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       Breast is a dynamic organ mainly composed of adipose and fibroglandular tissues. The adipose tissue extends from

the collarbone to the underarm and around the center of the ribcage. Adipose tissue as an endocrine organ constantly

affects the dynamics of the breast. However, the role of adipose tissue in breast has been mostly studied in terms of

obesity and cancer.   In this review, we have discussed the role of breast adipose tissue in breast development from

embryonic stage to mature breast. Further, we draw attention to the involvement of breast adipose tissue in pregnancy,

lactation and involution associated breast changes. Finally, we depict how breast adipose tissue can affect breast cancer. 
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1. Introduction

        Adipose tissue is a complex endocrine organ, with a role in obesity and cancer. Adipose tissue is generally linked to

excessive body fat, and it is well known that the female breast is rich in adipose tissue. Hence, one can wonder: what is

the role of adipose tissue in the breast and why is it required? Adipose tissue as an organ consists of adipocytes, an

extracellular matrix (ECM) and immune cells, with a significant role in the dynamics of breast changes throughout the life

span of a female breast from puberty, pregnancy, lactation and involution.

2. Adipose Tissue and Its Plasticity

       The adipose organ, a dynamic tissue complex and an endocrine organ, consists of adipocytes, a stromal–vascular

fraction consisting of lymphocytes, macrophages, endothelial cells, fibroblasts, pericytes, extracellular matrix and adipose

precursor cells . It is composed of three different adipose tissues: white, brown and beige. The white adipose tissue

(WAT) is the main energy storage compartment consisting of a large cytoplasmic lipid droplet. It releases energy between

meals. It is also known to produce many pro-inflammatory molecules, many adipokines related to inflammatory changes

and has a low metabolic activity. WAT is characterized by the expression of leptin and S100B and by the lack of

uncoupling protein 1 (UCP-1). The brown adipose tissue (BAT) is supposed to be only present in hibernating animals and

newborns. However, BAT is also identified in small repositories near the neck and the interscapular region . BAT is

characterized by small droplets of lipids, iron-enriched large-spherical and packed mitochondria and a large number of

capillaries, which are used for oxygen transport to BAT to produce energy and for the distribution of produced energy to

the rest of the body. BAT is responsible for maintaining body temperature by thermogenesis using mitochondria enriched

UCP1 protein. Beige/brite (brown-like) adipose tissue is characterized by a role in both energy storage as well as

thermogenesis. It expresses UCP-1, PPARγ, leptin, and has a high mitochondrial content compared with WAT . The

conversion of WAT to beige/brite adipose tissue has been reported in response to cold or β3-adrenergic agonists . This

process is often referred to as browning and can happen after the exposure to the PR-domain containing 16 (PRDM16),

fibroblast growth factor (FGF) 21, Peroxisome proliferator-activated receptor-γ (PPAR-γ), PPAR-γ coactivator α (PGCα),

irisin, apelin, Cyclooxygenase 2 (Cox2), microRNA 196 (MIR196a) and MIR28 . The conversion of BAT to beige/brite

adipose tissue has also been documented. The process is often referred to as the whitening of BAT and is usually

considered as BAT malfunctioning leading to death of BAT cells . Furthermore, it has been reported that WAT can trans

differentiate to BAT in a cold environment .

3. Adipose Tissue in Breast Development

          Several studies have demonstrated the role of breast adipose tissue in the morphogenesis of mammary glands.

Breast adipose tissue is a major endocrine system of the breast and secretes many growth factors and enzymes. It has

been shown by in vitro experiments that breast adipose tissue plays a role in mammary epithelial cell differentiation .

Experiments using a co-transplantation system with breast stromal cells have shown that breast adipose tissue is
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responsible for characteristic morphogenesis of epithelial cells in the breast . Further, it has been shown that loss of

WAT of breast—using A-ZIP/F1 mouse model—results in reduced fertility and distends mammary ducts . A study by Hu

et al. 2002 showed the complete loss of ductal epithelium development when inherited loss of functional leptin occurs or in

the absence of the leptin receptor, whereas the structure of ductal epithelium is restored with the re-establishment of leptin

signaling . On the other hand, abnormal mammary growth with underdeveloped ducts is observed in the presence of

overexpression of adiponectin in mice . Leptin and adiponectin are secreted by breast adipose tissue in the

breast.

