast
microbiota, which require follow-up of microbiome-based therapeutics over time and
monitoring of the ongoing study. This entails being aware of the wider ecological influences
on the microbiome, as well as any potential cross-generational consequences. In addition
to immediate health outcomes, ethical research techniques should prioritize patients’ and
communities’ long-term well-being.

11.4. Correlation Versus Causation: An Outstanding Question

A critical limitation in the current landscape of breast microbiome research is the heavy
reliance on cross-sectional, observational study designs, which fundamentally restrict the
ability to distinguish between correlation and causation [73]. While advanced metage-
nomic sequencing has successfully identified distinct microbial signatures associated with
malignant breast tissue, the causal relationship remains ambiguous: whether microbial
dysbiosis actively promotes carcinogenesis or if the altered tumor microenvironment acts
as a catalyst that secondarily induces dysbiosis remains unclear. For example, enrichment
of specific anaerobic or facultative bacteria within tumors could merely be a consequence
of the tumor’s hypoxic and immunosuppressive architecture, which favors microbial
colonization, rather than the microbes acting as the primary oncogenic trigger [72]. Further-
more, the ultralow biomass of breast tissue makes these studies particularly vulnerable to
methodological artifacts. Challenges such as DNA contamination from laboratory reagents
(kitome), environmental sources, and inter-study variability in DNA extraction protocols
can skew correlative findings and artificially impose categorical structures on the data.
To move beyond mere associations, the field urgently requires prospective, longitudinal
human cohort studies that track microbiome dynamics over time [72].

12. Conclusions
The breast microbiome is important in preserving breast health, and imbalances can

contribute to diseases, including breast cancer. Beneficial colonizing organisms, especially
Lactobacillus and Bifidobacterium, enhance the production of anti-inflammatory cytokines
and preserve the integrity of the epithelial barrier, thereby improving immune function and
preventing chronic inflammation, which is associated with an increased risk of cancer [39].
Thompson et al. [38] established a link between breast cancer and dysbiosis, as evidenced
by increased levels of pro-inflammatory bacteria, including Staphylococcus and Enterobacte-
riaceae, in tumor tissues. Furthermore, certain bacterial byproducts, such as SCFAs, inhibit
breast tumor development [44]. Other studies also indicate the higher prevalence of certain
bacteria in breast cancer tissues, such as Methylobacterium and Ralstonia, influencing tumor
development [10]. The intricate character of the bacterial population in breast health and
illness is highlighted by its interactions with host genetics, immunologic responses, and
exogenous variables such as antibiotic use, lifestyle, and diet [11]. Further investigations
of the breast microbiome are needed to fully understand how these microbial communi-
ties affect breast health and disease and evaluate the potential of therapeutic approaches.
Furthermore, understanding how lifestyle factors, such as nutrition, hormone use, and
antibiotic use, affect the breast microbiome can inform the implementation of tailored
therapies to promote a balanced microbial community. A deeper understanding of the
complex interactions among an individual’s unique microbiome composition, metabolic
pathways, and the breast tissue microenvironment would yield valuable insights for de-
veloping precision therapeutics tailored to molecular pathways that drive breast tissue
malignancy [102,103]. By monitoring microbial population shifts in response to a range
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of variables, including food, antibiotic use, aging, and hormonal changes, these studies
could identify targets for prevention and indicators for early diagnosis. Longitudinal data
can also help guide the development of personalized treatment tailored to an individual’s
microbiome and unique personal history [11,38,39]. Further investigations employing
cutting-edge methodologies, such as metagenomics and metabolomics, will enhance our
understanding of the role of the breast microbiome in health and cancer. To ensure patient
safety and fair access to new treatments, ethical issues in translating clinical research into
therapeutic applications must be addressed. This extensive review underscores the impor-
tance of the breast microbiome, paving the way for subsequent studies to capitalize on its
potential therapeutic benefits.

Despite growing evidence linking the breast microbiome to cancer development and
progression, several fundamental questions remain unresolved. Whether microbial dysbio-
sis is a cause or a consequence of tumorigenesis remains unclear. The specific mechanisms
by which microbes influence tumor initiation, immune modulation, and treatment response
should also be investigated. Future research should focus on longitudinal and multiomics
studies integrating metagenomics, transcriptomics, metabolomics, and spatial microbiome
analyses to clarify causal relationships. Furthermore, standardized sampling protocols and
contamination-control strategies are essential for improving reproducibility across studies.
Research exploring host–microbe communication within the breast microenvironment may
open new avenues for microbiome-based diagnostics, prognostic biomarkers, and targeted
therapeutic interventions, including probiotics, microbiome modulation, and personalized
treatment strategies.

Author Contributions: Conceptualization, M.M.A.-A. and M.A.-A.; writing—original draft prepa-
ration, S.M.M.; writing—review and editing, M.M.A.-A., S.M.M. and M.A.-A.; funding acquisition,
M.A.-A. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by King Faisal Specialist Hospital and Research Centre, grant
number (Research Advisory Council, RAC# 2240005). The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of this manuscript.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors extend their appreciation to the King Faisal Specialist Hospital and
Research Centre-Saudi Arabia, for funding this study.

