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Obesity is a multifaceted metabolic disorder characterized by excessive
accumulation of adipose tissue. It is a well-established risk factor for the
development and progression of breast cancer. Adipose tissue, which was
once regarded solely as a passive energy storage depot, is now acknowledged
as an active endocrine organ producing a plethora of bioactive molecules known
as adipokines that contribute to the elevation of proinflammatory cytokines and
estrogen production due to enhanced aromatase activity. In the context of breast
cancer, the crosstalk between adipocytes and cancer cells within the adipose
microenvironment exerts profound effects on tumor initiation, progression, and
therapeutic resistance. Moreover, adipocytes can engage in direct interactions
with breast cancer cells through physical contact and paracrine signaling, thereby
facilitating cancer cell survival and invasion. This review endeavors to summarize
the current understanding of the intricate interplay between adipocyte-
associated factors and breast cancer progression. Furthermore, by discussing
the different aspects of breast cancer that can be adversely affected by obesity,
this review aims to shed light on potential avenues for new and novel therapeutic
interventions.
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1 Introduction

Breast cancer (BCa), caused by the uncontrolled proliferation of breast epithelial cells
(Siegel et al., 2020), is the most frequently diagnosed cancer and the second leading cause of
cancer-related death among women in the United States (US). American cancer society
(ACS) estimates that there will be 310,720 new cases of BCa in women in 2024, with
42,250 patients dying due to the disease (Siegel et al., 2024). In recent years, alongside
increased BCa incidence, the increasing numbers of overweight and obese people also pose
as a significant health challenge in the US (Ward et al., 2019). Furthermore, obesity affects
BCa carcinogenesis, progression, and clinical outcome, and approximately 70% of BCa
patients in the US are at increased risk for disease recurrence and death due to obesity
(Jiralerspong and Goodwin, 2016). Obesity results in worse disease free survival (DFS) and
overall survival (OS) in all nonmetastatic BCa subtypes [hormone receptor positive/
HER2 negative (HR + HER2−), HER2 positive (HER2+), and triple negative (TNBC)]
(Lohmann et al., 2021). Furthermore, postmenopausal obese women with hormone
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receptor-positive (HR+) BCa have a higher chance of disease
recurrence (Harborg et al., 2023). Reports further indicate that
fat tissue also supports the metastatic cancer cells, which leads to
a worse prognosis and accelerated tumor spread (Annett et al.,
2020). Recent research advances have highlighted the importance of
the interactions between cancer cells and fat cells or adipocytes in
disease progression. Adipocytes secrete various bioactive molecules,
collectively known as adipokines that, in addition to playing
essential roles in energy homeostasis, inflammation, and
immunity, influence tumor growth and progression through
direct and indirect interactions with cancer cells. Thus,
manipulating adipokines or interfering with lipid metabolism
pathways may offer new strategies for therapeutic intervention in
BCa. This review aims to explore the intricate relationship between
BCa and obesity, shedding light on the role of adipocytes and
adipocyte derived factors during the pathogenesis of BCa.
Scientific literature databases, including PubMed, MEDLINE,
Scopus, and Google Scholar, were searched for studies on obesity,
BCa pathogenesis, and therapeutic resistance, and studies published
between 1989 and 2024 were included.