          Landskroner-Eiger et al., 2010 showed that breast adipocytes play a crucial role in mammary gland development

during prepuberty, puberty and adulthood. It is known that during the prepuberty to puberty phase, rapid ductal branching

and terminal end bud (TEB) formation take place, whereas during adulthood, alveolar buds start to develop side

branching (Figure 1) . This study also highlights that the loss of mammary gland specific adipocytes results in a

slowdown of all these processes, leading to fewer duct branching points, fewer TEBs, excessive lobulation and changes

in proliferation and apoptosis of TEBs associated with epithelium, pointing towards the importance of breast adipose

tissue in the development as well as the maintenance of the breast .

Figure 1. The role of adipose tissue in breast development. (A) Mature breast adipose tissue secretes leptin which is

essential for ductal epithelial development. High levels of adiponectin inhibit this process. White adipose tissue (WAT) is

essential for the formation of terminal end buds (TEBs) during prepuberty and puberty stages. After menarche, the breast

starts to mature, and the duct starts its side branching, which requires WAT. (B) During pregnancy, WAT trans

differentiates into pink adipose tissue (PAT). PAT has milk secretory potential. The process of trans differentiation from

WAT to PAT is carried out by the transcription factor SPP1. Moreover, WAT is also essential for alveolar development

during the lactation phase and also for the lactation process. During the phase of pregnancy and lactation, brown adipose

tissue (BAT) trans differentiates to a basal myoepithelial phenotype helping in the alveolar development. Both trans

differentiated cells revert to their original state after lactation with the aid of the transcription factor PPARγ. (C) There are

two stages of breast involution (i) post-lactation and (ii) age-related. SFRP1 secreted by breast adipose tissue helps in

these involution processes by the apoptosis of luminal epithelial cells. Furthermore, the epithelial cells are replaced by

adipose tissue during the involution process.

 

4. Adipose Tissue Plasticity during Pregnancy, Lactation and Involution

       The trans differentiation of adipose tissue underlines the extraordinary property of adipose tissue plasticity and is the

result of physiological changes . A recent study shows a broader view of this picture in pregnancy . WAT in the

breast has been shown to change during the second stage of pregnancy into milk producing glands containing lipid-

enriched elements, an apical surface with microvilli and fully developed rough endoplasmic reticulum (Figure 1). The milk

producing adipose glands are parenchymal cells of the breast adipose organ   and are named Pink adipose tissue

(PAT). PAT arises exclusively in female subcutaneous depots during pregnancy and lactation. It is so-called this because

during pregnancy, the mammary gland looks pink at the macroscopic level. The existence of PAT in the breast is also

confirmed by the presence of the whey acidic protein (WAP) gene, a marker of the milk-producing epithelial mammary

gland only present in pregnant women adipose tissue . Perilipin 2 (Plin2) is also expressed in PAT, but is not present in

WAT . PAT does not express Plin1, which is typical of WAT . The trans differentiation of WAT to PAT during

pregnancy and lactation has been confirmed by the expression of these two genes (Plin1  and Plin2) on day 17–18 of

pregnancy in compartmentalized adipocytes or early alveoli from the mammary gland section of mice . The expression
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of Plin1 decreases as pregnancy progresses. Another study shows that 10–15% of early post-lactation adipocytes showed

the expression of both WAP and S-100B confirming the PAT to WAT differentiation post-lactation . A study by Couldrey

et al., 2002, showed that the absence of WAT in the breast results in the inhibition of alveolar development and lactation in

mice (Figure 1) . Prokesch et al., 2014, showed that secreted phosphoprotein 1 (SPP1) signaling through integrin plays

a role in WAT to PAT trans differentiation . On the other hand, it has been shown that PPARγ is a key factor for PAT to

WAT trans differentiation in the breast, which occurs post-lactation during involution (Figure 1) . Another study reported

that the downregulation of PPARγ expression results in a pro-breast tumorigenic environment , suggesting that PAT to

