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Abstract

:

Diet is a modifiable component of lifestyle that could influence breast cancer development. The Mediterranean dietary pattern is considered one of the healthiest of all dietary patterns. Adherence to the Mediterranean diet protects against diabetes, cardiovascular disease, and cancer. Reported consumption of a Mediterranean diet pattern was associated with lower breast cancer risk for women with all subtypes of breast cancer, and a Western diet pattern was associated with greater risk. In this review, we contrast the available epidemiological breast cancer data, comparing the impact of consuming a Mediterranean diet to the Western diet. Furthermore, we will review the preclinical data highlighting the anticancer molecular mechanism of Mediterranean diet consumption in both cancer prevention and therapeutic outcomes. Diet composition is a major constituent shaping the gut microbiome. Distinct patterns of gut microbiota composition are associated with the habitual consumption of animal fats, high-fiber diets, and vegetable-based diets. We will review the impact of Mediterranean diet on the gut microbiome and inflammation. Outside of the gut, we recently demonstrated that Mediterranean diet consumption led to distinct microbiota shifts in the mammary gland tissue, suggesting possible anticancer effects by diet on breast-specific microbiome. Taken together, these data support the anti-breast-cancer impact of Mediterranean diet consumption.
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1. Introduction


It is predicted that there will be 15 million newly diagnosed cases of cancer and 12 million cancer patient deaths in 2020 [1]. As cancer mortality rises, researchers must examine possible risk factors contributing to an increase in prevalence. Lifestyle choices are a major target of this research, and it is estimated that 35% of all cancer deaths may be caused by dietary factors [2]. Diet-associated elevation of cancer risk has been specifically linked to 13 malignancies, and is most closely correlated with prostate, colorectal, gall bladder, pancreatic, endometrial, and breast cancer patient deaths [3]. Obesity is associated with 14% of cancer deaths in males and 20% in females, though dietary intake (i.e., red meat intake) regardless of body weight is heavily correlated with cancer risk and prognosis [4]. This correlation between dietary intake and cancer risk is well reported. However, our understanding of the mechanisms behind this remain unclear.



More than 12% of US women will be diagnosed with breast cancer during their lifetime, and in 2019 an estimated 268,600 new cases will be diagnosed [5]. Breast cancer risk is associated with health and lifestyle behaviors. Prevention efforts are critically important to reduce the number of invasive breast cancer diagnoses. It is estimated that approximately 30% to 50% of all cancer cases could be prevented by practicing healthy lifestyle habits and minimizing exposure to cancer risk factors [6]. Evidence continues to accumulate on the impact of dietary components and their effect on biological mechanisms that impact cancer susceptibility.



To lower the risk for cancer, diet-based recommendations include consuming a dietary pattern that consists largely of vegetables (including beans and legumes), fruits, and whole grains. In addition, recommendations include reducing exposure to the following dietary components: processed red meats, refined sugars, carbohydrates, fat, and excessive alcohol [7].




2. Dietary Patterns and Breast Cancer Risk


The Western dietary pattern (WeD) (also called the standard American diet, SAD) that is consumed by many in the United States is recognized for containing high amounts of refined starches, sugar, red and processed red meats, saturated fats, trans fats, and low amounts of fruit, vegetables, and whole grains. It was reported that more than half of the calories in the WeD come from highly processed foods. A cross-sectional study utilizing National Health and Nutrition Examination Survey 2009–2010 in 9317 participants who were at least 1 year of age and older revealed that nearly 58% of the energy intake, stated as almost three out of five of calories, was in the form of highly processed foods [8].



The WeD has been associated with elevated breast cancer risk. A study was conducted to evaluate the association between dietary patterns and risk of breast cancer in Spanish women. Researchers recruited 1017 women with incident breast cancer and 1017 matched healthy controls of similar age with no history of breast cancer. They utilized the Alternate Healthy Eating Index and the Alternate Mediterranean Diet score to assess diet adherence. The researchers reported that adherence to the WeD was associated with increased risk (OR high versus low adherence (95% (CI) 1.46 (1.06–2.01)) and that adherence to the MeD was related to lower risk (OR high versus low adherence (95% CI) 0.56 (0.40–0.79)) [9]. A cross-sectional study of 3584 women who were enrolled in a breast cancer screening program during October 2007–July 2008 was conducted to investigate the association between the WeD and MeD and mammographic density. Mammographic density was categorized as (1) less than 10%, (2) 10–25%, (3) 25–50%, and (4) greater than 50% The researchers reported that women who had higher adherence to the WeD were more likely to have high mammographic density (n = 242 (27%)), compared to women with low adherence to the WeD (n = 169 (19%)) with a fully adjusted odds ratio (ORQ4 vs. Q1) of 1.25 (95% confidence interval (CI) 1.03–1.52). It was reported that the association was specific to overweight and obese women (adjusted ORQ4 vs. Q1 (95% CI 1.41 (1.13–1.76)). There was no association between MeD and mammographic density [10]. Elevated mammographic density is associated with increased breast cancer risk.



The WeD has been reported to promote inflammation [11,12]. Extreme blood glucose variations created by consuming calorie-dense processed foods has been shown to stimulate inflammation and increase oxidative stress, as evidenced by increased circulating concentrations of pro-inflammatory molecules. Arachidonic acid derived n-6 eicosanoids from refined vegetable oils increase the production of pro-inflammatory cytokines.



The Mediterranean dietary (MeD) pattern has consistently been considered one of the healthiest dietary patterns because of its inclusion of an abundance of plant-based foods and the lack of processed foods [13]. The MeD emphasizes consumption of vegetables, fruits, whole grains, seeds and nuts, olive oil, lean protein (fish, poultry), and eggs, and is low in processed meat, red meat, and refined sugars. Adherence to the MeD was reported to protect against diabetes, cardiovascular disease, and some cancers [14]. Studies were conducted to evaluate the relationship between adherence to the MeD and breast cancer risk, and inverse associations have been reported [15,16,17,18,19,20]. Importantly, adherence to a MeD has been reported to decrease incidence of breast cancer of all subtypes and to decrease risk of breast cancer recurrence [15,21].



Turatui et al. (2018) investigated the association between adherence to the Mediterranean diet and breast cancer risk utilizing hospital-based case-controls, and found that adherence to the MeD was associated with a reduced breast cancer risk [22]. The researchers identified 3034 breast cancer cases and 3392 controls who were hospitalized for an acute disease. Adherence to the Mediterranean diet was measured using the Mediterranean diet score (MDS), which sums the components of the MeD. Scores range from 0 (least adherent) to 9 (highly adherent). Compared to a MDS of 0–3, the odds ratios (ORs) for breast cancer were 0.86 (95% confidence interval (CI), 0.76–0.98) for a MDS of 4–5 and 0.82 (95% CI, 0.71–0.95) for a MDS of 6–9 (p for trend = 0.008). When the researchers excluded the alcohol component from the scoring it did not greatly modify the ORs (e.g., OR = 0.81, 95% CI, 0.70–0.95, for MDS ≥ 6).