2 Adipocytes in breast cancer

Adipocytes account for a large proportion of human breast
tissues (Rybinska et al., 2020) and are responsible for storing energy
in the form of triglycerides. They also play essential roles in
metabolic regulation, endocrine signaling, and immune functions
(Maurizi et al., 2018). During adipogenesis, the process of
differentiation and maturation of pre-adipocytes into adipocytes,
pre-adipocytes undergo a series of transcriptional and
morphological changes under the influence of adipogenic
transcription factors (e.g., peroxisome proliferator activated
receptor gamma (PPAR-γ) and CCAAT enhancer binding
protein alpha (C/EBP-α)) and other signaling molecules. This
process ultimately leads to the accumulation of lipid droplets
within the mature adipocytes (Moseti et al., 2016). Adipogenesis
plays a crucial role in BCa progression as cancer cells locally
infiltrate the surrounding adipose tissue, leading to the activation
and transformation of adjacent adipocytes into cancer-associated
adipocytes (CAAs) found within the tumor microenvironment
(TME) in cancer patients (Dirat et al., 2011; Wang et al., 2012).
This is advantageous for BCa cells (Yamaguchi et al., 2008) as
although the adipocytes traditionally are passive cells involved only
in energy storage and release, the CAAs (Rybinska et al., 2021)
actively support tumor cell survival, growth, and metastatic
dissemination by secreting various signaling molecules and
proinflammatory cytokines such as interleukin-6 (IL-6) and
tumor necrosis factor-alpha (TNF-alpha) (Wu et al., 2019;
Rybinska et al., 2020). CAAs also provide energy to cancer cells
by exhibiting lipolysis which releases metabolites (Nieman et al.,
2011). Higher levels of IL-6 were reported in surrounding adipocytes
when the tumor sizes were bigger (Chen et al., 2016). In addition,
in vitro studies have revealed an altered adipocyte phenotype
characterized by delipidation and reduced expressions of
adipocyte markers associated with an activated state that features
overexpression of proteases, including matrix metalloproteinase-11
and proinflammatory cytokines [interleukin (IL)-6, IL-1β] when

adipocytes are cultured with cancer cells. The downregulation of
adipocyte terminal differentiation marker gene expression such as
PPAR-γ and C/EBP-α display CAAs as dedifferentiated phenotype
(Dirat et al., 2011).

3 Adipokines and breast cancer

Increased adiposity results in higher levels of hormones like
estrogen, insulin, and other adipokines that promote an
environment conducive to BCa progression. The increase of the
majority of circulating adipokines like, leptin, resistin, visfatin,
osteopontin, apelin, and lipocalin has been linked with BCa
progression. In contrast, reduced circulating levels of certain
adipokines like adiponectin and iridine (also known as adipo-
mycin) have been shown to play a protective role against it. This
section will discuss the functions of some of these common
adipokines in BCa. The functions have also been summarized
in Table 1.

3.1 Leptin

Leptin is predominantly an adipocyte-specific16 kDa peptide
hormone. It acts through a transmembrane receptor called leptin
receptor (Ob-R or LEPR), to regulate processes like food intake,
appetite, energy homeostasis, and immune response. It plays an
important role in early stage cancer stem cell (CSC) survival and
stimulates cancer cells’ growth, invasion, and migration once the
primary tumors are established. Moreover, it influences stromal
cells, including fibroblasts, immune, and endothelial cells, to
promote angiogenesis and inflammatory processes that support
the tumor growth (Park and Scherer, 2011). Studies have
demonstrated that leptin affects the growth of breast tumors both
directly by interacting with breast tumor cells and indirectly by
impacting different elements of the TME (Saxena and Sharma,
2013). Studies investigating the role of the leptin-axis
manipulation on breast carcinogenesis using genetic loss-of-
function or mutation or by dietary manipulation have
demonstrated how the development of mammary cancers is
dependent upon an intact leptin-axis as obese mice lacking leptin
or leptin receptors did not develop tumors (Cleary et al., 2003;
Cleary et al., 2004; Dogan et al., 2007).

Moreover, studies have also reported that both primary and
metastatic BCa express higher levels of leptin and its receptor than
noncancerous tissues (Sato et al., 1991). Meta-analysis and
epidemiological studies indicate that high serum leptin positively
correlates with the increased risk of BCa (Niu et al., 2013; Sanchez-
Infantes et al., 2014), aggressive tumors, and poor patient outcomes
(Pan et al., 2018). Ki-67 expression and lymph node metastases are
linked with leptin and receptor expressions. It directly promotes
tumor cell proliferation, migration and invasion, inhibits apoptosis
and indirectly influences tissue sensitivity to insulin, inflammatory
responses, and angiogenesis as it controls the expressions of several
factors that are important for carcinogenesis, including cyclin D1,
p53, survivin, E-Cadherin, vascular endothelial growth factor
(VEGF) and VEGF receptor 2 (VEGFR2) (Sanchez-Infantes
et al., 2014; Nepal et al., 2015). Furthermore, leptin was reported
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TABLE 1 Adipokines in breast cancer.