WAT trans differentiation is an essential step in proper involution. Furthermore, it has been shown that partial involution

directly results in the malignant transformation of normal breast cells . In addition to partial post-lactation involution 

, an increase in breast adipose tissue (replacing the epithelial cells of glands)  results in excessive pro-

inflammatory mediators, leading to tumorigenesis. The importance of breast adipose tissue in proper breast involution was

also indicated in the study on Secreted Frizzled Related Protein 1 (SFRP1). SFRP1 is a known adipokine secreted by

adipocytes, and it plays a role in adipogenesis, inflammation and apoptosis  processes that are all of significant

importance in breast involution (Figure 1). Furthermore, SFRP1 overexpression was observed in the post-lactation period

  indicating its role in involution. Gauger et al., 2012, also suggested that SFRP1 knockout mice show a ductal and

lobular branching similar to mid-pregnancy mice . This further indicates an important role of breast adipose tissue in

breast involution and tumor development.

       The role of BAT has also been studied in pregnancy. It was shown that BAT in the breast changes to a mammary

basal myoepithelial phenotype during pregnancy and lactation (Figure 1) . The lineage tracing experiments identified

the expression of a gene signature resembling BAT and myoepithelial cells in 2.5% of the anterior dorsal interscapular

mammary myoepithelial cell population. When traced during the involution process after lactation, 0.8% of BAT was trans

differentiated from myoepithelial cells . A study by Singh et al., 2017, reported a role for BAT and beige/brite adipose

tissue in BC development . Markers for BAT (UCP1, MYF5, EVA1 and OPLAH) and beige (UCP1, CD137/TNFRSF9

and TBX1) adipocytes were significantly high in BC xenografts .

 

          These findings further strengthen the role of breast adipose tissue throughout the development of the mammary

gland and is an essential factor in pregnancy, lactation and involution processes. A dysregulation in the proper functioning

of the mammary adipose tissue has an adverse effect in breast development, leading to tumorigenesis. Furthermore, the

multiplicity of breast adipose tissue subtypes and its association with breast further highlights the importance of

personalized BC care.

5. Risk and Prognostic Factors for BC and Involvement of Adipose Tissue

       There are several risk and prognostic factors associated with BC. In this section, we will discuss some, with respect

to adipose tissue involvement (Figure 3).

Figure 3. BC risk factors and prognostic factors and the role of adipose tissue. (A) Early menarche and late menopause

increase the risk of BC by increasing the exposure of breast cells to estrogen hormones. Breast adipose tissue secretes

aromatase which converts androgen to estrogen further complicating the scenario. (B) Breast adipose tissue secretes

SFRP1 which helps in post-lactation involution age-related breast involution. Involution involves the inflammation process

leading to apoptosis of epithelial cells. High levels of pro-inflammatory molecules secreted by breast adipose tissue lead

to partial involution which increases the risk of BC. (C) Microcalcification is a predisposing factor for BC.

Microcalcifications due to fat necrosis resemble malignant microcalcifications further complexifying prognosis of BC.

Furthermore, SPP1 secreted by breast adipose tissue changes the fate of adipose derived stem cells (ADSC) to

osteogenesis, increasing BC risk. Moreover, breast adipose tissue increases the inflammatory process accompanying
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mineralization. (D) During BC progression, BC cells signal lipolysis of surrounding adipose tissue to meet the energy

requirement of BC. Adipose tissue releases lactate, pyruvate and free fatty acids. WAT also starts to express UCP-1,

thereby trans differentiating to BAT and exhausting the energy source of the body. This leads to cachexia and eventually

death. Around 30–50% of cancer-associated deaths are due to cachexia. (E) Obesity is a worldwide problem and known

to increase BC risk. High adipose tissue increases the inflammatory process and hypermethylation (resulting in inhibition)

of tumor suppressor genes. Obesity also increases the expression of estrogen and estrogen receptors in postmenopausal

women, enhancing the risk of BC.