Conflicts of Interest: The authors indicate no potential conflicts of interest.

References
1. Aggarwal, N.; Kitano, S.; Puah, G.R.Y.; Kittelmann, S.; Hwang, I.Y.; Chang, M.W. Microbiome and Human Health: Current

Understanding, Engineering, and Enabling Technologies. Chem. Rev. 2023, 123, 31–72. [CrossRef]
2. Hemmati, M.A.; Monemi, M.; Asli, S.; Mohammadi, S.; Foroozanmehr, B.; Haghmorad, D.; Oksenych, V.; Eslami, M. Using New

Technologies to Analyze Gut Microbiota and Predict Cancer Risk. Cells 2024, 13, 1987. [CrossRef]
3. Wan, Z.; Zheng, J.; Zhu, Z.; Sang, L.; Zhu, J.; Luo, S.; Zhao, Y.; Wang, R.; Zhang, Y.; Hao, K.; et al. Intermediate role of gut

microbiota in vitamin B nutrition and its influences on human health. Front. Nutr. 2022, 9, 1031502. [CrossRef] [PubMed]
4. Wiertsema, S.P.; van Bergenhenegouwen, J.; Garssen, J.; Knippels, L.M.J. The Interplay between the Gut Microbiome and the

Immune System in the Context of Infectious Diseases throughout Life and the Role of Nutrition in Optimizing Treatment
Strategies. Nutrients 2021, 13, 886. [CrossRef]

5. Rothschild, D.; Weissbrod, O.; Barkan, E.; Kurilshikov, A.; Korem, T.; Zeevi, D.; Costea, P.I.; Godneva, A.; Kalka, I.N.; Bar, N.; et al.
Environment dominates over host genetics in shaping human gut microbiota. Nature 2018, 555, 210–215. [CrossRef]

6. Huttenhower, C.; Gevers, D.; Knight, R.; Abubucker, S.; Badger, J.H.; Chinwalla, A.T.; Creasy, H.H.; Earl, A.M.; Fitzgerald, M.G.;
Fulton, R.S.; et al. Structure, function and diversity of the healthy human microbiome. Nature 2012, 486, 207–214. [CrossRef]
[PubMed]

https://doi.org/10.3390/ijms27114723

https://doi.org/10.1021/acs.chemrev.2c00431
https://doi.org/10.3390/cells13231987
https://doi.org/10.3389/fnut.2022.1031502
https://www.ncbi.nlm.nih.gov/pubmed/36583209
https://doi.org/10.3390/nu13030886
https://doi.org/10.1038/nature25973
https://doi.org/10.1038/nature11234
https://www.ncbi.nlm.nih.gov/pubmed/22699609
https://doi.org/10.3390/ijms27114723


Int. J. Mol. Sci. 2026, 27, 4723 17 of 21

7. Shen, Y.; Fan, N.; Ma, S.X.; Cheng, X.; Yang, X.; Wang, G. Gut Microbiota Dysbiosis: Pathogenesis, Diseases, Prevention, and
Therapy. MedComm 2025, 6, e70168. [CrossRef]

8. Al-Ansari, M.M.; Almalki, R.H.; Dahabiyeh, L.A.; Abdel Rahman, A.M. Metabolomics-microbiome crosstalk in the breast cancer
microenvironment. Metabolites 2021, 11, 758. [CrossRef] [PubMed]

9. Urbaniak, C.; Cummins, J.; Brackstone, M.; Macklaim, J.M.; Gloor, G.B.; Baban, C.K.; Scott, L.; O’Hanlon, D.M.; Burton, J.P.;
Francis, K.P.; et al. Microbiota of human breast tissue. Appl. Environ. Microbiol. 2014, 80, 3007–3014. [CrossRef]

10. Xuan, C.; Shamonki, J.M.; Chung, A.; DiNome, M.L.; Chung, M.; Sieling, P.A.; Lee, D.J. Microbial dysbiosis is associated with
human breast cancer. PLoS ONE 2014, 9, e83744. [CrossRef]

11. Hieken, T.J.; Chen, J.; Hoskin, T.L.; Walther-Antonio, M.; Johnson, S.; Ramaker, S.; Xiao, J.; Radisky, D.C.; Knutson, K.L.;
Kalari, K.R.; et al. The microbiome of aseptically collected human breast tissue in benign and malignant disease. Sci. Rep. 2016, 6,
30751. [CrossRef]

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

13. Hieken, T.J.; Chen, J.; Chen, B.; Johnson, S.; Hoskin, T.L.; Degnim, A.C.; Walther-Antonio, M.R.; Chia, N. The breast tissue
microbiome, stroma, immune cells and breast cancer. Neoplasia 2022, 27, 100786. [CrossRef]

14. Stinson, L.F.; Berman, Y.; Li, S.; Keelan, J.A.; Dickinson, J.E.; Doherty, D.A.; Newnham, J.P.; Payne, M.S. Characterisation of
Mid-Gestation Amniotic Fluid Cytokine and Bacterial DNA Profiles in Relation to Pregnancy Outcome in a Small Australian
Cohort. Microorganisms 2023, 11, 1698. [CrossRef] [PubMed]