Adipokine General function Function in BCa Mechanism of action References

Leptin Central nervous system-based regulation of appetite
Plays an important role in early stage cancer stem cell
(CSC) survival

• Improves cell development and survival
• Promotes tumor cell proliferation, migration and

invasion and inhibits apoptosis

• Activates JAK2-STAT3, MAPK and PI3K/AKT
signaling pathway

• Increases CYCLIN D1 expression and activates
Stat3 signaling pathway

• Activates ERK pathway and increases the
proliferation and migration of BCa cells

Saxena et al. (2007); Kelesidis et al. (2010); Park and
Scherer (2011); Saxena and Sharma (2013); Yuan
et al. (2014); Park et al. (2017); Thiagarajan et al.
(2017); Wang et al. (2018b); Sánchez-Jiménez et al.
(2019); Lipsey et al. (2020); Park et al. (2022)

Adiponectin Anti-inflammatory and insulin sensitizer • Inhibits cell proliferation and angiogenesis
• Reduces inflammation and modulate immunological

reactions

• Upregulates phosphorylation of AMPK
• Inhibits mTOR activation
• Cell cycle arrest at G0-G1
• Low adiponectin promotes cell proliferation and

MAPK activation

Wang et al. (2006); Ouchi and Walsh (2007); Mauro
et al. (2014); Spyrou et al. (2018); Andò et al. (2019);
Choi et al. (2020); Nehme et al. (2022)

Resistin Stimulates the release of IL-6 and TNF from
macrophages, which leads to insulin resistance and
inflammation

• Associated with tumor development
• Promotes the expression of vimentin and

phosphorylates c-src, PP2A, PKCα, ezrin, radixin,
and moesin

• Regulates the expression of IL-6 and increases the
proliferation and aggressive behavior of BCa cells

• AMPK/mTOR/ULK1 and JNK signaling pathways
• Induction of EMT and stemness by TLR4/NF-κB/

STAT3 signaling pathway
• Activates STAT3 signaling pathway

Deshmukh et al. (2015); Lee et al. (2016); Wang et al.
(2018a); Sudan et al. (2020)

Chemerin Functions as a chemoattractant by binding to the
immune cell-expressed chemerin/chemokine-like
receptor (CMKLR-1)

• Associated with increased malignancy in breast
tissues

• Increased serum levels of chemerin associated with
higher tumor grades and elevated expressions of the
cell proliferation marker, Ki67

• Upregulates VEGF, MMP-7 and interleukin-6
expressions via phosphorylation of p38 and
extracellular signal-regulated kinase1/2 MAPK

El-Sagheer et al. (2018); Kennedy and Davenport
(2018); Kim et al. (2020); Song et al. (2021)

Visfatin Catalyzes the conversion of nicotinamide to
nicotinamide mononucleotide (NMN)

• Maintains tumor cell survival and growth
• Overexpression of Visfatin in BCa has been

associated with BCa pathogenesis

• Promotes the survival of macrophages via an IL-6/
STAT3-dependent pathway

• Visfatin-Notch1 axis contributes to breast tumor
growth through the activation of the NF-κB
pathway

• Activates AKT/PI3K, and ERK/MAPK.
• Produces lipids through the EGFR/PI3K/AKT/

GSB3β/SREBP-1 signaling pathway

Park et al. (2014); Gholinejad et al. (2017); Dakroub
et al. (2020); Rajput et al. (2023)

Osteopontin Biomineralization, chemotaxis, inflammation, and
cell stimulation by integrin activation

• Correlates with advanced stages, increased
metastasis and poorer outcomes

• Controls the secretion levels of interleukin-10 (IL-
10), interleukin-12 (IL-12), interleukin-3 (IL-3),
interferon-γ (IFN-γ), integrin αvB3, nuclear factor
kappa B (NF-kB), macrophage, and T cells, as well
as CD44 receptors

• Stimulates the JAK2/STAT3 signaling pathway
• Increases HIF-1α via the PI3K/AKT pathway in BCa

models

Lund et al. (2009); Behera et al. (2010); Shevde et al.
(2010); Raja et al. (2014); Icer and Gezmen-Karadag
(2018)

