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Abstract

Obesity is a preventable risk factor for breast cancer following menopause. Regardless of 

menopausal status, obese women who develop breast cancer have a worsened prognosis. Breast 

tissue is comprised of mammary epithelial cells organized into ducts and lobules and surrounded 

by adipose-rich connective tissue. Studies utilizing multiple in vivo models of obesity as well as 

human breast tissue have contributed to our understanding of how obesity alters mammary tissue. 

Localized changes in mammary epithelial cell populations, elevated secretion of adipokines and 

angiogenic mediators, inflammation within mammary adipose tissue, and remodeling of the 

extracellular matrix may result in an environment conducive to breast cancer growth. Despite these 

significant alterations caused by obesity within breast tissue, studies have suggested that some, but 

not all, obesity-induced changes may be mitigated with weight loss. Here, we review our current 

understanding regarding the impact of obesity on the breast microenvironment, how obesity-

induced changes may contribute to breast tumor progression, and the impact of weight loss on the 

breast microenvironment.
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INTRODUCTION

Globally, obesity rates have tripled over the past 45 years [1]. In the United States alone, 

over 40% of the adult population is obese [2], and today, the majority of the world’s 

population live in countries where obesity is responsible for more deaths than malnutrition 

[1]. Clinically, body fatness is measured using body mass index (BMI), which is calculated 

by dividing a patient’s weight in kilograms by height in meters squared. BMI in the range of 
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18.5–24.9 kg/m2 is considered normal weight, while BMI in the range of 25.0–29.9 kg/m2 is 

defined as overweight and those greater than 30.0 kg/m2 are categorized as obese. 

Measurement of BMI can misidentify patients into BMI categories, particularly in patients 

with increased muscle mass [3], and discussions are ongoing to determine whether BMI 

categories should differ across regions or racial or ethnic groups [4]. While BMI is easily 

calculated and is clinically the most frequently used and reported measure of obesity, the 

relative contribution of diet, physical activity, body fat distribution, age and duration of 

obesity may all contribute to variations in obesity-related diseases.

Obesity has emerged as a risk factor for multiple types of cancer, including breast cancer [5]. 

However, obesity has divergent effects on breast cancer risk depending on whether a woman 

has transitioned through menopause [6–8]. Incremental increases in BMI are correlated with 

elevated risk for development of estrogen receptor alpha (ERα) and progesterone receptor-

positive tumors following menopause [9–12]. In contrast, increased risk for development of 

triple negative breast cancer, characterized by a lack of expression of hormone receptors and 

HER2, is less clear for obese postmenopausal women [9, 11–15]. In addition to pathological 

classifications, advances in gene expression analysis has led to 5 major molecular 

classifications of breast tumors: Luminal A and B, which are distinguished by the expression 

of proliferation/cell cycle genes and luminal/hormonal regulation pathways; HER2 enriched, 

which has high expression of HER2 and proliferation-related genes, intermediate expression 

of luminal-related genes, and low expression of basal-related genes; Basal-like, which has 

high expression of proliferation-related genes and keratins associated with the basal layer of 

the skin; and Claudin-low [16–18]. Obese postmenopausal women are more likely to 

develop tumors of the Luminal B molecular subtype, which are associated with reduced 

relapse-free survival [19, 20]. Further, tumors of the Luminal A subtype from obese women 

demonstrate significant differences in gene expression associated with cell cycle regulation, 

p53 and mTOR signaling, DNA repair and transcription dysregulation compared to those 

from lean women [21]. Further studies are necessary to more clearly assess how obesity 

impacts the risk for the remaining molecular subtypes of breast cancer.

Intriguingly, obesity reduces the risk for premenopausal breast cancer within the general 

population when measured by BMI [7–9, 22, 23]. However, in younger women, alternate 

methods of measuring body fat distribution may be more important to assess risk. Multiple 

studies have demonstrated an increased risk for breast cancer in premenopausal women with 

increased waist circumference or waist-to-hip ratio [24–27], as well as hip circumference 

[28]. Racial differences may also influence how obesity influences breast cancer risk, as 

increased BMI is significantly correlated with elevated breast cancer risk in premenopausal 

Asian women [29]. Premenopausal women with a family history of breast cancer or 

genetically enhanced risk also have an additional risk for breast cancer associated with 

obesity [13, 25, 30–32].

Regardless of menopausal status, obese individuals diagnosed with breast cancer 

demonstrate significantly worse overall and breast cancer-specific survival compared to 

women with BMI in the normal range [11, 30, 33–37]. At the time of diagnosis, obese 

women present more frequently with advanced disease [10, 11, 30], large tumor size [10, 11, 

35, 36, 38], lymph node involvement [10, 11, 30, 35, 36, 38], and increased stage [10, 11, 
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30]. Breast cancer patients with higher BMIs are also more likely to develop resistance to 

chemotherapy and endocrine therapies than people with lower BMIs [35, 39–45]. 

Understanding how obesity impacts normal breast tissue may provide mechanistic insight 

into how obesity enhances breast cancer risk and the development of aggressive breast 

tumors.

To investigate how obesity impacts non-cancerous tissue, numerous mouse models have 

been developed and characterized. Although a number of genetic models have been 

developed to examine obesity and feeding behaviors [46], the most commonly utilized 

genetic models to examine obesity in the mammary gland are those targeting leptin or its 

receptor. Leptin-deficient mice (ob/ob) or leptin receptor-deficient mice (db/db) lack food 

intake restraint, leading to obesity and obesity-associated diseases [47, 48]. Obesity is also 

modeled using diet-induced obesity, in which excess dietary calories, usually from a high fat 

diet (HFD), lead to an accumulation of body fat over a relatively long period of time. 