15. Herrera-Quintana, L.; Vázquez-Lorente, H.; Plaza-Diaz, J. Breast Cancer: Extracellular Matrix and Microbiome Interactions. Int. J.
Mol. Sci. 2024, 25, 7226. [CrossRef] [PubMed]

16. Hunt, K.M.; Foster, J.A.; Forney, L.J.; Schütte, U.M.E.; Beck, D.L.; Abdo, Z.; Fox, L.K.; Williams, J.E.; McGuire, M.K.; McGuire, M.A.
Characterization of the Diversity and Temporal Stability of Bacterial Communities in Human Milk. PLoS ONE 2011, 6, e21313.
[CrossRef] [PubMed]

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

18. Moossavi, S.; Sepehri, S.; Robertson, B.; Bode, L.; Goruk, S.; Field, C.J.; Lix, L.M.; de Souza, R.J.; Becker, A.B.; Mandhane, P.J.; et al.
Composition and Variation of the Human Milk Microbiota Are Influenced by Maternal and Early-Life Factors. Cell Host Microbe
2019, 25, 324–335.e4. [CrossRef]

19. Bernabeu, M.; Cabello-Yeves, E.; Flores, E.; Samarra, A.; Kimberley Summers, J.; Marina, A.; Collado, M.C. Role of vertical and
horizontal microbial transmission of antimicrobial resistance genes in early life: Insights from maternal-infant dyads. Curr. Opin.
Microbiol. 2024, 77, 102424. [CrossRef]

20. Rad, S.K.; Yeo, K.K.L.; Wu, F.; Li, R.; Nourmohammadi, S.; Tomita, Y.; Price, T.J.; Ingman, W.V.; Townsend, A.R.; Smith, E. A
Systematic Review and Meta-Analysis of 16S rRNA and Cancer Microbiome Atlas Datasets to Characterize Microbiota Signatures
in Normal Breast, Mastitis, and Breast Cancer. Microorganisms 2025, 13, 467. [CrossRef]

21. Cabrera-Rubio, R.; Collado, M.C.; Laitinen, K.; Salminen, S.; Isolauri, E.; Mira, A. The human milk microbiome changes over
lactation and is shaped by maternal weight and mode of delivery. Am. J. Clin. Nutr. 2012, 96, 544–551. [CrossRef]

22. Desalegn, Z.; Smith, A.; Yohannes, M.; Cao, X.; Anberber, E.; Bekuretsion, Y.; Assefa, M.; Bauer, M.; Vetter, M.; Kantelhardt, E.J.;
et al. Human Breast Tissue Microbiota Reveals Unique Microbial Signatures that Correlate with Prognostic Features in Adult
Ethiopian Women with Breast Cancer. Cancers 2023, 15, 4893. [CrossRef]

23. Li, M.; Xue, Y.; Lu, H.; Bai, J.; Cui, L.; Ning, Y.; Yuan, Q.; Jia, X.; Wang, S. Relationship between infant gastrointestinal
microorganisms and maternal microbiome within 6 months of delivery. Microbiol. Spectr. 2024, 12, e0360823. [CrossRef]

24. Dominguez-Bello, M.G.; Costello, E.K.; Contreras, M.; Magris, M.; Hidalgo, G.; Fierer, N.; Knight, R. Delivery mode shapes the
acquisition and structure of the initial microbiota across multiple body habitats in newborns. Proc. Natl. Acad. Sci. USA 2010, 107,
11971–11975. [CrossRef]

25. Lordan, C.; Thapa, D.; Ross, R.P.; Cotter, P.D. Potential for enriching next-generation health-promoting gut bacteria through
prebiotics and other dietary components. Gut Microbes 2020, 11, 1–20. [CrossRef]

26. Lordan, C.; Roche, A.K.; Delsing, D.; Nauta, A.; Groeneveld, A.; MacSharry, J.; Cotter, P.D.; van Sinderen, D. Linking human milk
oligosaccharide metabolism and early life gut microbiota: Bifidobacteria and beyond. Microbiol. Mol. Biol. Rev. 2024, 88, e0009423.
[CrossRef] [PubMed]

27. Cacho, N.T.; Lawrence, R.M. Innate Immunity and Breast Milk. Front. Immunol. 2017, 8, 584. [CrossRef] [PubMed]
28. Masi, A.C.; Stewart, C.J. Role of breastfeeding in disease prevention. Microb. Biotechnol. 2024, 17, e14520. [CrossRef]