5.1. Menarche and Menopause

           Early menarche has been considered as a risk factor for BC due to the increased exposure of breast cells to

estrogens. The role of leptin in early menarche in obese patients has been discussed in the previous sections. Although

early menopause means shorter exposure to estrogen, data suggest that after menopause, the adipose tissue becomes

the main secretory organ for estrogens. In obese women, this becomes a major problem due to the abundance of adipose

tissue . Adipose tissue in the breast produces a high amount of aromatase which converts androgens secreted by the

ovary in postmenopausal women . Estrogen secreted in such a fashion in the breast increases the concentration of

estrogen in the breast by 10 times in comparison with the concentration present in the circulation, thereby increasing the

risk of BC . Among BC patients, our group found higher levels of estradiol in breast adipose tissue of women diagnosed

with ER-positive BC as compared to those with ER-negative BC .

5.2. Involution

           The breast undergoes two kinds of involution: a post-lactation involution and an age-related lobular involution

(around/after menopause). During pregnancy, breast stroma undergo a massive remodeling to make room for new

growing epithelial cells. This remodeling sometimes results in pregnancy associated BC (PABC). PABC can occur during

pregnancy, lactation, or post-lactation involution. PABC is usually ER and progesterone receptor (PR) negative, is often

diagnosed at later stages and predominantly has a worse prognosis . Data suggest a significant role of adipose

tissue in PABC occurring during lactation or post-lactation involution. McCready et al., 2014, showed that breast

adipocytes present during lactation promote tumorigenesis by increased vasculogenesis. This leads to an increase in

vascular endothelial cells resulting in increased angiogenesis . Furthermore, it has been shown that leptin can

stimulate the growth of ER-negative BCs . Post-lactation involution resembles wound healing, where an extensive

immune response takes place. This leads to apoptosis of epithelial cells, which are replaced by stromal cells enriched in

adipocytes . The site of involution is enriched with TGFβ, VEGF, TNFα and IL6 , which have all been shown to

promote cancer, and are also secreted by breast adipose tissue. On the other hand, a review from our group has

highlighted that there could be a possible link between the post-lactation overexpression of SFRP1 and complete

involution , as mice lacking expression of SFRP1 display a breast morphology that is similar to mid-pregnancy mice .

This could also suggest a protective role of breast adipose tissue against BC.

         Age-related lobular involution (ARLI) is an irreversible change in the breast which is marked by a decrease in the

number and size of breast lobules . ARLI leads to a decrease in epithelial cells, which are replaced by stromal cells

including adipocytes. The ARLI is inversely correlated with BC risk, as a very small amount of epithelial cells remains to

be transformed into malignant cells after involution. On the other hand, no involution or partial involution increases the risk

of BC . A study from our group has shown that high levels of pro-inflammatory molecules in breast tissue can lead to

partial involution and, therefore, could be correlated with high BC risk . The increase in pro-inflammatory molecules

could be attributed to the adipose tissue present in the breast. It has been reported that in the breast epithelium of

premenopausal women, around 10% of epithelial cells are ER positive; however, 90% of the epithelial cells in

postmenopausal women are ER positive , which increases the risk of BC in postmenopausal women. After lobular

involution, the breast is enriched with adipose tissue, leading to an increased production of estrogen via androgens. This

combination of increased ER and its ligand works in favor of BC after menopause and the complexity increases in obesity

where there is a further increase in adipose tissue. 

5.3. Microcalcifications

       Microcalcifications in breast are recognized as a possible predisposing factor for BC. Usually, calcification is indicative

of a benign process due to some injury or due to calcium deposition from serum. However, certain predisposing factors in

microcalcification can indicate the possibility of an emerging cancer smaller in size (< 0.5 mm each). Microcalcifications

have varying sizes and shapes, and are often worrying if they are branching, rod-like, or angular and if they are clustered

in one area of the breast . One cause of microcalcification is fat necrosis. Microcalcifications due to fat necrosis are

pleomorphic, focally clustered and are often undistinguishable from microcalcifications associated with malignancy ,
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leading to unnecessary intervention in many instances. However, the mineralization process which occurs during

microcalcification leading to the production of calcium oxalate or calcium hydroxyapatite is increased by several

processes including inflammatory response. The adipose tissue in breast has been reported to mediate acute

inflammatory response in BC leading to cancer progression. Furthermore, a microcalcification event can be marked by

changes in the transcription factors regulating ADSC, changing their fate to osteogenesis. Studies have shown that breast

adipose tissue is an important site for the presence of ADSC . Among the transcriptional regulators of ADSC is