C57BL/6 mice are widely utilized for obesity and metabolic research, because when fed a 

HFD over time, C57BL/6 mice develop significant weight gain and metabolic abnormalities 

consistent with obesity in humans [49]. However, a significant drawback of this model is 

that C57BL/6 mice are resistant to mammary tumor development. Other mouse strains, 

which are susceptible to mammary tumor formation, are resistant to HFD-induced obesity 

[50–52], including BALB/c mice, in which limited numbers of mice gain significant weight 

when fed a HFD [53]. Obesity studies vary based on the percentage of fat in the diet used to 

induce obesity, feeding strategies for inducing obesity, as well as the composition of the diet 

to increase calories based on both sucrose and fat. High fat and high sucrose diets induce 

type II diabetes and have been frequently used to model metabolic syndrome, which is also 

associated with obesity [54]. While mice are a frequently used model for obesity, rat models 

of obesity have also been well characterized [55]. Outbred rat models, including Wistar and 

Sprague-Dawley rats, fed obesogenic diets can be identified as either obesity-prone or 

obesity-resistant [56, 57] providing useful models for the range of susceptibility to obesity 

observed in humans. Although diet-induced obesity models provide insight into obesity-

induced changes within the mammary gland, challenges remain in separating diet-induced 

effects from obesity-specific effects.

Obesity induces multiple changes on divergent cell types within the mammary gland 

including mammary epithelial cells, which could become breast cancer-initiating cells, and 

cells of the surrounding microenvironment. The mammary epithelium is composed of a 

luminal layer of epithelial cells that are surrounded by an outer layer of myoepithelial cells, 

which contract to eject milk during lactation. The epithelium is organized into alveoli which 

are connected to ducts that transport milk to the nipple or teats during lactation. Surrounding 

the epithelium in the mammary gland is adipose tissue which contains mature adipocytes, as 

well as immune cells, fibroblasts, adipose stem cells, endothelial cells, and pericytes that aid 

in adipose tissue maintenance and homeostasis [58]. Obesity results in systemic changes in 

circulating hormones, including insulin and leptin, as well as localized pathological changes 

within mammary tissue. Systemic effects of obesity and their potential impact on breast 

cancer formation have been reviewed in other recent work [59–65]. Here we will focus on 

changes that occur within mammary tissue due to obesity that may contribute to breast 

cancer risk.
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EPITHELIUM

The mammary gland is a unique organ in which the majority of epithelial development takes 

place after birth during puberty. During this time, rudimentary ducts grow into the adipose 

tissue and stroma of the mammary gland from the teat or nipple and form branches with 

variable amounts of alveoli. Epithelial cell growth and proliferation are coordinated by 

ovarian hormones and localized growth factors, which together regulate a compliment of 

stem/progenitor cells that are necessary for ductal growth, normal homeostasis as well as the 

development of alveoli during successive pregnancies. Current hypotheses suggest that these 

stem/progenitor cells are the cells-of-origin for the most common types of breast cancer [66–

68]. Understanding how obesity disrupts the normal regulation of epithelial stem/progenitor 

cell populations may provide insight into how obesity enhances breast cancer risk.

Mammary epithelial stem/progenitor cells have been characterized and quantified using 

multiple methods. Using flow cytometry, luminal and basal/myoepithelial cell populations 

can be quantified using cell surface antibodies, including EpCAM, CD29, CD49f and CD24 

[69–72]. Using a diet-induced obesity model, epithelial cells isolated from obese mice 

demonstrated increased EpCAMhiCD49flo luminal epithelial cells, while EpCAMloCD49fhi 

basal/myoepithelial cells were significantly decreased compared to controls [73]. Similarly, 

luminal epithelial cells, identified by markers EpCAM+CD24+CD49flo, were significantly 

increased in breast tissue isolated from reduction mammoplasty surgeries of women with an 

obese BMI compared to those with BMIs within the normal range [73]. Consistent with an 

enrichment in luminal epithelial cells quantified by flow cytometry, immunostaining of 

mammary tissue sections from obese mice demonstrated elevated numbers of ERα-positive 

luminal cells within ducts, while smooth muscle actin-expressing basal/myoepithelial cells 

were significantly decreased compared to those from lean mice [73, 74]. Loss of 

myoepithelial cells surrounding normal mammary ducts could enhance breast cancer risk 

due to their characterized role in suppression of breast cancer progression [75]. These results 

are in contrast to a study examining fine needle aspirates of breast epithelial cells from 

women at high risk for breast cancer. In this study, expression of vimentin, which is 

associated with mesenchymal traits, was significantly enhanced in breast epithelial cells of 

obese women [76]. It is possible that the results of this study reflect specific selection for 

patients with elevated breast cancer risk compared to the general population of women or 

differences in the ethnicity of the populations examined. Further studies will be necessary to 

identify the underlying cause of this difference in epithelial cell marker expression. In 

addition to examining cell-specific markers, stem/progenitor epithelial cells are frequently 

measured using in vitro assays to identify epithelial cell self-renewal when plated in limiting 

dilution. Epithelial cells with the ability to form colonies in suspension, called 

mammospheres, as well as form colonies on a feeder layer of NIH/3T3 cells were enriched 

in mammary glands from obese mice and women [73], however, the cell population enriched 

for stem/progenitor activity was not specifically identified. Through increased numbers of 

epithelial stem/progenitor cells, obesity may enhance targets for oncogenic transformation 

within breast tissue.