https://doi.org/10.3390/ijms27114723

https://doi.org/10.1002/mco2.70168
https://doi.org/10.3390/metabo11110758
https://www.ncbi.nlm.nih.gov/pubmed/34822416
https://doi.org/10.1128/AEM.00242-14
https://doi.org/10.1371/journal.pone.0083744
https://doi.org/10.1038/srep30751
https://doi.org/10.1016/j.cell.2022.02.027
https://doi.org/10.1016/j.neo.2022.100786
https://doi.org/10.3390/microorganisms11071698
https://www.ncbi.nlm.nih.gov/pubmed/37512872
https://doi.org/10.3390/ijms25137226
https://www.ncbi.nlm.nih.gov/pubmed/39000333
https://doi.org/10.1371/journal.pone.0021313
https://www.ncbi.nlm.nih.gov/pubmed/21695057
https://doi.org/10.1186/s13058-023-01677-6
https://doi.org/10.1016/j.chom.2019.01.011
https://doi.org/10.1016/j.mib.2023.102424
https://doi.org/10.3390/microorganisms13020467
https://doi.org/10.3945/ajcn.112.037382
https://doi.org/10.3390/cancers15194893
https://doi.org/10.1128/spectrum.03608-23
https://doi.org/10.1073/pnas.1002601107
https://doi.org/10.1080/19490976.2019.1613124
https://doi.org/10.1128/mmbr.00094-23
https://www.ncbi.nlm.nih.gov/pubmed/38206006
https://doi.org/10.3389/fimmu.2017.00584
https://www.ncbi.nlm.nih.gov/pubmed/28611768
https://doi.org/10.1111/1751-7915.14520
https://doi.org/10.3390/ijms27114723


Int. J. Mol. Sci. 2026, 27, 4723 18 of 21

29. Boix-Amoros, A.; Collado, M.C.; Van’t Land, B.; Calvert, A.; Le Doare, K.; Garssen, J.; Hanna, H.; Khaleva, E.; Peroni, D.G.;
Geddes, D.T.; et al. Reviewing the evidence on breast milk composition and immunological outcomes. Nutr. Rev. 2019, 77,
541–556. [CrossRef] [PubMed]

30. Inchingolo, F.; Inchingolo, A.M.; Latini, G.; Ferrante, L.; de Ruvo, E.; Campanelli, M.; Longo, M.; Palermo, A.; Inchingolo, A.D.;
Dipalma, G. Difference in the Intestinal Microbiota between Breastfeed Infants and Infants Fed with Artificial Milk: A Systematic
Review. Pathogens 2024, 13, 533. [CrossRef]

31. Urbaniak, C.; Angelini, M.; Gloor, G.B.; Reid, G. Human milk microbiota profiles in relation to birthing method, gestation and
infant gender. Microbiome 2016, 4, 1. [CrossRef]

32. Arnone, A.A.; Wilson, A.S.; Soto-Pantoja, D.R.; Cook, K.L. Diet Modulates the Gut Microbiome, Metabolism, and Mammary
Gland Inflammation to Influence Breast Cancer Risk. Cancer Prev. Res. 2024, 17, 415–428. [CrossRef] [PubMed]

33. Thyagarajan, S.; Zhang, Y.; Thapa, S.; Allen, M.S.; Phillips, N.; Chaudhary, P.; Kashyap, M.V.; Vishwanatha, J.K. Comparative
analysis of racial differences in breast tumor microbiome. Sci. Rep. 2020, 10, 14116. [CrossRef] [PubMed]

34. Bokulich, N.A.; Chung, J.; Battaglia, T.; Henderson, N.; Jay, M.; Li, H.; Lieber, A.D.; Wu, F.; Perez-Perez, G.I.; Chen, Y.; et al.
Antibiotics, birth mode, and diet shape microbiome maturation during early life. Sci. Transl. Med. 2016, 8, 343ra82. [CrossRef]

35. Khodayar-Pardo, P.; Mira-Pascual, L.; Collado, M.C.; Martínez-Costa, C. Impact of lactation stage, gestational age and mode of
delivery on breast milk microbiota. J. Perinatol. 2014, 34, 599–605. [CrossRef]

36. Taylor, R.; Keane, D.; Borrego, P.; Arcaro, K. Effect of Maternal Diet on Maternal Milk and Breastfed Infant Gut Microbiomes: A
Scoping Review. Nutrients 2023, 15, 1420. [CrossRef]

37. Marissen, J.; Reichert, L.; Härtel, C.; Fortmann, M.I.; Faust, K.; Msanga, D.; Harder, J.; Zemlin, M.; Gomez de Agüero, M.;
Masjosthusmann, K.; et al. Antimicrobial Peptides (AMPs) and the Microbiome in Preterm Infants: Consequences and Opportu-
nities for Future Therapeutics. Int. J. Mol. Sci. 2024, 25, 6684. [CrossRef]

38. Thompson, K.J.; Ingle, J.N.; Tang, X.; Chia, N.; Jeraldo, P.R.; Walther-Antonio, M.R.; Kandimalla, K.K.; Johnson, S.; Yao, J.Z.;
Harrington, S.C.; et al. A comprehensive analysis of breast cancer microbiota and host gene expression. PLoS ONE 2017, 12,
e0188873. [CrossRef]

39. Urbaniak, C.; Gloor, G.B.; Brackstone, M.; Scott, L.; Tangney, M.; Reida, G. The microbiota of breast tissue and its association with
breast cancer. Appl. Environ. Microbiol. 2016, 82, 5039–5048. [CrossRef]