The MeD was reported to reduce the risk of estrogen receptor negative (ER–) breast cancer, although in the same study, a non-significant weak relation with ER positive (ER+) and total breast cancer risk was found. This was a cohort study that followed 62,573 women aged 55–69 in the Netherlands for over 20 years. Adherence to the MeD was assessed by the alternate Mediterranean Diet Score, which excluded alcohol. The analysis was conducted on 2321 incident breast cancer cases and 1665 sub-cohort participants. The researchers found an inverse association between MeD adherence and risk of ER− breast cancer, with a hazard ratio of 0.60 (95%CI, 0.39–0.93) for high MeD adherence versus low MeD adherence (p for trend  =  0.032). These researchers also conducted a meta-analyses of their results along with another published cohort study, and reported that hazard ratios for high versus low MeD adherence were 0.94 for total postmenopausal breast cancer, 0.98 for ER+, 0.73 for ER−, and 0.77 for ER − progesterone receptor negative breast cancer [16,23,24,25]. The largest intervention trial to test the impact of the Mediterranean diet on important outcomes was the Prevención con Dieta Mediterránea (PREDIMED). PREDIMED was a 5-year study conducted in Spain that evaluated the effects of the Mediterranean diet on primary prevention of cardiovascular disease in subjects at high risk [26]. PREDIMED was a multicenter, randomized, controlled clinical trial of 7447 participants who were randomized to one of three diets: MeD supplemented with extra-virgin olive oil (EVOO); MeD supplemented with mixed nuts; or a low-fat control diet. The results of an interim analysis prompted early stoppage of the trial after a median follow-up of 4.8 years due to reductions in the cardiovascular event rates in both intervention groups. The PREDIMED investigators also reported that consumption of the MeD supplement with EVOO and tree nuts lowered the risk of postmenopausal breast cancer by 51% [15]. Breast cancer incidence was a secondary outcome of the trial for women without a prior history of breast cancer (n  =  4152). After a median follow-up of 4.8 years, 35 confirmed incident cases of breast cancer were reported. Observed rates (per 1000 person-years) were 1.1 for the MeD with EVOO group, 1.8 for the MeD with nuts group, and 2.9 for the control group. The multivariable-adjusted hazard ratios compared to the control group were 0.32 (95% CI, 0.13–0.79) for the MeD with EVOO group and 0.59 (95% CI, 0.26–1.35) for the MeD with nuts group.



This is not surprising, as key constituents of the MeD are fruits and vegetables that are rich in antioxidants, and their consumption is associated with lower oxidative stress and inflammation [11]. Vegetables, fruits, lean protein, and monounsaturated fatty acids contained in olive oil were reported to reduce postprandial glucose variations and pro-inflammatory molecule secretion [27]. The n-3 fatty acids contained in fish, fish oil, and nuts that are also components of the MeD have anti-inflammatory effects, and thereby reduce arachidonic-acid-derived eicosanoids [28].




3. Diet and the Gut Microbiome


A major mechanism for dietary influence is found in the microbial balance of the gut. While the gut microbiome is impacted by many factors, including genetics, dietary intake is the primary modulator of the composition and diversity of the microbiota, and health outcomes can be impacted through this interaction [29]. Dietary intake is capable of causing shifts in gut microbial composition in both obese and lean individuals [30]. Microbial shifts are related to animal and plant-based diets, intake of fat, protein, fiber, and carbohydrates, as well as phytochemical intake [31]. In healthy individuals, the gut microbiome is characterized by having a high species richness and diversity [32]. These bacteria contribute to a healthy state by competition with pathogens, as well as assisting with the digestion of food for production of bioactive components [33]. The balance found in the gut microbiome of a healthy individual is considered anti-inflammatory. However, dysbiosis, or imbalance, in the gut microbial populations can lead to inflammation through T cell responses generated in the Peyer’s patches of the gut lamina propria [34]. Inflammation is a risk factor for cancer, a correlation that was first illustrated by Rudolf Virchow’s studies in 1863 [35]. It is now estimated that 25% of all cancer cases can be etiologically linked to inflammation and bacterial infection [36].



The implications of dietary intake and inflammation as cancer risk factors are frequently examined. However, the exact mechanisms linking these factors remain under investigation. Modulation of the gut microbiome presents a potential mechanism, which could mediate tumor-promoting inflammation in response to dietary intake.



The composition of the gut microbial population is influenced by factors including geography, maternal delivery method, ethnicity, and lifestyle [37]. Lifestyle primarily influences both long- and short-term gut microbiota composition through diet. Bacterial abundance is modulated by dietary components, such as protein, fat, and carbohydrates [38]. A high-fat diet independent of obesity results in alterations of bacterial populations at the phylum level, including a decrease in Bacteriodetes and increases in Proteobacteria and Firmicutes in mouse models, indicating that gut microbial balance reacts primarily to diet, and not to obesity [30,39,40]. These results were confirmed in humans, signifying that the observed shift in the Bacteroidetes/Firmicutes ratio is translational to what is shown in the human gut microbiota [41]. Differential patterns of shifted gut microbiota composition are associated with the habitual consumption of animal fats, vegetable-based diets, or diets that are high in fiber [42,43,44,45]. In humans, a study indicated that adherence to a Mediterranean diet decreased Ruminococcus and increased fecal Lachnospira and Prevotella in fecal samples, compared with samples from people consuming an omnivore diet [46], demonstrating that consumption of MeD shifts the gut microbiome. This was further confirmed using a non-human primate model, where monkeys consumed WeD or MeD for 31 months. The WeD and MeD were formulated to be isocaloric with respect to protein, fat, and carbohydrates, and identical in cholesterol content (~320 mg/2000 calories/day). The WeD was formulated to be similar to that consumed by American women age 40–49, as reported by the USDA [47]. Specifically, fat and protein were derived from animal sources; the diet was high in sodium and saturated fats, and the WeD was low in monounsaturated (MUFA) and n-3 PUFA fatty acids [47]. The MeD contained protein and fats derived from plant sources, some lean protein from fish and dairy, and high MUFAs derived from the olive oil content [48,49]. The MeD n-6/n-3 fatty acid ratio was similar to a traditional hunter-gatherer type diet [50]; that is, higher in complex carbohydrates and fiber, and lower in sodium and refined sugars. Feces from non-human primates consuming a WeD versus MeD displayed distinct gut microbiota populations, with MeD-fed monkeys having a significantly higher gut microbiota diversity than WeD-consuming subjects. Analyses into specific fecal genera modulated by dietary pattern indicated significantly higher abundance of Lactobacillus, Clostridium, Faecalibacterium, and Oscillospira genus, and lower abundance of Ruminococcus and Coprococcus genus bacteria in MeD consumers when compared to WeD-consuming female cynomolgus monkeys [51].




4. Gut Microbial Dysbiosis as a Driver of Inflammation


Diet-mediated shifts in the gut microbiome can induce a state of “dysbiosis”, which refers to change in the structural or functional balance of the gut microbial population. Dysbiosis is indicated in many human diseases, including obesity, auto-immunity, diabetes, allergies, neurological disorders, infection, and chronic inflammatory conditions [52,53]. Inflammatory conditions associated with dysbiosis in the gut microbiome rely on interactions between the immune cells found in the Peyer’s patches of the gut lining and the gut microbial contents.