Within adipose tissue of the mammary gland, obesity alters the secretion of adipokines and 

growth factors. With increasing adiposity, local secretion of the adipokine leptin is 
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significantly enhanced by adipocytes [77, 78], and leptin receptor is expressed within the 

mammary epithelium [79, 80]. In a diet-induced obesity model utilizing BALB/c mice, 

leptin expression was significantly increased within mammary tissue, and mammary 

epithelial cells demonstrated an altered distribution of apical polarity markers [81]. 

Treatment with exogenous leptin has been shown to enhance mammary epithelial cell self-

renewal in culture [81, 82], as well as expression of stem cell marker ALDH1 within 

mammospheres [82]. Within the tumor microenvironment, leptin enhances cancer stem-like 

cells through regulation of genes critical for fatty acid β-oxidation, resulting in resistance to 

the chemotherapeutic agent, paclitaxel [83]. It is possible that leptin enhances lipid 

metabolism in mammary stem cells in a similar manner within mammary tissue in obesity. 

In addition to a role in enhancing mammary epithelial stem/progenitor cells, leptin has also 

been implicated in enhancing oxidative stress within mammary epithelial cells, which may 

elevate mutations in DNA and contribute to breast cancer risk [84]. Expression of insulin-

like growth factor-1 (IGF-1) is also increased by cells within adipose tissue under conditions 

of obesity [85]. IGF-1 is critical for mammary epithelial growth during development [86], 

suggesting that elevated levels of IGF-1 may also impact mammary epithelial cells in 

obesity. Regulation of mammary epithelial stem/progenitor cells may be complex under 

conditions of obesity due to interactions among these factors.

Although obesity leads to alterations both in the microenvironment of the breast and in 

circulating hormones, the effect of individual fatty acids on the mammary gland are not 

well-understood. Feeding rodents diets enriched in specific fatty acids following weaning 

results in developmental changes in ductal growth, which occur prior to the onset of diet-

induced obesity. However, divergent effects on mammary development have been observed 

based on the type of fatty acids administered and the strain of mice examined. C57BL/6 

female mice weaned onto a diet high in saturated fat from lard demonstrated reduced ductal 

branching, slower ductal elongation, and diminished proliferation of mammary epithelial 

cells [53, 73, 74]. This change in ductal growth may be due to reduced secretion of the 

growth factor amphiregulin by mammary stromal cells [53]. These changes within the 

mammary epithelium were strain-specific, as BALB/c female mice fed the same diet during 

this developmental window demonstrated increased epithelial cell proliferation [53]. 

BALB/c female mice weaned onto a diet enriched in corn oil, containing primarily omega 

(ω)-6 polyunsaturated fatty acids, demonstrated increased epithelial cell proliferation and 

enhanced responsiveness to estrogen and progesterone supplementation [87, 88]. Consistent 

with this study, BALB/c mice fed ω−6 polyunsaturated fatty acids demonstrated a 

significant increase in ERα binding sites within the mammary gland [89], however whether 

this increased ERα expression was present in epithelial cells or mammary stromal cells, 

including adipocytes and macrophages, was not examined. In contrast, BALB/c female and 

male mice fed the trans-10, cis-12 isomer of conjugated linoleic acid at weaning 

demonstrated ovary-independent ductal growth [90] and enhanced formation of terminal end 

buds [91]. This ductal growth was enhanced indirectly through increased secretion of IGF-1 

from mammary stromal cells [90]. Understanding how timing of obesity during mammary 

gland growth and development could provide insight into differing breast cancer risk in 

premenopausal and postmenopausal women.
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Although studies in BALB/c mice examining the effect of fatty acids have observed a 

growth promoting effect during the pubertal developmental window, different effects may 

occur in mature animals. Adult BALB/c female mice fed ω−3 polyunsaturated fatty acids 

demonstrated reduced ductal branching, smaller ductal size, and diminished stroma 

surrounding ducts compared to those fed isocaloric ω−6 polyunsaturated fatty acids [92]. 

Further studies are necessary to understand how fatty acids impact epithelial cell growth and 

development, particularly as a result of their effects on multiple cell types within the 

mammary stroma, including adipocytes and inflammatory cells [90, 92]. Dietary 

consumption of animal fat has been implicated in increased risk for breast cancer after 

adjustment for height, weight, family history of breast cancer, and oral contraceptive use 

[93], and understanding how individual fatty acids impact the mammary epithelium may 

provide insight into the complicated relationship between obesity and dietary influences on 

breast cancer risk.

ADIPOCYTES & ADIPOSE-DERIVED STROMAL CELLS

Adipocytes are the main energy storage cells in the body and secrete various adipokines that 

regulate energy intake and inflammation. Compared with other fat depots within the body, 

the adipocytes in the mammary gland have a unique relationship with the surrounding 

epithelial cells. Within the resting mammary gland, adipocytes are a major component of the 

stroma. However, during pregnancy, while the epithelium proliferates to form alveoli for 

lactation, adipocytes disappear, and few adipocytes are visible in the mammary gland during 

lactation. Following lactation, the mammary epithelium undergoes apoptosis during 

involution, and adipocytes rapidly reappear in the mammary gland. Using elegant lineage 

tracing studies, Wang et al. demonstrated that mammary adipocytes are plastic and undergo 

a de-differentiation program during pregnancy that is reversed during involution [94]. 