40. Amaro-da-Cruz, A.; Rubio-Tomás, T.; Álvarez-Mercado, A.I. Specific microbiome patterns and their association with breast
cancer: The intestinal microbiota as a potential biomarker and therapeutic strategy. Clin. Transl. Oncol. 2024, 27, 15–41. [CrossRef]
[PubMed]

41. Li, J.; Jia, H.; Cai, X.; Zhong, H.; Feng, Q.; Sunagawa, S.; Arumugam, M.; Kultima, J.R.; Prifti, E.; Nielsen, T.; et al. An integrated
catalog of reference genes in the human gut microbiome. Nat. Biotechnol. 2014, 32, 834–841. [CrossRef]

42. Banerjee, S.; Wei, Z.; Tan, F.; Peck, K.N.; Shih, N.; Feldman, M.; Rebbeck, T.R.; Alwine, J.C.; Robertson, E.S. Distinct microbiological
signatures associated with triple negative breast cancer. Sci. Rep. 2015, 5, 15162. [CrossRef]

43. Rozani, S.; Lykoudis, P.M. The impact of intestinal and mammary microbiomes on breast cancer development: A review on the
microbiota and oestrobolome roles in tumour microenvironments. Am. J. Surg. 2024, 237, 115795. [CrossRef]

44. Costantini, L.; Magno, S.; Albanese, D.; Donati, C.; Molinari, R.; Filippone, A.; Masetti, R.; Merendino, N. Characterization of
human breast tissue microbiota from core needle biopsies through the analysis of multi hypervariable 16S-rRNA gene regions.
Sci. Rep. 2018, 8, 16893. [CrossRef] [PubMed]

45. Arthur, J.C.; Perez-Chanona, E.; Mühlbauer, M.; Tomkovich, S.; Uronis, J.M.; Fan, T.-J.; Campbell, B.J.; Abujamel, T.; Dogan, B.;
Rogers, A.B.; et al. Intestinal Inflammation Targets Cancer-Inducing Activity of the Microbiota. Science 2012, 338, 120–123.
[CrossRef] [PubMed]

46. Filippone, A.; Rossi, C.; Rossi, M.M.; Di Micco, A.; Maggiore, C.; Forcina, L.; Natale, M.; Costantini, L.; Merendino, N.;
Di Leone, A.; et al. Endocrine Disruptors in Food, Estrobolome and Breast Cancer. J. Clin. Med. 2023, 12, 3158. [CrossRef]
[PubMed]

47. Neagoe, C.-X.-R.; Ionică, M.; Neagoe, O.C.; Trifa, A.P. The Influence of Microbiota on Breast Cancer: A Review. Cancers 2024, 16,
3468. [CrossRef]

48. Hoffmann, A.R.; Proctor, L.M.; Surette, M.G.; Suchodolski, J.S. The Microbiome. Vet. Pathol. 2016, 53, 10–21. [CrossRef]
49. Bullman, S.; Pedamallu, C.S.; Sicinska, E.; Clancy, T.E.; Zhang, X.; Cai, D.; Neuberg, D.; Huang, K.; Guevara, F.; Nelson, T.; et al.

Analysis of Fusobacterium persistence and antibiotic response in colorectal cancer. Science 2017, 358, 1443–1448. [CrossRef]
50. Guo, X.; Yu, K.; Huang, R. The ways Fusobacterium nucleatum translocate to breast tissue and contribute to breast cancer

development. Mol. Oral Microbiol. 2024, 39, 1–11. [CrossRef]
51. Fernández, L.; Langa, S.; Martín, V.; Maldonado, A.; Jiménez, E.; Martín, R.; Rodríguez, J.M. The human milk microbiota: Origin

and potential roles in health and disease. Pharmacol. Res. 2013, 69, 1–10. [CrossRef]
52. El Aidy, S.; Kunze, W.; Bienenstock, J.; Kleerebezem, M. The microbiota and the gut-brain axis: Insights from the temporal and

spatial mucosal alterations during colonisation of the germfree mouse intestine. Benef. Microbes 2012, 3, 251–259. [CrossRef]

https://doi.org/10.3390/ijms27114723

https://doi.org/10.1093/nutrit/nuz019
https://www.ncbi.nlm.nih.gov/pubmed/31111150
https://doi.org/10.3390/pathogens13070533
https://doi.org/10.1186/s40168-015-0145-y
https://doi.org/10.1158/1940-6207.CAPR-24-0055
https://www.ncbi.nlm.nih.gov/pubmed/38701438
https://doi.org/10.1038/s41598-020-71102-x
https://www.ncbi.nlm.nih.gov/pubmed/32839514
https://doi.org/10.1126/scitranslmed.aad7121
https://doi.org/10.1038/jp.2014.47
https://doi.org/10.3390/nu15061420
https://doi.org/10.3390/ijms25126684
https://doi.org/10.1371/journal.pone.0188873
https://doi.org/10.1128/AEM.01235-16
https://doi.org/10.1007/s12094-024-03554-w
https://www.ncbi.nlm.nih.gov/pubmed/38890244
https://doi.org/10.1038/nbt.2942
https://doi.org/10.1038/srep15162
https://doi.org/10.1016/j.amjsurg.2024.115795
https://doi.org/10.1038/s41598-018-35329-z
https://www.ncbi.nlm.nih.gov/pubmed/30442969
https://doi.org/10.1126/science.1224820
https://www.ncbi.nlm.nih.gov/pubmed/22903521
https://doi.org/10.3390/jcm12093158
https://www.ncbi.nlm.nih.gov/pubmed/37176599
https://doi.org/10.3390/cancers16203468
https://doi.org/10.1177/0300985815595517
https://doi.org/10.1126/science.aal5240
https://doi.org/10.1111/omi.12446
https://doi.org/10.1016/j.phrs.2012.09.001
https://doi.org/10.3920/BM2012.0042
https://doi.org/10.3390/ijms27114723