The gut is composed of a series of physical and functional barriers (mucus layer, epithelial layer) that serve to keep gut contents and antigens separate from the immune cells of the gut-associated lymphoid tissue (GALT) [54]. The existence of these barriers is crucial for the avoidance of inflammation in the gut lining, as the GALT constitutes the body’s largest mass of lymphoid tissue [55]. The GALT is separated from the gut microbiota by a layer of gut epithelial cells, connected to each other with tight junctions that prevent the exposure of antigens to immune cells in the GALT [56]. However, the presence of microbiota does influence the GALT (Figure 1), and this is evidenced by the lesser degree to which Peyer’s patches and Mesenteric lymph nodes are present in germ-free mice lacking gut microbial colonization [55].



Dendritic cells in the gut lining sample bacterial antigens in the gut by extending processes between tight junctions of gut epithelial cells. The dendritic cells are then able to present the antigens to T cells in the Peyer’s patches (aggregates of lymphoid tissue found in the small bowel). This presentation can induce T cell differentiation toward an immunosuppressive Treg cell phenotype in response to molecular patterns associated with commensal bacteria, or into an inflammatory phenotype in response to pathogenic particles [57]. In this way, dysbiosis of the gut microbial populations may induce an inflammatory response.




5. Gut Microbiome Shifts Can Correlate with Breast Cancer Risk


It is estimated that approximately 15%–20% of carcinogenesis is related to microbial infection, with Helicobacter pylori and human papillomavirus being widely accepted for their tumorigenic roles. However, growing evidence suggests that this estimate is low, and general microbial dysbiosis may also be accountable for tumorigenesis [33]. As previously mentioned, approximately 35% of all cancers are associated with dietary intake. This statistic includes 75% of prostate, 70% of colorectal, 50% of endometrial, 50% of breast, 50% of pancreatic, and 50% of gall bladder carcinomas, among others [3]. In each of these diet-associated cancers, microbial-mediated mechanisms are possible modulators of carcinogenesis and tumor aggressiveness.



Breast cancer pathogenesis is associated with major gut microbial shifts, and patients were shown to express enrichment in Clostridiaceae, Faecalibacterium, and Ruminococcaceae, and reduction in Dorea and Lachnospiraceae compared to controls [58]. The existence of gut microbial profiles associated with specific cancers suggests roles for these bacterial taxa in carcinogenesis, prognosis factors, and preventative activities, thus indicating a potential mechanism by which diet may mediate cancer risk and prognosis.




6. Mammary Gland Microbiome and Breast Milk


The presence of microbes in the mammary gland was first examined in the milk of lactating mothers [59]. Human breast milk is enriched in Streptococcus, Staphylococcus, Bifidobacterium, Propionibacterium, and Lactobacillus bacteria and assists in early colonization of the infant gut microbiome [59,60]. However, a mammary-gland-specific microbiome was identified in tissue from non-lactating women as well [61]. The origin of this mammary microbiome remains under investigation. Current theories indicate the possibility of translocation from the gut microbiome, as well as transfer from the skin through nipple–areolar orifices [62].



A healthy mammary gland microbial population has been associated with enrichment of the Sphingomonas yanoikuyae bacterial species. Notably, S. yanoikuyae may contribute to an immunomodulatory response in the breast microenvironment through expression of glycosphingolipid ligands, which activate invariant natural killer T (iNKT) cells [63]. Further study is needed to examine the exact mechanisms, beneficial properties, and potential probiotic applications of S. yanoikuyae in the mammary gland tissue.



In order for probiotic bacteria to instigate a beneficial response in the mammary gland, microbial response elements must be present on host tissue. Xuan et al. reported enriched expression of microbial sensors (TLR2, TLR5, TLR9, NOD1, and NOD2), downstream signaling molecules (CARD6, CARD9, and TRAF6), and antimicrobial response effectors (BPI, IL-12A, MPO, and PRTN3) in healthy breast tissue. Further investigation of these genes may provide evidence for the mechanisms by which the healthy mammary gland microbiome utilizes the host immune system to interact with host tissue [63].




7. Mammary Gland Microbiome and Breast Cancer


Breast cancer has been associated with dramatic changes in the mammary microenvironment and microbiome. While normal mammary tissue exhibits enrichment of microbial response element genes, Xuan et al. noted significant reduction in microbial response element expression of breast tumor tissue. This observation was paired with a reduced population of potentially probiotic S. yanoikuyae [63].



Further examination of the cancer-associated mammary microbiome utilized tumor samples and healthy control tissue from breast reduction surgeries. Mammary gland samples obtained from women undergoing lumpectomies, mastectomies, or breast reduction surgeries living in Canada or Ireland showed distinct genus taxa differences. See Table 1 for mammary gland microbiota populations, adapted from Urbaniak et. al. 2014. Whether the observed taxa differences or abundance differences were due to differences in body mass index or obesity is unknown, since those data were unreported in the study. Literature indicates that mammary gland microbiota differ between non-cancerous women and women with breast tumors. Women with breast cancer had elevated Staphylococcus in their tumor-adjacent mammary gland tissue compared to women without cancer [64]. In another study investigating the microbiome of mammary gland tissue obtained from patients with benign tumors or malignant breast cancers that controlled for patient BMI, breast tissue from those with malignant breast cancer had decreased Lactobacillus [62], suggesting mammary tissue dysbiosis as a possible driver of breast cancer.




8. Mediterranean and Western Diet Impact on Mammary Gland Microbiome


Diet is a main determinant of gut microbial diversity; however, the impact of diet on microbiota in organ sites other than the gut are underexplored. In a non-human primate model, our group demonstrated that consumption of a WeD or MeD modulated mammary gland microbiota and metabolite profiles. Consumption of MeD resulted in an approximate 10-fold increase in mammary gland Lactobacillus abundance when compared with mammary tissue from WeD-fed monkeys [65]. Moreover, mammary glands from MeD-fed monkeys had higher levels of select bile acid metabolites and increased bacterial-processed bioactive compounds when compared with plasma level and WeD-fed monkey mammary tissue. These data suggest that diet directly influences microbiome populations outside of the intestinal tract in distal sites such as the mammary gland. Our study demonstrates diet impacts the mammary gland microbiome, establishing an alternative mechanistic pathway for breast cancer prevention [65].