Apelin Acts as a vasodilator, involved in the regulation of
fluid balance in the body, anti-inflammatory
properties, modulating immune responses

• Promotes tumor growth and metastasis
• Promotes angiogenesis and modulates the tumor

microenvironment

• Activates PI3K/AKT and extracellular signal-
regulated kinase (ERK) activation in vascular
smooth muscle cells to reduce apoptosis

Tang et al. (2007); Cui et al. (2010); Uribesalgo et al.
(2019); Hu et al. (2021); Hu et al. (2022)

Lipocalin 2 Increases inflammatory responses and insulin
resistance by secreting TNF from adipocytes

• Associated with pro-inflammatory effects
• Promotes tumor cell invasion and metastasis

• Upregulates NF-κB, ERK and JAK-STAT signaling
pathways

Wang et al. (2011); Linjawi et al. (2018); Jaberi et al.
(2021)
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to promote epithelial-to-mesenchymal transition (EMT) and cancer
stem cell enrichment. However, the spectrum of its action is
presumably much more comprehensive, as several cells in the
TME possess its receptors (Bowers et al., 2018). By stimulating
interleukin-18 (IL-18) and interleukin-8 (IL-8) production from
M2 macrophages, it mediates the crosstalk between cancer cells and
other cells in the TME. Activating leptin signaling in BCa leads to
concurrent activation of multiple oncogenic pathways such as the
JAK2/STAT3 pathway, MAPK pathway, and the PI3K pathway.
Activation of the JAK2/STAT3 pathway increases BCa cell growth,
promotes EMT, and thereby, invasion and migration of cancer cells,
cancer cell stemness and chemoresistance (Park et al., 2017;
Thiagarajan et al., 2017; Wang T. et al., 2018; Buonaiuto et al.,
2022). Activation of the ERK pathway increases the proliferation
and migration of BCa cells (Yuan et al., 2014). The PI3K/AKT
pathway was reported to participate in IL-8 (Wang et al., 2015) and
pyruvate kinase M2 (PKM2) upregulation mediated by leptin (Wei
et al., 2016) leading to EMT. Reports further indicate that leptin via
the PI3K/AKT/SREBP2 signaling pathway upregulates acetyl-CoA
acetyltransferase 2 (ACAT2) to promote the proliferation,
migration, and invasion of BCa cells (Huang et al., 2017). It was
also reported that leptin mediated increased proliferation of BCa
cells involved a significant increase in CYCLIN D1 expression and
activation of Stat3 signaling pathway (Saxena et al., 2007). In
addition, Leptin has also been reported to regulate exosome
synthesis and release from various BCa cells, including MDA-
MB-231 (TNBC) and MCF-7 (ER+) cells (Giordano et al., 2019).

3.2 Adiponectin

Adiponectin is a 30 kDa glycoprotein mainly secreted by white
adipose tissue that acts through two classical receptors, AdipoR1,
which is mainly expressed in skeletal muscles, synovial fibroblasts,
and endothelial cells and AdipoR2, which is primarily expressed in
the liver and a potential third receptor, T-cadherin or CDH13.
Adiponectin plays a protective role in the development of metabolic
disorders related to obesity (Nehme et al., 2022). A higher risk of
BCa has been linked to low serum adiponectin levels, while high
serum levels may act protectively against it (Georgiou et al., 2016).
The results from thirty-one studies examining the relationship
between adiponectin and BCa risk showed that BCa patients had
significantly lower serum adiponectin levels (Gu et al., 2018). Data
from multiple meta-analyses also indicate that postmenopausal BCa
patients have significantly lower serum adiponectin levels (Yoon
et al., 2019). Lower adiponectin levels were also noted in BCa-
associated fat than in fat near benign lesions (Wang et al., 2014).
Furthermore, as seen in obese mice and humans, decreased
adiponectin expression leads to increased AdipoR2 gene
methylation, inhibiting adiponectin binding and function. High
expressions of AdipoR2 in BCa tissues strongly and favorably
correlated with higher vascular and lymphovascular invasion
(Parida et al., 2019). CAAs also exhibit significant upregulation
of AdipoRs mRNA (Yao and He, 2021). Adipocyte DNA
methylation of the adiponectin promoter region is linked to
decreased adiponectin levels in obesity. However, it has also been
noted that AdipoR1 methylation is unaffected by obesity (Naimo
et al., 2023). Adiponectin was reported to exhibit anticancer