SPP1, which is also secreted by adipose tissue . It has been shown that SPP1 is responsible for the formation of

hydroxyapatite crystals in BC cells in response to an osteogenic cocktail . Furthermore, the expression of SPP1 is

significantly elevated in calcified BC , and the expression of SPP1 also aids in bone metastasis of BC cells . Once

BC cells metastasize to bone cells, they colonize in bone-marrow adipose tissue , where SPP1 modulates the ECM

component of the bone microenvironment to promote BC progression . Oyama et al., 2002, showed that infiltration of

foam cells expressing SPP1 in the breast is responsible for breast microcalcification and atypical cystic lobule formation

[222]. Foam cells are macrophages present in fat cells. Studies show that the presence of microcalcifications in BC leads

to poor clinical outcome .

5.4. Cachexia

       Cachexia is defined as a gradual decrease in the adipose tissue storage by the body and lean body mass. Around

30–50% of cancer-associated deaths are due to cachexia. During this process, metabolic changes occur; cancer cells

behave like parasites, taking nutrition from the surrounding tissue leading to exhaustion of the body’s energy resources

. Cancer-associated cachexia not only increases the rate of mortality but is also responsible for treatment failure .

The adipose tissue and the muscle cells play a major role in this process, releasing lactate, pyruvate and free fatty acids

upon the signals received by cancer cells . In BC, it has been shown that exosomes released from cancer cells trigger

cachexia . Moreover, the adipose tissue adjacent to BC cells starts expressing the UCP-1 gene responsible for the

browning of WAT , resulting in increased cachexia. Cachexia is also induced by several cytokines such as TNFα, IL-1,

IL-6 and IFNγ . A recent review by Rybinska et al., 2020, showed an increase in TNFα, IL-6, IL-1β, CCL2, adiponectin

and collagen and a decrease in leptin in BC causing anorexia leading to cachexia. Furthermore, BC mediated cachexia is

also associated with a decrease in adipogenesis transcription factors PPARγ, c/EBPα, GLUT4 and SREBP-1, and an

increase in HSL, an enzyme responsible for lipolytic activity in cachexia .

5.5. Obesity

      Obesity is defined as an excess accumulation of fat in the body, with great health risk to an individual. According to the

world health organization, there is a three-fold increase in obesity since 1975 . Obesity has been linked to an increase

in the risk of BC and also with poor survival outcome . Around 60% of women in the USA are overweight, and

research has established a clear link between Body Mass Index (BMI) and BC . However, BMI is not an absolute

parameter, as a lean woman could also have a significant depot of visceral fat, which might not be reflected by BMI

measurement. Therefore, the current standard followed in clinical settings also includes waist-to-hip ratio. Borugian et al.,

2003, showed that waist-to-hip ratio measurement in combination with menopausal and ER status is a predictable marker

of BC associated deaths . Moreover, a study by our group suggests that the weight gained during adulthood could be

associated with BC risk in women with more fatty breast; therefore, a minimum of breast fat may be needed to promote

the development of BC . Besides the known adverse effects of excess adipose tissue in BC, a systemic review from

our group highlighted that the obesity linked hypermethylation of PTPRN2 and ABLIM2 genes in breast tissue could be

associated with BC .

6. Conclusion

      There are multiple layers in the biology of adipose tissue, which are not restricted to obesity. The presence of breast

adipose tissue is of paramount importance in breast, due to its involvement in breast development, maturation and

involution. However, breast adipose tissue also promotes breast cancer. The interaction between breast adipose tissue

and cancer cells in the BC microenvironment is a complex network composed of both the autocrine and paracrine effects

of secretory molecules from each component (breast adipose tissue and cancer cells), modulating each other’s function

for a common goal, i.e. BC survival and proliferation. A thorough understanding of this crosstalk could give rise to potential

therapeutic candidates which could improve the outcome of the present therapeutic options.
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