Literature indicates that treatment of MCF-7-estrogen-receptor-positive breast cancer cell line with either chenodeoxycholate (CDCA) or glycochenodeoxycholate (GCDCA) resulted in opposed effects on proliferation; GCDCA increased MCF7 proliferation, while treatment with CDCA reduced proliferation [66]. We specifically observed distinct changes in bile acid metabolites in mammary tissue of MeD-fed monkeys. We observed increased CDCA metabolite levels (previously shown to be anti-proliferative) in mammary glands of monkeys fed a MeD, with no significant differences in GCDCA (previously shown to stimulate breast cancer cell proliferative), possibly implicating dietary regulation of bile acid metabolites as a breast cancer prevention mechanism. We showed enrichment of taurocholate (TCA) and glycocholate (GCA) metabolites in mammary glands from MeD-consuming monkeys when compared with mammary gland tissue from Western diet consuming monkeys. These conjugated bile acids were previously demonstrated to be modified by the presence of microbes [67,68,69]. Concurrent analysis of circulating plasma bile acid metabolites in matched monkeys showed no significant regulation of GCA, TCA, or CDCA by diet, suggesting a possible mammary-gland-specific microbial regulation of bile acid metabolites. Lactobacillus contains bile salt hydrolase activity that modifies secondary bile acid metabolite generation. These secondary bile acid metabolites can then serve as agonists for farnesoid X receptors [70]. The enrichment of Lactobacillus in the mammary glands of MeD-fed monkeys may then increase mammary-gland-specific bile acid metabolite-mediated activation of farnesoid X receptor signaling for potential anticancer properties. In the clinical setting, postmenopausal women with newly diagnosed breast cancer displayed increased plasma deoxycholate (DCA) when compared with control plasma samples taken from healthy, age-matched, and BMI-matched women [71,72]. Previous studies demonstrate that DCA is a mutagenic compound [73]. No significant changes in DCA bile acid metabolite concentrations were observed in the mammary glands; however, there was a trend for decreased DCA in the plasma of MeD-fed monkeys [65].



Literature demonstrates a clear association between MeD-derived phenolic and phytochemical components and important health benefits [74]. Our studies demonstrated that monkeys consuming a MeD had significantly elevated levels of mammary gland conjugated phenolic compounds, including p-cresol sulfate (tyrosine metabolite), hippurate, cinnamoylglycine, and 3-hydroxy-3-phenylpropionate (phenylalanine metabolites), and indole-containing substances (tryptophan metabolites), such as indolin-2-one, 3-indole sulfate, and indolepropionate, that was not observed in the mammary gland of the WeD-fed group [65]. While it is possible that these regulated polyphenol metabolites could have come from MeD components (olive oil, fruits, and vegetables enriched in the MeD), there were no significant differences in tryptophan, phenylalanine, or tyrosine metabolite levels in the mammary glands (parental amino acid metabolite). This then suggests that these metabolite changes may reflect changes in microbial metabolism localized within the mammary glands influenced by the two diet regimens. Further supporting the role of microbial-mediated bioactive compound generation, there were no changes in plasma metabolite levels of hippurate, cinnamoylglycine, 3-hydroxy-3-phenylpropionate, or phenylalanine by dietary pattern, suggesting the microbial modulation of these metabolites may be localized to the mammary gland tissue. We did observe significant differences in the circulating plasma metabolite concentrations of tyrosine and tryptophan-based microbial-regulated phenolic compounds (but not phenylalanine-based compounds), indicating gut-microbiome-dependent systematic effects on these two families of microbial compounds [65]. Studies comparing and contrasting the plasma metabolite profiles between conventional and germ-free mice demonstrated the critical reliance on bacterial presence for the formation of hippurate, p-cresol sulfate, cinnamoylglycine, and 3-hydroxyl-3-phenylpropionate [75]. Taken together, these data support the role of bacteria in generating metabolites that may affect localized signaling; however, for the most part, the molecular mechanism of these microbial-mediated bioactive compounds remains unknown, especially in breast tissue, and needs to be explored in future studies. An overview of the potential microbial-modified signaling regulated by diet is shown in Figure 2.




9. The Microbiome as an Emerging Target for Cancer Therapy


As evidence for diet-mediated microbial mechanisms in tumorigenesis grows, targeting the gut microbial contents for cancer treatment has garnered interest. Prebiotic and probiotic supplements are common selections for this goal. Prebiotics consist of indigestible food ingredients, often fibers, which are used to specifically stimulate the growth or activity of commensal gut microbiota to benefit gut health [33]. Inulin is an example of a prebiotic treatment, which is used to stimulate the growth of Bifidobacterium in the gut [76]. Bifidobacterium is commonly administered in probiotics and has been associated with an anti-inflammatory response in the gut. These supplements encourage a shift toward homeostasis in the gut microbial environment, in which the maintained balance prevents accumulation of pathogenic bacterial species and encourages an immunosuppressive reaction in the GALT [76].



Probiotics directly treat gut dysbiosis by supplementation with live commensal bacterial species, often consisting of Lactobacillus and Bifidobacterium. While the possibility of direct correlation between probiotics and cancer reduction remains under investigation, several cancer risk factors have been successfully abridged by probiotic supplementation. Probiotics are linked to altered glycemic control, contributing to decreased fasting blood glucose and insulin levels [77]. Additionally, strong correlation exists between probiotic treatment and reduced local and systemic inflammation. Ulcerative colitis patients receiving Lactobacillus-based probiotics exhibited a reduction of circulating pro-inflammatory cytokines and successfully maintained remission status [78,79]. Bifidobacterium infantis, another common probiotic species, was attributed with reduction in both gut mucosal and systemic inflammation [80]. As shown in Figure 3, the proposed mechanism for these activities relies on adherence of probiotic bacterial species to the gut lining. This adherence strengthens the gut epithelial barrier and allows for competitive inhibition of pathogenic microorganisms. Additionally, probiotic bacteria were shown to produce anti-microbial substances, which encourage an anti-inflammatory response in the gut-associated lymphoid tissue [81].



The use of probiotics in the treatment of cancer remains a relatively new idea. However, evidence for the potential success of this method is accumulating. The use of Lactobacillus probiotics has been successful in mouse syngeneic 4T1 triple negative breast cancer models. Oral supplementation with Lactobacillus helveticus-fermented milk in this model has resulted in increased cancer cell apoptosis and reduced production of pro-inflammatory cytokines, while treatment with Lactobacillus acidophilus has been associated with tumor growth retardation and reduced systemic inflammation [82,83]. Milk fermented with Lactobacillus casei reduced 4T1 tumor growth, vascularization, invasion, and metastasis [84,85]. These data suggest a role for probiotics in the reduction of tumor size and aggressiveness in a mouse model of triple negative breast cancer.



A third emerging option for targeting the gut microbiome is dietary intervention. In this category, polyphenols, such as those found in grapes, green tea, and pomegranate, are an area of interest. Dietary polyphenols act as antioxidants, and sometimes even as antibiotics. While their structure makes bioavailability through gut absorption limited, microbial hydrolysis of glycosides assists this process [31]. Treatment with green tea polyphenolic compounds has successfully reduced gut microbial presence of pathogenic Clostridium perfringens, Clostridium difficile, and Bacteroides in animal models [86]. Ellagic acid, a polyphenolic compound found in berries and nuts, is broken down by the gut bacteria and appears to have anticancer effects [33]. Further studies are needed to determine the exact changes in the gut microbial composition that occur in response to ellagic acid and other dietary polyphenols. We and others have also demonstrated that MeD diet consumption elevated gut [51] and mammary gland [65] Lactobacillus populations, possibly supporting a gut-mammary gland signaling axis or suggesting similar dietary regulation of Lactobacillus in both tissue types. The metabolomics analysis of paired breast tissue indicated MeD-consumption-modified mammary gland bile acid metabolites, microbial-processed bioactive compounds, and antioxidant metabolites that were observed only in the breast tissue and not seen regulated in circulating plasma, supporting the concept of a localized mammary microbiota niche [65]. Taken together, these data highlight the pleiotropic signaling in the breast tissue mediated by MeD consumption and demonstrate the need for further research to be performed to determine the origin and regulation of the breast tissue microbiome.