Adipocytes play a key role in involution by transferring milk lipid into the central lipid 

droplet and supporting epithelial cell regression [95]. Studies utilizing mice fed a high fat 

diet during pregnancy suggest that obesity may enhance inflammation within mammary fat 

resulting in reduced ability for lactation [96, 97], however the underlying mechanism is not 

well-understood.

With increasing weight gain, adipocytes undergo hypertrophy and eventually die, triggering 

the release of cellular contents [98, 99]. Adipocyte death activates an innate immune 

response, instigating a proinflammatory state of adipose tissue under obesity. Through 

release of proinflammatory cytokines, macrophages are recruited to adipose tissue and 

surround dying adipocytes in what have been termed crown-like structures (CLS) [98]. 

While adipocyte death appears to initiate the inflammatory mammary microenvironment, 

inflammation is sustained by the resulting tissue remodeling. Under conditions of obesity, 

adipocytes may enhance breast cancer risk directly through secretion of adipokines and 

growth factors that enhance the proliferation of epithelial cells, as well as indirectly by 

creating an environment conducive to tumor growth through localized inflammation and 

tissue remodeling (Fig. 1).

In addition to adipocytes, adipose tissue contains a reservoir of multipoint, heterogenous 

cells that function to maintain adipose tissue homeostasis through differentiation into 
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adipocytes and secretion of paracrine factors. In culture, adipose stem cells have the ability 

to differentiate along multiple lineages including adipocytes, osteoblasts, and fibroblasts in 
vitro [100, 101]. However, challenges exist in identifying and isolating adipose stem cells 

from other stromal cells present within adipose tissue, including fibroblasts, endothelial 

cells, pericytes, as well as adipocytes, which when cultured in vitro lose their stored lipid 

and resemble fibroblasts. Isolation of human and mouse mammary adipose stem cells can be 

performed through enzymatic digestion of mammary tissue and density separation of the 

stromal vascular fraction from the denser epithelial organoids and the lighter mature 

adipocytes [73, 102], followed by fluorescence-activated cell sorting to isolate cells based on 

cell surface expression of markers CD90, CD73, CD105 and CD44 [103]. Frequently, 

studies examining adipose stem cells within the mammary gland isolate the whole mixture 

of stromal cells. When grown in culture, this collection of cells is termed adipose-derived 

stromal cells and are utilized together to examine the functional capabilities of the adipose 

stem cells. Adipose stem cells have been shown to incorporate into the mammary tumor 

microenvironment to promote cancer growth [104], suggesting that changes in these cells 

within the obese breast microenvironment could promote early tumor progression.

Adipose-derived stromal cells isolated from subcutaneous, visceral, and mammary adipose 

tissue in both obese mice and humans have reduced ability to differentiate in vitro into 

adipocytes [85, 105–109], osteoblasts [110, 85, 106] and cartilage [111] than those from 

lean individuals, suggesting that obesity reduces either adipose stem cell numbers or 

plasticity. Expression of the nuclear transcription factor PPARγ is downregulated in adipose-

derived stromal cells from obese tissue, which inhibits adipose stem cell differentiation 

toward adipocytes and potentially leads to reduced adipocyte renewal and repair [112, 113]. 

Concurrent with the loss of adipose stem cell multipotency in culture, human and mouse 

obese adipose tissue demonstrates an increased population of myofibroblasts as observed by 

elevated expression of α-smooth muscle actin, a myofibroblast marker, within adipose tissue 

[85, 114, 115]. This increase toward myofibroblast differentiation of adipose-derived stromal 

cells from obese mammary glands may result from downregulation of microRNA 140 [115]. 

This myofibroblast phenotype has similarities to cancer associated fibroblasts within the 

tumor microenvironment. In addition to decreased differentiation ability, adipose-derived 

stromal cells from obese mammary fat appear to have increased proliferative capacity. In a 

diet-induced obesity model, adipose-derived stromal cells isolated from obese mice had 

increased proliferation rates compared to those isolated from mammary glands of control 

mice [85]. However, isolation of adipose-derived stromal cells from obese patients to 

examine proliferative ability resulted in divergent responses [105, 109], and further studies 

are necessary to determine how obesity impacts the proliferative ability of human adipose-

derived stromal cells. Adipose-derived stromal cells from obese adipose tissue also appear to 

have increased motility. When isolated from subcutaneous and visceral adipose tissue of 

obese human subjects, adipose-derived stromal cells showed increased migration on 

Transwell membranes than those from lean patients [105, 116, 117]. Adipose stem cells are 

significantly increased in number in circulation in obese mice, which may enhance 

trafficking of these cells to distant tissue sites [104]. Increased migration of adipose-derived 

stromal cells could enhance stroma formation within developing tumors or promote the 

growth of metastases at distant sites. Accompanying these obesity-induced physiological 
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changes, adipose-derived stromal cells from obese humans expressed an inflammatory gene 

signature with upregulation of IL-1β, IL-6, TNF-α, and CCL2/MCP-1 [116]. Together, these 

data suggest that obesity significantly alters the functional behavior of adipose-derived 

stromal cells, which may enhance the growth of oncogenically transformed epithelial cells.