properties (anti-proliferative, anti-migratory, and pro-apoptotic)
(Choi et al., 2018). The anti-proliferation effect of adiponectin is
manifested by cell cycle arrest and the pro-apoptotic effect by
regulating B-cell lymphoma 2 (Bcl-2), Bcl-2 homologous
antagonist killer (Bak), and p53. In addition, adiponectin also
exhibits anti-angiogenic properties and regulates inflammatory
cytokines (Chen and Wang, 2011). Adiponectin interacts with
adiponectin receptors (AdipoR1 and AdipoR2) and activates
AMPK (Choi et al., 2018) and PI3K/AKT (Groeneveld et al.,
2016). Interestingly, studies also suggest a paradoxical role of
adiponectin in BCa, where it has been demonstrated to stimulate
the proliferation of ERα+ MCF-7 cells and inhibit the proliferation
of ERα- MDA-MB-231 cells. A rapid activation of MAPK
phosphorylation only in ERα+ MCF-7 was cited as a reason for
increased proliferation (Mauro et al., 2014).

As adiponectin and leptin have antagonistic effects, the ratio of
adiponectin to leptin is commonly used to assess their effect in BCa
(Cleary et al., 2009). Both adiponectin and leptin are synthesized in
adipose tissue. The serum levels of these adipokines are controlled by
body weight/fat and dietary factors. The body fat condition affects
leptin and adiponectin levels in an opposing manner. The levels of
serum leptin increase with increasing body fat, and the levels of
adiponectin decrease with increasing fat, resulting in higher
adiponectin: leptin ratio in normal individuals compared to obese
individuals (Grossmann and Cleary, 2012).

3.3 Resistin

Resistin encoded by the RETN gene on chromosome 19
(19p13.2) (Papakonstantinou et al., 2022) was first identified in
2001. It is a 108-amino acid cysteine-rich adipose tissue-specific
peptide hormone, often referred to as adipose tissue-specific
secretory factor (ADSF) (Patel et al., 2003). It has three isoforms:
resistin-like molecule-α, β, and γ (RELM-α, β, and γ), and was
initially identified in adipose tissue in mice (Steppan et al., 2001). It
is involved in physiological processes like energy metabolism and
pathological conditions like insulin resistance, inflammation, and
obesity related diseases. Clinical evidence indicates that high serum
resistin levels in BCa patients are associated with larger tumor sizes,
advanced stages, lymph node metastases, and reduced survival rates
(Lee et al., 2012; Wang C.-H. et al., 2018). Elevated resistin in BCa
promotes the invasion and metastasis of cancer cells by inducing
phosphorylation of c-Src, PP2A, PKCα, ezrin, radixin, and moesin.
The concentration of intracellular calcium is elevated by resistin, and
the activation of Src by resistin is inhibited when intracellular
calcium is chelated (Lee et al., 2016). Adenylyl cyclase associated
protein 1 (CAP1) was the first identified binding partner for human
resistin. Clinical research indicates the association between
CAP1 expression, promotion of malignant tumors, and poor
survival rates in BCa patients (Bergqvist et al., 2020). CAP1 gene
silencing decreases the ability of BCa cells to proliferate and migrate
in vitro (Wang et al., 2021). Resistin promotes EMT by altering the
transcriptional program and upregulating the expressions of
mesenchymal markers such as snail family transcriptional
repressor 1 (SNAI1), snail family transcriptional repressor 2
(SLUG or SNAI2), zinc finger E-box binding homeobox 1
(ZEB1), twist family BHLH transcription factor 1 (TWIST1),
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fibronectin, and vimentin and downregulating the expressions of
epithelial markers (E-cadherin and claudin-1) by Cap1-dependent
and independent mechanisms (Avtanski et al., 2019). A comparative
study revealed a favorable link between the serum levels of resistin
and IL-6. Treating BCa cells with resistin increased the production
of IL-6. Additionally, resistin increased the expression and
phosphorylation of the signal transducer and activator of
transcription 3 (STAT3), while IL-6-neutralizing antibody
therapy of BCa cells before resistin stimulation eliminated
STAT3 phosphorylation (Deshmukh et al., 2015). It was also
reported that higher serum levels of the pro-inflammatory
cytokine resistin in cancer patients (Sudan et al., 2020) promoted
the stemness of BCa cells (Deshmukh et al., 2017). A report
indicated that resistin promotes stemness of BCa cells and EMT
principally via toll-like receptor 4 (TLR-4) by activation of
STAT3 and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB) pathways (Wang C.-H. et al., 2018).