10. Discussion and Future Directions


Epidemiological data supports the critical impact of dietary pattern on breast cancer risk; WeD consumption elevates breast cancer risk, while consumption of a MeD reduces breast cancer risk. These could be due to several possible key molecular mechanisms; however, we propose that the regulation of the gut and mammary microbiome may be a key influencer on the anticancer role of MeD. Current research detailing population shifts of the gut microbiome suggests a potential mechanism for dietary influence on cancer risk through inflammation. Understanding this mechanism allows for utilization of the gut microbial composition as a target for cancer prevention and treatment. In this way, restoration of balance to the gut microbiome may prove a viable option for reduction of diet-mediated cancer risks and prognosis factors.



As the discussion of the gut microbiome in cancer progresses, the focus will likely shift to include the diet-mediated roles of other tissue microbiomes in tumorigenesis. This is of particular interest in breast cancer, as labeled oral probiotics were identified in the breast milk, suggesting that gut bacteria may be able to travel to the mammary gland [87]. Our group has previously identified distinct changes in mammary gland microbial composition in response to diet [65], which may be due to a similar mechanism. Developments such as these will be crucial as we work to determine the exact gut microbial mechanisms at play, allowing us to expound upon the pathways by which food consumed at the table can influence a tumor.







Author Contributions


Writing—original draft preparation, T.M.N., M.Z.V. and K.L.C.; writing—review and editing, T.M.N., M.Z.V., and K.L.C.; visualization, T.M.N. and K.L.C.




Funding


This work was funded by was funded by an American Cancer Society Research Scholar grant RSG-16-204-01-NEC and a Susan G. Komen Career Catalyst Research Grant, CCR18547795 to K.L. Cook.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the writing of the manuscript.




References


	



Bray, F.; Møller, B. Predicting the future burden of cancer. Nat. Rev. Cancer 2006, 6, 63–74. [Google Scholar] [CrossRef] [PubMed]

	



Willett, W.C. #210 Diet and cancer. Oncologist 2000, 5, 393–404. [Google Scholar] [PubMed]

	



Anand, P.; Kunnumakara, A.B.; Sundaram, C.; Harikumar, K.B.; Tharakan, S.T.; Lai, O.S.; Sung, B.; Aggarwal, B.B. Cancer is a preventable disease that requires major lifestyle changes. Pharm. Res. 2008, 25, 2097–2116. [Google Scholar] [CrossRef] [PubMed]

	



Drewnowski, A.; Popkin, B.M. The Nutrition Transition: New Trends in the Gobal Diet. Nutr. Rev. 1997, 55, 31–43. [Google Scholar] [CrossRef]

	



Cancer Stat Facts: Female Breast Cancer SEER. Available online: https://seer.cancer.gov/statfacts/html/ breast.html (accessed on 27 August 2019).

	



WHO. Cancer Prevention. Available online: http://www.who.int/cancer/prevention/en/ (accessed on 23 September 2019).

	



World Cancer Research Fund. Diet, nutrition, physical activity and breast cancer. Contin. Updat. Proj. Expert Rep. 2018, 2018, 50. [Google Scholar]

	



Steele, E.M.; Baraldi, L.G.; Da Costa Louzada, M.L.; Moubarac, J.C.; Mozaffarian, D.; Monteiro, C.A. Ultra-processed foods and added sugars in the US diet: Evidence from a nationally representative cross-sectional study. BMJ Open 2016, 6, 1–8. [Google Scholar]

	



Castelló, A.; Pollán, M.; Buijsse, B.; Ruiz, A.; Casas, A.M.; Baena-Cañada, J.M.; Lope, V.; Antolýn, S.; Ramos, M.; Muñoz, M.; et al. Spanish Mediterranean diet and other dietary patterns and breast cancer risk: Case-control EpiGEICAM study. Br. J. Cancer 2014, 111, 1454–1462. [Google Scholar] [CrossRef]

	



Castelló, A.; Ascunce, N.; Salas-Trejo, D.; Vidal, C.; Sanchez-Contador, C.; Santamariña, C.; Pedraz-Pingarrón, C.; Moreno, M.; Pérez-Gómez, B.; Lope, V.; et al. Association Between Western and Mediterranean Dietary Patterns and Mammographic Density. Obs. Gynecol. 2016, 128, 574–581. [Google Scholar] [CrossRef]

	



Giugliano, D.; Ceriello, A.; Esposito, K. The Effects of Diet on Inflammation. Emphasis on the Metabolic Syndrome. J. Am. Coll. Cardiol. 2006, 48, 677–685. [Google Scholar] [CrossRef]

	



Lopez-Garcia, E.; Schulze, M.B.; Fung, T.T.; Meigs, J.B.; Rifai, N.; Manson, J.A.E.; Hu, F.B. Major dietary patterns are related to plasma concentrations of markers of inflammation and endothelial dysfunction. Am. J. Clin. Nutr. 2004, 80, 1029–1035. [Google Scholar] [CrossRef]

	



Willett, W.; Sacks, F.; Trichopoulou, A.; Drescher, G.; Ferro-Luzzi, A.; Helsing, E.; Trichopoulos, D. Mediterranean diet pyramid: A cultural model for healthy eating. Am. J. Clin. Nutr. 1995, 61, 1402S–1406S. [Google Scholar] [CrossRef] [PubMed]

	



Pelucchi, C.; Bosetti, C.; Rossi, M.; Negri, E.; La Vecchia, C. Selected aspects of Mediterranean diet and cancer risk. Nutr. Cancer 2009, 61, 756–766. [Google Scholar] [CrossRef] [PubMed]

	



Toledo, E.; Salas-Salvadó, J.; Donat-Vargas, C.; Buil-Cosiales, P.; Estruch, R.; Ros, E.; Corella, D.; Fitó, M.; Hu, F.; Arós, F.; et al. Mediterranean Diet and Invasive Breast Cancer Risk Among Women at High Cardiovascular Risk in the PREDIMED Trial: A Randomized Clinical Trial. JAMA Intern. Med. 2015, 175, 1752–1760. [Google Scholar] [CrossRef] [PubMed]

	



Van den Brandt, P.A.; Schulpen, M. Mediterranean diet adherence and risk of postmenopausal breast cancer: Results of a cohort study and meta-analysis. Int. J. Cancer 2017, 140, 2220–2231. [Google Scholar] [CrossRef]

	



Buckland, G.; Travier, N.; Cottet, V.; González, C.A.; Luján-Barroso, L.; Agudo, A.; Trichopoulou, A.; Lagiou, P.; Trichopoulos, D.; Peeters, P.H.; et al. Adherence to the Mediterranean diet and risk of breast cancer in the European prospective investigation into cancer and nutrition cohort study. Int. J. Cancer 2013, 132, 2918–2927. [Google Scholar] [CrossRef]

	



Trichopoulou, A.; Bamia, C.; Lagiou, P.; Trichopoulos, D.; Mullin, G. Conformity to traditional mediterranean diet and breast cancer risk in the greek EPIC (European Prospective Investigation into Cancer and Nutrition) cohort. Nutr. Clin. Pract. 2010, 25, 682–684. [Google Scholar] [CrossRef]