With the change in functional behavior of adipose-derived stromal cells, changes in the 

composition of the extracellular matrix in adipose tissue are also observed. Structurally, the 

obese mammary gland contains increased fibrotic components such as collagen I, collagen 

VI, fibronectin, and hyaluronic acid [114, 118–120], and the orientation of these fibrous 

components are altered in response to obesity [114]. In mammary glands of diet-induced 

obesity models and ob/ob mice, collagen is more linear than in lean controls, and collagen 

fiber length in human obese breast tissue is significantly longer compared to those observed 

in women in the normal BMI range [114]. Adipose-derived stromal cells from obese mice 

partially unfold fibronectin, leading to matrix rigidity [114]. These changes in the rigidity of 

the extracellular matrix also impact the stromal cells within the tissue. Culturing adipose-

derived stromal cells isolated from control mice on decellularized extracellular matrix 

isolated from ob/ob mice in culture resulted in increased myofibroblast differentiation 

compared to those cultured on extracellular matrix isolated from control mice [114], 

suggesting that obesity-induced changes to the extracellular matrix may alter the 

differentiation of adipose-derived stromal cells within the adipose tissue. Endotropin, a 

cleavage product of collagen VI alpha 3 chain, is enhanced under conditions of obesity and 

enhances the recruitment of macrophages and endothelial cells [120]. Further, endotrophin 

expression promoted progression of aggressive, metastatic tumors in the MMTV-PyMT 

model of mammary tumorigenesis [120]. Obesity is positively correlated with increased 

collagen and extracellular matrix deposition within breast tumors [114], suggesting that 

changes that occur within the extracellular matrix of tumor-free mammary tissue may be 

propagated within the tumor microenvironment.

Adipose tissue within the mammary gland is a site of extragonadal estrogen synthesis 

through activity of aromatase (CYP19A1), the enzyme responsible for estrogen biosynthesis. 

Both aromatase expression and estrogen synthesis increase in adipose tissue with aging 

[121]. In postmenopausal women, adipose tissue inflammation due to obesity is associated 

with elevated aromatase expression and increased circulating estrogen levels [122–124], as 

the promoter that regulates CYP19A1 expression in adipose tissue is regulated by class 1 

cytokines and TNF-α [125–128]. In addition to adipose-derived stromal cells, macrophages 

have been shown to express aromatase in the mammary gland [129]. Since macrophages are 

recruited by dying adipocytes to form CLSs under conditions of obesity, it is possible that 

obesity-induced inflammation as well as increased macrophage recruitment enhance local 

estrogen concentrations in breast tissue of obese postmenopausal women. Increased estrogen 

within the mammary gland may significantly impact epithelial cell stem/progenitor 

populations within normal mammary tissue as well as other estrogen-responsive cells within 

the microenvironment. Clinically, aromatase is an important therapeutic target for treatment 

of breast cancer. However, obese patients diagnosed with ERα-positive breast cancers 

demonstrated less treatment efficacy from aromatase inhibitors than lean breast cancer 

patients [42–45], and it has been hypothesized that this decreased treatment response could 

be due to inadequate suppression of aromatase within the obese microenvironment [130].
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IMMUNE CELLS

Mammary adipose tissue contains resident macrophages which originate from yolk sac-

derived or fetal liver-derived macrophages and have the ability to self-renew in adult mice 

[131–133]. This population appears to be robustly identified by the expression of CD206 

[133]. Resident macrophages often reside between adipocytes and along vasculature, and 

perform homeostatic functions such as regulating adipocyte metabolism, resolving 

inflammation, and removing apoptotic cells [134]. Within the mammary gland, resident 

macrophages also interact with both luminal and basal epithelial cells [135] and play a role 

in maintaining epithelial stem/progenitor cell niches [136, 137]. Critical to mammary gland 

function following lactation, resident macrophages remodel the mammary gland during the 

process of involution [138].

While resident macrophages play a role in early changes in adipose tissue associated with 

obesity [139], bone marrow-derived macrophages are recruited into adipose tissue in 

response to secretion of the chemokine CCL2/MCP-1 by adipose-derived stromal cells and 

adipocytes. [140–143]. The CCL2/CCR2 axis plays an important role in macrophage 

recruitment during obesity, as genetic deletion of either CCL2 or CCR2 in mouse models 

results in a significant reduction of macrophage recruitment into adipose tissue [144, 145]. 

Gene expression analyses of resident and bone marrow-derived macrophages in obesity 

suggest that there are significant functional differences between the two macrophage types 

[142]. In obese mice, macrophages comprise 40% of the cell populations of visceral fat, 

compared to 10% in lean mice [146]. In obese mammary adipose tissue, macrophages form 

CLSs to clear dead adipocytes and adipocyte debris [98]. The presence of CLSs in 

mammary adipose tissue is considered to be a hallmark of obesity [122, 146, 147]. Bone 

marrow-derived macrophages within CLSs secrete inflammatory cytokines such as TNFα, 

IL-1β and IL-6 and express marker CD11c [146, 147], but recent transcriptomic and 

proteomic analyses have suggested that using a binary M1/M2 classification in obesity is an 

oversimplification [148]. Macrophages in mammary adipose tissue of obese mice appear to 

have unique metabolic activation, which may be driven by release of fatty acids by 

adipocytes, leading to a distinct proinflammatory phenotype [149, 150]. It is currently 

unclear whether these inflammatory macrophage populations interact with epithelial cell 

populations in the mammary gland or remain associated with adipocytes. However, a recent 

study suggests that these metabolically activated macrophages may act within the tumor 

microenvironment to promote proliferation of aggressive cells within tumors [151], 

suggesting that these macrophages may directly interact with carcinoma cells.