3.4 Chemerin

Chemerin, a 14 kDa protein, is the product of the tazarotene-
induced gene 2 (TIG2) and is also referred to as retinoid acid
receptor responder protein 2 (RARRES2). It mediates functions like
promotion of angiogenesis, cell proliferation, and mobilization by
acting through three receptors, namely, chemokine-like receptor 1
(CMKLR1), G-protein-coupled receptor 1 (GPR1), and C-C motif
chemokine receptor-like 2 (CCRL2) (Kaur et al., 2010; Song et al.,
2021; Yu et al., 2022). It was reported that malignant breast tissues
express more chemerin than the surrounding normal breast tissues.
This elevated expression is linked to poor prognosis (El-Sagheer
et al., 2018). Additionally, it was reported that BCa patients show
increased serum levels of chemerin, which are associated with higher
tumor grades and elevated expressions Ki67. Therefore, it was
suggested that the serum levels of chemerin could be used as a
supplementary parameter for BCa prognosis (Song et al., 2021). The
mechanism by which chemerin could increase cell proliferation is,
however, unclear and could be attributed to the proangiogenic
functions of chemerin (Song et al., 2021).

3.5 Visfatin

Visfatin, identified in 2005, is a large 52 kD protein with
enzymatic activity. It is also known as pre-B-cell colony-
enhancing factor 1 (PBEF1) and nicotinamide phosphoribosyl-
transferase (NAMPT) and is encoded by the NAMPT gene
located on chromosome 7q22.2 (Luhn et al., 2013; Ilhan et al.,
2015). It has two forms: the intracellular (iNampt) form, which is
involved in NAD salvage pathways and the extracellular form
(eNampt), which is associated with intracellular signaling
cascades (Dakroub et al., 2020). Overexpression of visfatin in
BCa has been associated with BCa pathogenesis and decreased
overall and disease-free patient survival (Lee et al., 2011;
Christodoulatos et al., 2019; Wang et al., 2021; Ghaneialvar et al.,
2022). Serum visfatin level was reported to be higher in
postmenopausal BCa than control (Dalamaga et al., 2011; Assiri
and Kamel, 2016). The findings of a case-control study with

204 patients indicate that serum visfatin/nicotinamide
phosphoribosyl-transferase levels, independent of adiponectin,
leptin levels, and other metabolic parameters, are related to
postmenopausal BCa risk (Dalamaga et al., 2011). In
premenopausal BCa patients, however, elevated serum visfatin
levels were not always reported (Assiri et al., 2015). Interestingly,
while some studies have reported that ER-, PR- and HER2- BCa
patients exhibit higher serum visfatin levels (Dalamaga et al., 2012;
Assiri and Kamel, 2016; Wang et al., 2021), absence of any
discernible association between receptor and growth factor status
and visfatin levels have also been reported (Hung et al., 2016; Zhu
et al., 2016; Wang et al., 2021). A preclinical study further showed
that high visfatin level increases the survival rate of BCa cells by
upregulating the mRNA levels of cyclin D1 and cyclin-dependent
kinase 2 (CDK2) and by activating the STAT3 pathway through the
ABL proto-oncogene 1 (c-Abl) activator (Hung et al., 2016).
Another study reported that visfatin regulates BCa cell
proliferation and DNA synthesis rate by promoting the G1-to-S
phase cell cycle transition and increases angiogenesis and metastasis
by upregulation of VEGF and matrix metalloproteinase expressions
(Kim et al., 2010). Other studies have reported the role of visfatin in
the activation of the NF-κB (Park et al., 2014), AKT/PI3K, and ERK/
MAPK (Gholinejad et al., 2017) pathways, upregulation of survivin
and inhibition of caspase-mediated PARP activation (Gholinejad
et al., 2017) in BCa resulting in accelerated cell proliferation and
reduced apoptosis. In addition, an indirect method of activation by
visfatin whereby it primes adipose-derived stem cells (ADSCs) and
thereby upregulates growth differentiation factor 15 (GDF15) to
activate AKT has also been reported (Huang et al., 2019). A recent
study indicates that visfatin enhances lipid production and
accumulation in MCF seven via EGFR/PI3K/AKT/GSB3β/
SREBP-1 signaling pathway that promotes cell survival and
proliferation. Restricting the synthesis and accumulation of fatty
acids caused by visfatin through the suppression of SREBP-1 or
other upstream pathway regulators could, therefore, regulate the
survival and proliferation of BCa cells (Rajput et al., 2023).