Int. J. Mol. Sci. 2026, 27, 4723 19 of 21

53. Chow, J.; Lee, S.M.; Shen, Y.; Khosravi, A.; Mazmanian, S.K. Host-bacterial symbiosis in health and disease. Adv. Immunol. 2010,
107, 243–274. [CrossRef]

54. El Tekle, G.; Garrett, W.S. Bacteria in cancer initiation, promotion and progression. Nat. Rev. Cancer 2023, 23, 600–618. [CrossRef]
55. Bernardo, G.; Le Noci, V.; Di Modica, M.; Montanari, E.; Triulzi, T.; Pupa, S.M.; Tagliabue, E.; Sommariva, M.; Sfondrini, L. The

Emerging Role of the Microbiota in Breast Cancer Progression. Cells 2023, 12, 1945. [CrossRef]
56. Chiba, A.; Bawaneh, A.; Velazquez, C.; Clear, K.Y.J.; Wilson, A.S.; Howard-McNatt, M.; Levine, E.A.; Levi-Polyachenko, N.;

Yates-Alston, S.A.; Diggle, S.P.; et al. Neoadjuvant Chemotherapy Shifts Breast Tumor Microbiota Populations to Regulate Drug
Responsiveness and the Development of Metastasis. Mol. Cancer Res. 2020, 18, 130–139. [CrossRef]

57. Filippou, C.; Themistocleous, S.C.; Marangos, G.; Panayiotou, Y.; Fyrilla, M.; Kousparou, C.A.; Pana, Z.D.; Tsioutis, C.;
Johnson, E.O.; Yiallouris, A. Microbial Therapy and Breast Cancer Management: Exploring Mechanisms, Clinical Efficacy,
and Integration within the One Health Approach. Int. J. Mol. Sci. 2024, 25, 1110. [CrossRef]

58. Wu, H.; Ganguly, S.; Tollefsbol, T.O. Modulating Microbiota as a New Strategy for Breast Cancer Prevention and Treatment.
Microorganisms 2022, 10, 1727. [CrossRef]

59. Summer, M.; Sajjad, A.; Ali, S.; Hussain, T. Exploring the underlying correlation between microbiota, immune system, hormones,
and inflammation with breast cancer and the role of probiotics, prebiotics and postbiotics. Arch. Microbiol. 2024, 206, 145.
[CrossRef]

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

61. Ursell, L.K.; Metcalf, J.L.; Parfrey, L.W.; Knight, R. Defining the human microbiome. Nutr. Rev. 2012, 70, S38–S44. [CrossRef]
62. Hooper, L.V.; Littman, D.R.; Macpherson, A.J. Interactions Between the Microbiota and the Immune System. Science 2012, 336,

1268–1273. [CrossRef]
63. Yue, Y.; Zhang, H.; Deng, P.; Tan, M.; Chen, C.; Tang, B.; Li, J.; Chen, F.; Zhao, Q.; Li, L.; et al. Environmental cadmium exposure

facilitates mammary tumorigenesis via reprogramming gut microbiota-mediated glutamine metabolism in MMTV-Erbb2 mice.
Sci. Total Environ. 2023, 897, 165348. [CrossRef] [PubMed]

64. Altrawy, A.; Khalifa, M.M.; Abdelmaksoud, A.; Khaled, Y.; Saleh, Z.M.; Sobhy, H.; Abdel-Ghany, S.; Alqosaibi, A.; Al-Muhanna, A.;
Almulhim, J.; et al. Metabolites in the Dance: Deciphering Gut-Microbiota-Mediated Metabolic Reprogramming of the Breast
Tumor Microenvironment. Cancers 2024, 16, 4132. [CrossRef]

65. Bui, T.N.Y.; Paul, A.; Guleria, S.; O’Sullivan, J.M.; Toldi, G. Short-chain fatty acids-a key link between the gut microbiome and
T-lymphocytes in neonates? Pediatr. Res. 2025, Online ahead of print. [CrossRef]

66. D’Afonseca, V.; Muñoz, E.V.; Leal, A.L.; Soto, P.M.A.S.; Parra-Cid, C. Implications of the microbiome and metabolic intermediaries
produced by bacteria in breast cancer. Genet. Mol. Biol. 2024, 47, e20230316. [CrossRef]