	



Cade, J.E.; Taylor, E.F.; Burley, V.J.; Greenwood, D.C. Does the Mediterranean dietary pattern or the healthy diet index influence the risk of breast cancer in a large British cohort of women. Eur. J. Clin. Nutr. 2011, 65, 920–928. [Google Scholar] [CrossRef]

	



Fung, T.T.; Hu, F.B.; McCullough, M.L.; Newby, P.K.; Willett, W.C.; Holmes, M.D. Diet Quality Is Associated with the Risk of Estrogen Receptor–Negative Breast Cancer in Postmenopausal Women. J. Nutr. 2006, 136, 466–472. [Google Scholar] [CrossRef]

	



Biasini, C.; di Nunzio, C.; Cordani, M.R.; Ambroggi, M.; Negrati, M.; Rossi, F.; Pazzoni, M.A.; Perri, C.; Cicognini, F.M.; Fontana, M.; et al. Mediterranean Diet influences breast cancer relapse: Preliminary results of the SETA PROJECT. J. Clin. Oncol. 2017, 34, e13039. [Google Scholar] [CrossRef]

	



Turati, F.; Carioli, G.; Bravi, F.; Ferraroni, M.; Serraino, D.; Montella, M.; Giacosa, A.; Toffolutti, F.; Negri, E.; Levi, F.; et al. Mediterranean diet and breast cancer risk. Nutrients 2018, 10, 326. [Google Scholar] [CrossRef]

	



Esposito, K.; Marfella, R.; Ciotola, M.; Di Palo, C.; Giugliano, F.; Giugliano, G.; D’Armiento, M.; D’Andrea, F.; Giugliano, D. Effect of a Mediterranean-style diet on endothelial dysfunction and markers of vascular inflammation in the metabolic syndrome: A randomized trial. J. Am. Med. Assoc. 2004, 292, 1440–1446. [Google Scholar] [CrossRef] [PubMed]

	



Neale, E.; Batterham, M.; Tapsell, L. Consumption of a healthy dietary pattern results in significant reductions in C-reactive protein levels in adults: A meta-analysis. Nutr. Res. 2016, 36, 391–401. [Google Scholar] [CrossRef] [PubMed]

	



Fitó, M.; Guxens, M.; Corella, D.; Sáez, G.; Estruch, R.; De La Torre, R.; Francés, F.; Cabezas, C.; López-Sabater, M.D.C.; Marrugat, J.; et al. Effect of a traditional Mediterranean diet on lipoprotein oxidation: A randomized controlled trial. Arch. Intern. Med. 2007, 167, 1195–1203. [Google Scholar] [CrossRef] [PubMed]

	



Martínez-González, M.Á.; Corella, D.; Salas-Salvadó, J.; Ros, E.; Covas, M.I.; Fiol, M.; Wärnberg, J.; Arós, F.; Ruíz-Gutiérrez, V.; Lamuela-Raventós, R.M.; et al. Cohort profile: Design and methods of the PREDIMED study. Int. J. Epidemiol. 2012, 41, 377–385. [Google Scholar] [CrossRef]

	



O’Keefe, J.H.; Gheewala, N.M.; O’Keefe, J.O. Dietary Strategies for Improving Post-Prandial Glucose, Lipids, Inflammation, and Cardiovascular Health. J. Am. Coll. Cardiol. 2008, 51, 249–255. [Google Scholar] [CrossRef]

	



Pischon, T.; Hankinson, S.E.; Hotamisligil, G.S.; Rifai, N.; Willett, W.C.; Rimm, E.B. Habitual dietary intake of n-3 and n-6 fatty acids in relation to inflammatory markers among US men and women. Circulation 2003, 108, 155–160. [Google Scholar] [CrossRef]

	



Donovan, S.M. Introduction to the special focus issue on the impact of diet on gut microbiota composition and function and future opportunities for nutritional modulation of the gut microbiome to improve human health. Gut Microbes 2017, 8, 75–81. [Google Scholar] [CrossRef]

	



Hildebrandt, M.A.; Hoffmann, C.; Sherrill-Mix, S.A.; Keilbaugh, S.A.; Hamady, M.; Chen, Y.-Y.; Knight, R.; Ahima, R.S.; Bushman, F.; Wu, G.D. BASIC-ALIMENTARY TRACT High-Fat Diet Determines the Composition of the Murine Gut Microbiome Independently of Obesity. Gastroenterology 2009, 137, 1716–1724. [Google Scholar] [CrossRef]

	



Sheflin, A.M.; Melby, C.L.; Carbonero, F.; Weir, T.L. Linking dietary patterns with gut microbial composition and function. Gut Microbes 2017, 8, 113–129. [Google Scholar] [CrossRef]

	



Argenio, V.D.; Salvatore, F. The role of the gut microbiome in the healthy adult status. Clin. Chim. Acta 2015, 451, 97–102. [Google Scholar] [CrossRef]

	



Bultman, S.J. The Microbiome and Its Potential as a Cancer Preventative Intervention. Semin. Oncol. 2016, 43, 97–106. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Samadi, A.K.; Georgakilas, A.G.; Amedei, A.; Amin, A.; Lokeshwar, B.L.; Grue, B.; Panis, C.; Boosani, C.S. A Multi-targeted Approach to Suppress Tumor-Promoting Inflammation Abbas. Semin. Cancer Biol. 2015, 35, S151–S184. [Google Scholar] [CrossRef] [PubMed]

	



Hussain, S.P.; Harris, C.C. Inflammation and cancer: An ancient link with novel potentials. 2007, 2380, 2373–2380. [Google Scholar]

	



Khan, M.J.; Gerasimidis, K.; Edwards, C.A.; Shaikh, M.G. Role of Gut Microbiota in the Aetiology of Obesity: Proposed Mechanisms and Review of the Literature. J. Obes. 2016, 2016. [Google Scholar] [CrossRef] [PubMed]

	



Bowyer, R.C.E.; Jackson, M.A.; Pallister, T.; Skinner, J.; Spector, T.D.; Welch, A.A.; Steves, C.J. Use of dietary indices to control for diet in human gut microbiota studies. Microbiome 2018, 6, 77. [Google Scholar] [CrossRef] [PubMed]

	



Ley, R.E.; Backhed, F.; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, J.I. Obesity alters gut microbial ecology. Proc. Natl. Acad. Sci. 2005, 102, 11070–11075. [Google Scholar] [CrossRef]

	



Turnbaugh, P.J.; Ridaura, V.K.; Faith, J.J.; Rey, F.E.; Knight, R.; Gordon, J.I. The effect of diet on the human gut microbiome: A metagenomic analysis in humanized gnotobiotic mice. Sci. Transl. Med. 2009, 1, 6ra14. [Google Scholar] [CrossRef]

	



Ley, R.E.; Turnbaugh, P.J.; Klein, S.; Gordon, J.I. Microbial Ecology: Human gut microbes associated with obesity. Nature 2006, 444, 1022–1023. [Google Scholar] [CrossRef]

	



Cotillard, A.; Kennedy, S.P.; Kong, L.C.; Prifti, E.; Pons, N.; Le Chatelier, E.; Almeida, M.; Quinquis, B.; Levenez, F.; Galleron, N.; et al. Dietary intervention impact on gut microbial gene richness. Nature 2013, 500, 585. [Google Scholar] [CrossRef]