In addition to secreting inflammatory cytokines, macrophages in an obese microenvironment 

enhance extracellular matrix remodeling. Transcriptional profiling of human macrophages 

from subcutaneous adipose tissue of obese subjects demonstrated elevated levels of 

extracellular matrix components, including type I collagen, than macrophages from lean 

counterparts [152]. Expression of macrophage-inducible C-type leptin (Mincle) by 

macrophages in CLSs promoted interstitial fibrosis in mice fed a high fat diet, and reduced 

Mincle expression in macrophages resulted in significantly reduced adipose tissue fibrosis 

[153]. Within mammary tissue of obese mice, extracellular matrix protein, decorin, was 

significantly increased surrounding mammary ducts, and depletion of macrophages in obese 
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mice led to reduced decorin deposition [154], suggesting that macrophages actively 

contribute to the deposition of extracellular matrix surrounding epithelial cells in obesity. 

Macrophages also influence gene expression in adjacent stromal cells. Co-culture of human 

preadipocytes with macrophages from obese subjects promoted secretion of extracellular 

matrix components by preadipocytes [155, 156]. Macrophage secreted factors reduced the 

ability of adipose-derived stromal cells to differentiate into adipocytes [155], suggesting that 

macrophage-driven inflammation may also impact the differentiation potential of adipose 

stem cells. Together these data suggest macrophages play direct and indirect roles in adipose 

tissue fibrosis in obesity.

In addition to macrophages, other myeloid lineage cell populations are increased within 

obese adipose tissue. In normal weight mice, neutrophils are observed at low levels 

compared to other immune cells [157]. With the onset of obesity in mice, the neutrophil 

population significantly expands in visceral adipose tissue; however, whether this is a 

transient or stable event remains unclear for the duration of obesity [158, 159]. Myeloid-

derived suppressor cells (MDSCs) are known to increase in number in adipose tissue under 

conditions of obesity [160]. MDSCs, which function to suppress inflammation, reduce 

proliferation, and promote apoptosis of T cells, may also contribute to an exhaustion 

phenotype of CD8+ T cells [160, 161]. Antigen-presenting dendritic cells are also increased 

in number in subcutaneous and visceral obese adipose tissue of both humans and mice [162–

165], and dendritic cells may contribute to obesity-induced inflammation [162, 164]. 

Dendritic cells isolated from diet-induced obesity mice demonstrated an increased 

proinflammatory phenotype with elevated secretion of IL-1β [162]. Together these data 

suggest that obesity promotes an influx of immune cells into adipose tissue of the mammary 

gland, leading to increased inflammatory cytokines within the microenvironment.

While cells of the innate immune system play a significant role in obesity-induced 

inflammation, obesity also alters adaptive immune cells in mammary adipose tissue. In both 

high fat diet-fed mice and ob/ob mice, CD4+ regulatory T cells were significantly reduced, 

while CD8+ T cells were increased in visceral adipose tissue compared to lean controls [166, 

167]. These changes in T cell populations preceded macrophage recruitment into adipose 

tissue [168, 167, 169], suggesting that CD8+ T cells may play a role in the initiation of 

adipose tissue inflammation [167]. Further, conditioned media collected from adipose-

derived stromal cells from obese mice had an increased ability to promote T cell 

proliferation in culture than conditioned media from control mice [116], which may 

contribute to obesity-induced T cell exhaustion [161]. Additionally, leptin produced by 

adipocytes in obesity has been shown to increase fatty acid oxidation within CD8+ T cells 

leading to downregulation of CD8+ T cell functions and increased immunosuppression 

[170]. However, in humans, changes in T cell populations are less consistent than in mice. In 

both visceral and subcutaneous fat, regulatory T cells were significantly increased in patients 

with higher BMIs [168, 171–173], and the effect of obesity on CD8+ T cell recruitment to 

human adipose tissue was less clear [168, 172]. Understanding how obesity alters T cell 

populations and functions in normal breast tissue may provide insight into breast cancer risk, 

as decreased immunosurveillance may be a component of the earliest stages of breast cancer 

[174].
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ENDOTHELIAL CELLS

As adipocytes undergo hypertrophy in response to elevated fat storage under conditions of 

obesity, adipose tissue is thought to become a hypoxic microenvironment. It has been 

suggested that the diameter of adipocytes can exceed the normal diffusion distance of 

oxygen across tissues, resulting in a barrier to oxygen diffusion in the mammary gland with 

obesity [175]. Consistent with larger sized adipocytes, capillary density is reduced in obese 

human subjects compared to lean subjects in both visceral and subcutaneous adipose depots 

[176, 177]. Despite the increase in adipose tissue mass, blood flow is not increased within 

adipose tissue of obese patients [178–180]. In response to reduced oxygen levels, hypoxia-

inducible factor 1 alpha (HIFα) expression is induced [181]. The development of hypoxia 

within adipose tissue is thought to be a driver in the establishment of the inflammatory 

response in obesity [182]. The inflammatory response, leading to a release of cytokines, 

chemokines, and angiogenic factors, serves to stimulate angiogenesis.