67. Wang, H.; Altemus, J.; Niazi, F.; Green, H.; Calhoun, B.C.; Sturgis, C.; Grobmyer, S.R.; Eng, C. Breast tissue, oral and urinary
microbiomes in breast cancer. Oncotarget 2017, 8, 88122–88138. [CrossRef]

68. Fahmy, A. Microbiome and Human Health: Recent Insights and Future Directions. Prem. J. Public Health 2024, 1, 100002.
[CrossRef]

69. Lee, C.-C.; Yang, H.-W.; Liu, C.-J.; Lee, F.; Ko, W.-C.; Chang, Y.-C.; Yang, P.-S. Unraveling the connections between gut microbiota,
stress, and quality of life for holistic care in newly diagnosed breast cancer patients. Sci. Rep. 2023, 13, 17916. [CrossRef] [PubMed]

70. Walker, J.N.; Hanson, B.M.; Hunter, T.; Simar, S.R.; Duran Ramirez, J.M.; Obernuefemann, C.L.P.; Parikh, R.P.; Tenenbaum, M.M.;
Margenthaler, J.A.; Hultgren, S.J.; et al. A prospective randomized clinical trial to assess antibiotic pocket irrigation on tissue
expander breast reconstruction. Microbiol. Spectr. 2023, 11, e0143023. [CrossRef]

71. Zheng, H.-H.; Du, C.-T.; Yu, C.; Tang, X.-Y.; Huang, R.-L.; Zhang, Y.-Z.; Gao, W.; Xie, G.-H. The Relationship of Tumor Microbiome
and Oral Bacteria and Intestinal Dysbiosis in Canine Mammary Tumor. Int. J. Mol. Sci. 2022, 23, 10928. [CrossRef]

72. Chang, C.-M.; Pekkle Lam, H.Y. Intratumoral Microbiota: Unraveling their Oncogenic Impact on Cancer Progression with Focus
on Breast Cancer Therapeutic Outcomes. Anticancer Res. 2024, 44, 2271–2285. [CrossRef] [PubMed]

73. Khelfaoui, I.; Wang, W.; Meskher, H.; Shehata, A.I.; El Basuini, M.F.; Abouelenein, M.F.; Degha, H.E.; Alhoshy, M.; Teiba, I.I.;
Mahmoud, S.S. Beyond just correlation: Causal machine learning for the microbiome, from prediction to health policy with
econometric tools. Front. Microbiol. 2025, 16, 1691503. [CrossRef]

74. Damaceno, Q.S.; Gallotti, B.; Reis, I.M.M.; Totte, Y.C.P.; Assis, G.B.; Figueiredo, H.C.; Silva, T.F.; Azevedo, V.; Nicoli, J.R.;
Martins, F.S. Isolation and Identification of Potential Probiotic Bacteria from Human Milk. Probiotics Antimicrob. Proteins 2023, 15,
491–501. [CrossRef]

75. Smith, A.; Pierre, J.F.; Makowski, L.; Tolley, E.; Lyn-Cook, B.; Lu, L.; Vidal, G.; Starlard-Davenport, A. Distinct microbial
communities that differ by race, stage, or breast-tumor subtype in breast tissues of non-Hispanic Black and non-Hispanic White
women. Sci. Rep. 2019, 9, 11940. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27114723

https://doi.org/10.1016/B978-0-12-381300-8.00008-3
https://doi.org/10.1038/s41568-023-00594-2
https://doi.org/10.3390/cells12151945
https://doi.org/10.1158/1541-7786.MCR-19-0451
https://doi.org/10.3390/ijms25021110
https://doi.org/10.3390/microorganisms10091727
https://doi.org/10.1007/s00203-024-03868-x
https://doi.org/10.1093/jnci/djw029
https://doi.org/10.1111/j.1753-4887.2012.00493.x
https://doi.org/10.1126/science.1223490
https://doi.org/10.1016/j.scitotenv.2023.165348
https://www.ncbi.nlm.nih.gov/pubmed/37429473
https://doi.org/10.3390/cancers16244132
https://doi.org/10.1038/s41390-025-04075-0
https://doi.org/10.1590/1678-4685-gmb-2023-0316
https://doi.org/10.18632/oncotarget.21490
https://doi.org/10.70389/PJPH.100002
https://doi.org/10.1038/s41598-023-45123-1
https://www.ncbi.nlm.nih.gov/pubmed/37864098
https://doi.org/10.1128/spectrum.01430-23
https://doi.org/10.3390/ijms231810928
https://doi.org/10.21873/anticanres.17035
https://www.ncbi.nlm.nih.gov/pubmed/38821615
https://doi.org/10.3389/fmicb.2025.1691503
https://doi.org/10.1007/s12602-021-09866-5
https://doi.org/10.1038/s41598-019-48348-1
https://www.ncbi.nlm.nih.gov/pubmed/31420578
https://doi.org/10.3390/ijms27114723


Int. J. Mol. Sci. 2026, 27, 4723 20 of 21

76. Parida, S.; Wu, S.; Siddharth, S.; Wang, G.; Muniraj, N.; Nagalingam, A.; Hum, C.; Mistriotis, P.; Hao, H.; Talbot, C.C.; et al. A
Procarcinogenic Colon Microbe Promotes Breast Tumorigenesis and Metastatic Progression and Concomitantly Activates Notch
and β-Catenin Axes. Cancer Discov. 2021, 11, 1138–1157. [CrossRef] [PubMed]