	



David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.; Fischbach, M.A.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559–563. [Google Scholar]

	



Schnorr, S.L.; Candela, M.; Rampelli, S.; Centanni, M.; Consolandi, C.; Basaglia, G.; Turroni, S.; Biagi, E.; Peano, C.; Severgnini, M.; et al. Gut microbiome of the Hadza hunter-gatherers. Nat. Commun. 2014, 5, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Wu, G.D.; Chen, J.; Hoffmann, C.; Bittinger, K.; Chen, Y.Y.; Keilbaugh, S.A.; Bewtra, M.; Knights, D.; Walters, W.A.; Knight, R.; et al. Linking long-term dietary patterns with gut microbial enterotypes. Science 2011, 334, 105–108. [Google Scholar] [CrossRef] [PubMed]

	



De Filippis, F.; Pellegrini, N.; Laghi, L.; Gobbetti, M.; Ercolini, D. Unusual sub-genus associations of faecal Prevotella and Bacteroides with specific dietary patterns. Microbiome 2016, 4, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



What We Eat in America, National Health and Nutrition Examination Survey 2011-2012. Available online: https://www.ars.usda.gov/ARSUserFiles/80400530/pdf/1112/Table_13_BRK_GEN_11.pdf (accessed on 23 September 2019).

	



Bédard, A.; Dodin, S.; Corneau, L.; Lemieux, S. The impact of abdominal obesity status on cardiovascular response to the mediterranean diet. J. Obes. 2012, 2012. [Google Scholar] [CrossRef]

	



Kafatos, A.; Verhagen, H.; Moschandreas, J.; Apostolaki, I.; Westerop, J.J.M.V. Mediterranean Diet of Crete. J. Am. Diet. Assoc. 2000, 100, 1487–1493. [Google Scholar] [CrossRef]

	



Cunnane, S.C. Origins and evolution of the Western diet: Implications of iodine and seafood intakes for the human brain. Am. J. Clin. Nutr. 2005, 82, 483. [Google Scholar] [CrossRef]

	



Nagpal, R.; Shively, C.A.; Appt, S.A.; Register, T.C.; Michalson, K.T.; Vitolins, M.Z.; Yadav, H. Gut Microbiome Composition in Non-human Primates Consuming a Western or Mediterranean Diet. Front. Nutr. 2018, 5, 28. [Google Scholar] [CrossRef]

	



Wang, F.; Roy, S. Gut Homeostasis, Microbial Dysbiosis, and Opioids. Toxicol. Pathol. 2017, 45, 150–156. [Google Scholar] [CrossRef]

	



Sommer, F.; Bäckhed, F. The gut microbiota-masters of host development and physiology. Nat. Rev. Microbiol. 2013, 11, 227–238. [Google Scholar] [CrossRef]

	



Viggiano, D.; Ianiro, G.; Vanella, G.; Bibbò, S.; Bruno, G.; Simeone, G.; Mele, G. Gut barrier in health and disease: Focus on childhood. Eur. Rev. Med. Pharmacol. Sci. 2015, 19, 1077–1085. [Google Scholar]

	



Amill, V.R. The Human Microbiome and the Immune System: An ever Evolving Understanding. J. Clin. Cell. Immunol. 2014, 5, e114. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, T.; Giovanni, M. Immunity, Inflammation, and Allergy in the Gut. Science 2005, 307, 1920–1925. [Google Scholar]

	



Tamburini, S.; Shen, N.; Wu, H.C.; Clemente, J.C. The microbiome in early life: Implications for health outcomes. Nat. Med. 2016, 22, 713–722. [Google Scholar] [CrossRef] [PubMed]

	



Goedert, J.J.; Jones, G.; Hua, X.; Xu, X.; Yu, G.; Flores, R.; Falk, R.T.; Gail, M.H.; Shi, J.; Ravel, J.; et al. Investigation of the Association Between the Fecal Microbiota and Breast Cancer in Postmenopausal Women: A Population-Based Case-Control Pilot Study. J. Natl. Cancer Inst. 2015, 107, 1–5. [Google Scholar] [CrossRef]

	



Younes, J.A.; Lievens, E.; Hummelen, R.; van der Westen, R.; Reid, G.; Petrova, M.I. Women and Their Microbes: The Unexpected Friendship. Trends Microbiol. 2018, 26, 16–32. [Google Scholar] [CrossRef]

	



Fitstevens, J.L.; Smith, K.C.; Hagadorn, J.I.; Caimano, M.J.; Matson, A.P.; Brownell, E.A. Systematic Review of the Human Milk Microbiota. Nutr. Clin. Pract. 2017, 32, 354–364. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Xuan, C.; Shamonki, J.M.; Chung, A.; DiNome, M.L.; Chung, M.; Sieling, P.; Lee, D.J. Microbial Dysbiosis is Associated with Human Breast Cancer. PLoS ONE 2014, 9, e83744. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Shively, C.A.; Register, T.C.; Appt, S.E.; Clarkson, T.B.; Uberseder, B.; Clear, K.Y.J.; Wilson, A.S.; Chiba, A.; Tooze, J.A.; Cook, K.L. Consumption of Mediterranean versus Western Diet Leads to Distinct Mammary Gland Microbiome Populations. Cell Rep. 2018, 25, 47–56. [Google Scholar] [CrossRef] [PubMed]

	



Baker, P.R.; Wilton, J.C.; Jones, C.E.; Stenzel, D.J.; Watson, N.; Smith, G.J. Bile acids influence the growth, oestrogen receptor and oestrogen-regulated proteins of MCF-7 human breast cancer cells. Br. J. Cancer 1992, 65, 566–572. [Google Scholar] [CrossRef] [PubMed]

	



Ridlon, J.M.; Kang, D.J.; Hylemon, P.B.; Bajaj, J.S. Bile Acids and the Gut Microbiome. Curr. Opin. Gastroenterol. 2015, 30, 332–338. [Google Scholar] [CrossRef] [PubMed]

	



Ridlon, J.M.; Wolf, P.G.; Gaskins, H.R. Taurocholic acid metabolism by gut microbes and colon cancer. Gut Microbes 2016, 7, 201–215. [Google Scholar] [CrossRef]

	



Swann, J.R.; Want, E.J.; Geier, F.M.; Spagou, K.; Wilson, I.D.; Sidaway, J.E.; Nicholson, J.K.; Holmes, E. Systemic gut microbial modulation of bile acid metabolism in host tissue compartments. Proc. Natl. Acad. Sci. USA 2011, 108, 4523–4530. [Google Scholar] [CrossRef]

	



Li, F.; Jiang, C.; Krausz, K.W.; Li, Y.; Albert, I.; Hao, H.; Fabre, K.M.; Mitchell, J.B.; Patterson, A.D.; Gonzalez, F.J. Microbiome remodelling leads to inhibition of intestinal farnesoid X receptor signalling and decreased obesity. Nat. Commun. 2013, 4, 1–10. [Google Scholar] [CrossRef]

	