Angiogenesis is essential for support of the growing adipose tissue. During development, 

angiogenesis and adipogenesis are spatially and temporally coupled as adipose tissue 

expands [183]. Angiogenesis is triggered by tissue hypoxia [184], and obesity-induced tissue 

hypoxia leads to increased secretion of CCL2/MCP-1 by adipose-derived stromal cells and 

adipocytes to aid in novel blood vessel formation [185]. Angiogenesis results from an 

imbalanced production of overlapping angiogenic factors and inhibitors, including vascular 

endothelial growth factor A (VEGFA), fibroblast growth factor-2 (FGF2), adiponectin, and 

thrombospondin-1 [186–188]. Conditioned media collected from adipocytes or adipose-

derived stromal cells of obese women increased endothelial cell proliferation, migration, and 

sprouting compared to adipocytes isolated from lean women [189, 190], suggesting that 

angiogenic factors are elevated in response to the adipose tissue hypoxia.

Several adipokines, including leptin, resistin, and visfatin modulate angiogenesis and 

vascular survival [191, 192]. Elevated leptin production by obese adipocytes promotes 

angiogenesis by directly activating leptin receptors on endothelial cells [193]. Leptin 

receptor activation promotes upregulation of FGF2 and VEGFA and stimulates vascular 

permeability [191]. Leptin may also enhance capillary stability by maintaining the fate of 

pericytes, which are multifunctional cells that surround and support capillaries, through 

increased Hedgehog signaling [194]. In culture, adipocytes isolated from high fat diet-fed 

mice and ob/ob mice upregulated angiopoietin-like 4 and other proangiogenic factors after 

being stimulated by IL-1β or PPARγ [195, 196], suggesting that signaling from 

inflammatory macrophages within the tissue may also enhance angiogenesis. In addition, 

adipocyte lipids, such as monobutyrin, induce angiogenesis [197]. Increased localized 

concentrations of angiogenic factors within the hypoxic adipose tissue of the obese breast 

could contribute to breast cancer risk through increasing angiogenesis in early neoplastic 

lesions.

WEIGHT LOSS

The effects of weight loss on the risk for breast cancer recurrence is currently under 

investigation in long-term, clinical trials [198], as little is known about how weight loss 
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impacts breast cancer risk for obese women. For humans, weight loss is often achieved by 

reducing caloric intake, increasing physical activity, or through surgical intervention. Large 

observational studies suggest that risk of breast cancer is reduced after intentional weight 

loss [199]. Bariatric surgery frequently results in more sustained weight loss in morbidly 

obese patients [200, 201]. Retrospective studies examining patients that have undergone 

surgical weight loss interventions suggest that weight loss has beneficial effects on reducing 

breast cancer risk [202], potentially for both pre and postmenopausal women [203]. Weight 

reduction through bariatric surgery has been linked to reduced risk for HER2-positive and 

ERα-positive breast cancers [203–205].

As obesity rates around the globe continue to rise, researchers have begun to address 

whether the effects of obesity on cell populations within the mammary gland are reversible 

with weight loss. In a murine diet-induced obesity model, weight loss can be accomplished 

by replacing a high fat diet with a low-fat diet, resulting in significant weight loss [73, 85, 

206]. Formerly obese mice demonstrate reduced mammary gland weights [53, 73], 

decreased adipocyte diameters [53, 207] and diminished numbers of CLSs in adipose tissue 

[206, 207] compared to obese mice. However, methylation changes that occur in the 

mammary gland with obesity may not be reversible. Mammary glands of formerly obese 

mice demonstrated epigenetic programing more similar to adipose tissue from obese mice 

than lean controls [206], suggesting that weight loss is insufficient to revert 

hypermethylation of genes in the mammary gland, and epigenetic changes that occur due to 

obesity may persist after weight stabilization.

However, some of the major changes induced by obesity appear to be reversible with weight 

loss. Following weight loss, obesity-induced mammary gland inflammation was reduced, 

resulting in decreased expression of inflammatory cytokines CCL2/MCP-1, IL-1β, TNF-α, 

and Cox2 within adipose tissue [207, 208]. Similarly, reduction of BMI in humans through 

both surgical and intentional weight loss resulted in decreased inflammatory macrophage 

infiltration into adipose tissue [208–212]. These changes are observed in conjunction with 

increased expression of the anti-inflammatory markers IL-10 and IL-1 receptor antagonist 

by macrophages and adipose-derived stromal cells [208, 211]. Changes in mammary 

epithelial cell populations may also be reversible with weight loss. Weight loss in obese 

pubertal mice restored terminal end bud formation and ductal elongation within the 

mammary gland, reestablishing normal mammary gland development and epithelial function 

[53]. Further, weight loss in adult mice resulted in epithelial cell expression of ERα and 

smooth muscle actin that was similar to lean mice, as well as epithelial cell stem/progenitor 

activity that was reduced compared to obese mice [73]. Together, these results suggest that 

weight loss results in reduced inflammatory signaling and phenotypically normal epithelial 

cells.