77. AlDawsari, M.; Al-Ansari, M.M.; AlMalki, R.H.; Rahman, A.M.A.; Al-Alwan, M. The MDA-MB-231 Breast Cancer Cell Secretomes
Modify Metabolomes of Pseudomonas aeruginosa Breast Microbiome. Int. J. Mol. Sci. 2025, 26, 5003. [CrossRef]

78. Mahmood, S.M.; Al-Nasrallah, H.K.; Aldossry, A.; Al-Ansari, M.M.; Al-Alwan, M. Breast-Cancer-Derived Secretomes from
MCF-7 Cells Modulate Bacterial Pathogenic Traits. Int. J. Mol. Sci. 2026, 27, 2073. [CrossRef]

79. Grivennikov, S.I.; Greten, F.R.; Karin, M. Immunity, Inflammation, and Cancer. Cell 2010, 140, 883–899. [CrossRef]
80. Schirmer, M.; Smeekens, S.P.; Vlamakis, H.; Jaeger, M.; Oosting, M.; Franzosa, E.A.; ter Horst, R.; Jansen, T.; Jacobs, L.; Bonder, M.J.;

et al. Linking the Human Gut Microbiome to Inflammatory Cytokine Production Capacity. Cell 2016, 167, 1125–1136.e8. [CrossRef]
81. Zitvogel, L.; Ma, Y.; Raoult, D.; Kroemer, G.; Gajewski, T.F. The microbiome in cancer immunotherapy: Diagnostic tools and

therapeutic strategies. Science 2018, 359, 1366–1370. [CrossRef]
82. Byrd, D.A.; Vogtmann, E.; Wu, Z.; Han, Y.; Wan, Y.; Clegg-Lamptey, J.N.; Yarney, J.; Wiafe-Addai, B.; Wiafe, S.; Awuah, B.; et al.

Associations of fecal microbial profiles with breast cancer and nonmalignant breast disease in the Ghana Breast Health Study. Int.
J. Cancer 2021, 148, 2712–2723. [CrossRef]

83. Chang, Y.; Huang, Z.; Hou, F.; Liu, Y.; Wang, L.; Wang, Z.; Sun, Y.; Pan, Z.; Tan, Y.; Ding, L.; et al. Parvimonas micra activates the
Ras/ERK/c-Fos pathway by upregulating miR-218-5p to promote colorectal cancer progression. J. Exp. Clin. Cancer Res. 2023, 42,
13. [CrossRef]

84. Habanjar, O.; Bingula, R.; Decombat, C.; Diab-Assaf, M.; Caldefie-Chezet, F.; Delort, L. Crosstalk of Inflammatory Cytokines
within the Breast Tumor Microenvironment. Int. J. Mol. Sci. 2023, 24, 4002. [CrossRef]

85. Chen, Y.E.; Fischbach, M.A.; Belkaid, Y. Skin microbiota–host interactions. Nature 2018, 553, 427–436. [CrossRef]
86. Flores, R.; Shi, J.; Fuhrman, B.; Xu, X.; Veenstra, T.D.; Gail, M.H.; Gajer, P.; Ravel, J.; Goedert, J.J. Fecal microbial determinants of

fecal and systemic estrogens and estrogen metabolites: A cross-sectional study. J. Transl. Med. 2012, 10, 253. [CrossRef] [PubMed]
87. Sanders, M.E.; Merenstein, D.; Merrifield, C.A.; Hutkins, R. Probiotics for human use. Nutr. Bull. 2018, 43, 212–225. [CrossRef]
88. Tirgar, A.; Rezaei, M.; Ehsani, M.; Salmani, Z.; Rastegari, A.; Jafari, E.; Khandani, B.K.; Nakhaee, N.; Khaksari, M.; Moazed, V.

Exploring the synergistic effects of vitamin D and synbiotics on cytokines profile, and treatment response in breast cancer: A pilot
randomized clinical trial. Sci. Rep. 2024, 14, 21372. [CrossRef]

89. Scott, A.J.; Merrifield, C.A.; Younes, J.A.; Pekelharing, E.P. Pre-, pro- and synbiotics in cancer prevention and treatment—A review
of basic and clinical research. Ecancermedicalscience 2018, 12, 869. [CrossRef]

90. Singh, D.; Singh, A.; Kumar, S. Probiotics: Friend or foe to the human immune system. Bull. Natl. Res. Cent. 2023, 47, 126.
[CrossRef]

91. Tang, W.H.W.; Kitai, T.; Hazen, S.L. Gut Microbiota in Cardiovascular Health and Disease. Circ. Res. 2017, 120, 1183–1196.
[CrossRef]

92. Parida, S.; Sharma, D. The power of small changes: Comprehensive analyses of microbial dysbiosis in breast cancer. Biochim.
Biophys. Acta (BBA)-Rev. Cancer 2019, 1871, 392–405. [CrossRef]
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