3.6 Osteopontin

Osteopontin (OPN), sometimes referred to as bone/sialoprotein
I (BSP-1), is a major adipokine that originates from the bone since it
was initially shown to be a component of the ECM of normal bone
tissue. However, it is also expressed in various other tissues,
including adipocytes and the placenta. Its functions include
biomineralization, chemotaxis, inflammation, and cell stimulation
by integrin activation. According to recent research, OPN has been
linked to numerous diseases, including diabetes, obesity, and several
cancers, including BCa (Martinetti et al., 2004). Higher levels of
OPN have been reported in BCa patients, which correlates with
advanced stages, increased metastasis, and poorer outcomes. OPN
promotes angiogenesis, immune evasion, and premetastatic niche
formation (Icer and Gezmen-Karadag, 2018). A meta-analysis of
1567 BCa patients revealed a substantial association between
increased OPN levels and a higher overall mortality rate.
Furthermore, the expression of its splice variant-c was found to
be even more strongly linked to a poorer prognosis, suggesting that
OPN and OPN-c could be used as potential future prognostic
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indicators for BCa (Hao et al., 2016). In a randomized clinical trial
with a large cohort of BCa patients treated with adjuvant
chemotherapy, high expression of OPN mRNA was linked to
decreased disease-free and overall survival (Psyrri et al., 2017). In
addition, adverse outcomes were associated with both high baseline
serum OPN and OPN gene mutation. Interestingly, triple negative
BCa (TNBC) subtypes were reported to have frequent OPN gene
mutations (Elbaiomy et al., 2020). OPN increases the expression of
EMT-related transcription factors, such as Twist, Snail, and Slug, in
BCa (Kothari et al., 2016). It has been reported to elevate hypoxia-
inducible factor 1-alpha (HIF-1α) through the PI3K/AKT pathway
(Raja et al., 2014), and a natural diterpenoid lactone,
andrographolide, was reported to suppress BCa growth by
downregulating OPN expression and PI3K/AKT signaling
pathway (Kumar et al., 2012). Furthermore, reports also indicate
that OPN can stimulate the JAK2/STAT3 pathway, promoting the
expression of Bcl2 and the cell cycle regulator Cyclin D1, resulting in
apoptosis resistant BCa cells with increased growth rate (Behera
et al., 2010).

3.7 Apelin

Obesity increases the levels of Apelin, an evolutionarily
conserved peptide that acts through the G protein-coupled
Apelin receptor (APLNR). Preproapelin, the precursor form of
Apelin, consists of 77 amino acids. Distinct mature isoforms such
as apelin-36, apelin-17, apelin-13, or pyr apelin-13, a more stable
pyroglutaminated form of apelin 13 that is the main circulating form
of the adipokine, are formed upon successive cleavages (Watts, 1990;
Habata et al., 1999). Human and mouse adipocytes exhibit a direct
control of apelin production by insulin, which is linked to the
activation of MAPK, phosphatidylinositol 3-kinase, and protein
kinase C. Insulin and plasma apelin levels were both considerably
higher in obese individuals, indicating that insulin-mediated apelin
regulation may have an impact on apelin blood concentrations
(Boucher et al., 2005).