While weight loss appears to reduce inflammation within adipose tissue, other obesity-

induced changes may be more resistant to change. Adipose-derived stromal cells in 

subcutaneous adipose tissue from both humans and mice that lost weight through both 

intentional and surgical interventions demonstrated restored adipogenic differentiation 

capacities compared to adipose-derived stromal cells isolated from obese individuals and 

mice [85, 201, 213, 214]. However, adipose-derived stromal cells from mice after weight 
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loss demonstrated intermediate myofibroblast differentiation compared to adipose-derived 

stromal cells from either lean or obese mice [85], suggesting that myofibroblast 

differentiation within the population of adipose-derived stromal cells was not entirely 

reversible following weight loss. With a reduction of adipose tissue mass and inflammation 

upon weight loss, it would be hypothesized that adipose tissue extracellular matrix would 

also undergo significant remodeling. Consistent with this hypothesis, following weight 

stabilization after non-surgical weight reduction, expression of extracellular matrix proteins 

was significantly decreased in subcutaneous adipose tissue of women [215]. Studies 

examining human adipose tissue one year after bariatric surgery reported significant loss of 

fibrosis in subcutaneous adipose tissue [216–218]. However, patients exhibiting greater total 

fibrosis prior to surgery lost less fat mass and demonstrated higher total fibrosis after surgery 

than patients who began with less adipose tissue fibrosis [216–218]. Further work is 

necessary to understand if the changes in adipose tissue fibrosis resolve over time with 

weight loss, or if there are more permanent structural differences that persist.

CONCLUSIONS

Obesity is a complex disorder, resulting in changes in circulating hormones, inflammatory 

cytokines, and metabolites as well as local changes within the breast microenvironment. 

Within breast tissue, epithelial stem/progenitor cells are increased, which may increase 

populations of cells susceptible to acquire mutations leading to breast tumor formation. 

Within the surrounding adipose tissue, obesity induces chronic inflammation, adipose tissue 

hypoxia, and extracellular matrix deposition and fibrosis. Localized growth factors and 

adipokines may impact both the epithelial cells as well as the surrounding stromal cells 

within the obese breast microenvironment (Fig. 2). These sequelae of obesity within the 

breast microenvironment have been linked with breast tumor growth and progression. This 

suggests that obese breast tissue, prior to tumor formation, is an environment conducive for 

tumor development and may significantly contribute to breast cancer risk.

With these changes in breast tissue under conditions of obesity, it is not clear why the risk 

factors for breast cancer are clearly strongest in postmenopausal women. In a mouse model 

examining the impact of timing of diet-induced obesity on mammary cancer risk following 

treatment with carcinogen dimethylbenz[a]anthracene, mice were exposed to a high fat/high 

sugar diet during pregnancy, after weaning or after puberty [219]. Timing of exposure to the 

high fat/high sugar diet was a critical determinant of mammary tumor incidence [219]. Data 

from multiple large epidemiological studies have demonstrated that postmenopausal women 

have an increased risk for developing ERα-positive luminal breast cancers [38, 220, 221]. 

Although a body of work has examined the origins of ERα-positive breast tumors, the 

process of ERα-positive tumorigenesis is not well understood. Obesity may promote the 

growth of epithelial cells that are vulnerable to oncogenic transformation during a window 

of susceptibility following menopause [222]. Since epigenetic changes have been observed 

in mammary tissue as a consequence of obesity [206], it is also possible that obesity impacts 

the genetics of epithelial cells before and after menopause in ways that could modify breast 

cancer risk. While the majority of work to understand the effects of obesity on breast tissue 

has been performed in nulliparous, cycling mice or premenopausal patients, it is unclear how 

loss of ovarian hormones further alters breast tissue in obesity. Additional changes in 
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localized estrogen production, inflammation, fibrosis and/or metabolism could significantly 

enhance breast cancer risk during this period, and further studies are necessary to identify 

how these changes might impact breast tissue following menopause.

Although obesity induces multiple changes within breast tissue that could promote cancer 

growth, women can have multiple risk factors for breast cancer, and it is not clear how these 

risk factors interact. Obesity significantly enhances underlying genetic risk factors within 

epithelial cells, resulting in further increased breast cancer risk in women with known 

genetic mutations and familial risk [13, 25, 30–32]. Obesity-induced changes within the 

breast stroma could support early tumor progression in these women, and weight loss 

interventions may be particularly beneficial to reduce this underlying risk. Understanding 

how obesity impacts breast cancer risk, specifically in high-risk premenopausal women, 

could lead to novel chemoprevention strategies. Mammographic breast density is another 

significant risk factor for breast cancer, and obesity and breast density together enhance 

breast cancer risk [223, 224]. Breast density is also associated with increased immune cells 

within breast tissue [225], although little is known how these two risk factors modify 

inflammation within breast tissue. Future studies to investigate how risk factors interact 

together to modify the breast microenvironment would significantly enhance our 

understanding of breast cancer risk and identify possible points of intervention for cancer 

prevention and treatment.
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Fig. 1. Obesity promotes cellular remodeling within the mammary gland.
With the onset of obesity, adipocytes enlarge, leading to tissue hypoxia, adipocyte death, and 

enhanced secretion of adipokines, including leptin. Macrophages are recruited into adipose 

tissue in obesity by CCL2 and dendritic cells and form crown-like structures around necrotic 

adipocytes. Tissue hypoxia and inflammatory cytokines increase angiogenesis. 

Myofibroblasts and adipose-derived stromal cells increase production and reorganization of 

collagen, leading to adipose tissue fibrosis
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Fig. 2. Local and systemic changes due to obesity that may contribute to breast cancer risk.
Obesity leads to increased systemic hormones including insulin and leptin. Within the 

mammary gland, mammary epithelial stem/progenitor cells are enriched, which may 

increase the cells of origin for breast cancer. Within the mammary gland, chronic 

inflammation, increased local adipokines and growth factors, elevated angiogenesis, and 

increased extracellular matrix (ECM) production create an environment conducive for breast 

cancer growth
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