Costarelli, V.; Sanders, T. Plasma bile acids and risk of breast cancer. IARC Sci. Publ. 2002, 156, 305–306. [Google Scholar]

	



Costarelli, V.; Sanders, T.A.B. Plasma deoxycholic acid concentration is elevated in postmenopausal women with newly diagnosed breast cancer. Eur. J. Clin. Nutr. 2002, 56, 925–927. [Google Scholar] [CrossRef]

	



Watabe, J.; Bernstein, H. The mutagenicity of bile acids using a fluctuation test. Mutat. Res. Toxicol. 1985, 158, 45–51. [Google Scholar] [CrossRef]

	



Visioli, F.; Davalos, A. Polyphenols and Cardiovascular Disease: A Critical Summary of the Evidence. Mini Rev. Med. Chem. 2011, 11, 1186–1190. [Google Scholar]

	



Wikoff, W.R.; Anfora, A.T.; Liu, J.; Schultz, P.G.; Lesley, S.A.; Peters, E.C.; Siuzdak, G. Metabolomics analysis reveals large effects of gut microflora on mammalian blood metabolites. Proc. Natl. Acad. Sci. USA 2009, 106, 3698–3703. [Google Scholar] [CrossRef] [PubMed]

	



Davis, C.D.; Milner, J.A. Gastrointestinal microflora, food components and colon cancer prevention. J. Nutr. Biochem. 2009, 20, 743–752. [Google Scholar] [CrossRef] [PubMed]

	



Ruan, Y.; Sun, J.; He, J.; Chen, F.; Chen, R.; Chen, H. Effect of Probiotics on Glycemic Control: A Systematic Review and Meta-Analysis of Randomized, Controlled Trials. PLoS ONE 2015, 10, e0132121. [Google Scholar] [CrossRef] [PubMed]

	



Hegazy, S.K.; El-Bedewy, M.M. Effect of probiotics on pro-inflammatory cytokines and NF-κb activation in ulcerative colitis. World J. Gastroenterol. 2010, 16, 4145–4151. [Google Scholar] [CrossRef]

	



Zocco, M.A.; Dal Verme, L.Z.; Cremonini, F.; Piscaglia, A.C.; Nista, E.C.; Candelli, M.; Novi, M.; Rigante, D.; Cazzato, I.A.; Ojetti, V.; et al. Efficacy of Lactobacillus GG in maintaining remission of ulcerative colitis. Aliment. Pharmacol. Ther. 2006, 23, 1567–1574. [Google Scholar] [CrossRef]

	



Groeger, D.; O’Mahony, L.; Murphy, E.F.; Bourke, J.F.; Dinan, T.G.; Kiely, B.; Shanahan, F.; Quigley, E.M.M. Bifidobacterium infantis 35624 modulates host inflammatory processes beyond the gut. Gut Microbes 2013, 4, 325–339. [Google Scholar] [CrossRef]

	



Bermudez-Brito, M.; Plaza-Díaz, J.; Muñoz-Quezada, S.; Gómez-Llorente, C.; Gil, A. Probiotic mechanisms of action. Ann. Nutr. Metab. 2012, 61, 160–174. [Google Scholar] [CrossRef]

	



Rachid, M.; Matar, C.; Duarte, J.; Perdigon, G. Effect of milk fermented with a Lactobacillus helveticus R389(+) proteolytic strain on the immune system and on the growth of 4T1 breast cancer cells in mice. FEMS Immunol. Med. Microbiol. 2006, 47, 242–253. [Google Scholar] [CrossRef]

	



Maroof, H.; Hassan, Z.M.; Mobarez, A.M.; Mohamadabadi, M.A. Lactobacillus acidophilus could modulate the immune response against breast cancer in murine model. J. Clin. Immunol. 2012, 32, 1353–1359. [Google Scholar] [CrossRef]

	



Aragón, F.; Carino, S.; Perdigón, G.; De Moreno de LeBlanc, A. The administration of milk fermented by the probiotic Lactobacillus casei CRL 431 exerts an immunomodulatory effect against a breast tumour in a mouse model. Immunobiology 2014, 219, 457–464. [Google Scholar] [CrossRef]

	



Aragon, F.; Carino, S.; Perdigon, G.; de Moreno de LeBlanc, A. Inhibition of Growth and Metastasis of Breast Cancer in Mice by Milk Fermented with Lactobacillus casei CR: 431. J. Immunother. 2015, 38, 185–196. [Google Scholar] [CrossRef] [PubMed]

	



Bailey, M.A.; Holscher, H.D. Microbiome-mediated effects of the Mediterranean diet on inflammation. Adv. Nutr. 2018, 9, 193–206. [Google Scholar] [CrossRef] [PubMed]

	



Fernández, L.; Cárdenas, N.; Arroyo, R.; Manzano, S.; Jiménez, E.; Martín, V.; Rodríguez, J.M. Prevention of Infectious Mastitis by Oral Administration of Lactobacillus salivarius PS2 during Late Pregnancy. Clin. Infect. Dis. 2016, 62, 568–573. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 11 02565 g001 550] 





Figure 1. Potential microbiota signaling mechanism in the gut. Dendritic cells in the gut lining sample bacterial antigens. The dendritic cells present the antigens to T cells in the Peyer’s patches (represented by purple circle). Antigen presentation can induce T-cell differentiation, regulating inflammation. Figure was created with BioRender.com. 






Figure 1. Potential microbiota signaling mechanism in the gut. Dendritic cells in the gut lining sample bacterial antigens. The dendritic cells present the antigens to T cells in the Peyer’s patches (represented by purple circle). Antigen presentation can induce T-cell differentiation, regulating inflammation. Figure was created with BioRender.com.



[image: Nutrients 11 02565 g001]







[image: Nutrients 11 02565 g002 550] 





Figure 2. Potential microbial-modified signaling regulated by Mediterranean Diet (MeD) consumption that may regulate breast cancer risk. Immune cell sampling of probiotic Lactobacillus species induced by MeD consumption may promote systemic anti-inflammatory signaling. Dietary metabolites directly influence mammary gland Lactobacillus abundance, modify bile acid metabolites, increase bacterial-processed bioactive compounds, and increase antioxidant compounds. Figure was created with BioRender.com. 
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Figure 3. Probiotic interactions in the gut can modify inflammation. Probiotic bacterial species adheres to the gut lining, strengthening the gut epithelial barrier, and allows for competitive inhibition of pathogenic microorganisms. Additionally, probiotic bacteria produce anti-microbial substances promoting anti-inflammatory response in the gut-associated lymphoid tissue. Figure was created with BioRender.com. 
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Table 1. Microbiota genus proportional abundance found in human mammary gland samples (adapted from Urbaniak et al. 2014 [64]).
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	Microbiota Genus
	Canadian Breast Tissue

(% of Microbiota Population)
	Irish Breast Tissue

(% of Microbiota Population)





	Bacillus
	11.4%
	<2%



	Acinetobacter
	10%
	<2%



	Enterobacteriaceae
	8.3%
	30.8%



	Pseudomonas
	6.5%
	5.3%



	Staphylococcus
	6.5%
	12.7%



	Propionibacterium
	5.8%
	10.1%



	Prevotella
	5%
	<2%



	Listeria
	<2%
	12.1%
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