Several correlation studies have recently indicated that apelin
plays a role in tumor progression, with advanced stages of BCa
showing high apelin expressions. BCa patients with elevated apelin
levels tend to have worse prognoses and apelin expression is
associated with lymph node metastasis, tumor size, stage, and
histological type (Hu et al., 2022). In retrospective exploratory
research, increased tumor apelin expression and obesity were
independently linked to lower pathological complete response
rates in 62 early BCa patients treated with taxane and
anthracycline-based neoadjuvant chemotherapy. This observation
lends credence to the idea that obesity and certain adipokines may
influence the response to chemotherapy in addition to their
involvement in the development of BCa (Gourgue et al., 2021). It
was reported that subcutaneous adipose tissue and tumors of obese
mice express higher levels of apelin mRNA. Increased apelin levels in
mice also resulted in increased TNBC growth and metastases.
Treatment with an apelin receptor (APLNR) antagonist, F13A,
reduced TNBC growth and progression (Gourgue et al., 2020).
Apelin-deficient BCa mice survive longer (Uribesalgo et al.,
2019). It was also reported that inhibition of apelin reduces
angiogenesis and, therefore, tumor growth. Apelin inhibition

improves vessel function by reducing capillary leakage and tissue
hypoxia and improving pericyte coverage (Uribesalgo et al., 2019).
Furthermore, it was also reported that BCa cells under estrogen-
deprived conditions express apelin-13 and its receptor APLNR and
apelin-13 promotes cell growth while inhibiting autophagy.
However, administration of exogenous estrogen reversed the
effects. In addition, it was reported that apelin-13 deactivated the
apoptotic kinase AMPK, indicating a novel pathway for estrogen-
independent BCa growth, making it a potential therapeutic target
(Bouchelaghem et al., 2022).

3.8 Lipocalin 2

Lipocalin 2 (LCN2), alternatively known as neutrophil
gelatinase-associated lipocalin (NGAL), is a 25 kDa secretory
peptide that belongs to the lipocalin family and is involved in the
immunological response as well as the transportation of tiny
hydrophobic compounds (Flower, 1996). It was recently reported
that LCN2 is an adipokine secreted from human and mouse adipose
tissues (Guo et al., 2010; Zhang et al., 2014). LCN2 expression levels
have been found to be upregulated in BCa patients’ urine, serum,
and tissue (Hu et al., 2018). Furthermore, several studies have
demonstrated a correlation between LCN2 and BCa histological
grade, disease relapse, metastasis, poor prognosis, and ER-negative
status. In addition, compared to controls, patients with an invasive
BCa diagnosis had higher serum levels of LCN2 (Bao et al., 2024). A
study by Brian G. Drew et al. showed that fat-specific estrogen
receptors alpha (ERα) deletion led to enhanced adipocyte size, fat
pad weight, tissue expression, and circulating levels of released
LCN2 in mice. Using luciferase reporter and chromatin
immunoprecipitation, they reported that ERα interacts with the
LCN2 promoter and suppresses its expression. Therefore, the study
concluded that the reduction of ERα expression in adipose tissue
induces obesity and is associated with increased adipocyte-specific
LCN2 synthesis and higher LCN2 sensitivity in tumor cells, which in
turn affects the course and severity of BCa (Drew et al., 2015).
Furthermore, LCN2 expression was significantly higher in
inflammatory BCa (IBC) tumors regardless of the molecular
subtype than in non-inflammatory BCa tumors. In patients with
inflammatory BCa, increased expression of LCN2 is associated with
poor prognosis and a lower overall survival rate (Linjawi et al., 2018).
The in vivo and in vitro studies by Yan et al. found that LCN2 is
highly expressed in fat cells, which leads to insulin resistance.
LCN2 serum levels are elevated in obese rodent models, and the
reduction of LCN2 in 3T3-L1 adipocytes improves insulin action
(Yan et al., 2007). These findings raise the possibility that
LCN2 could be a useful noninvasive diagnostic and prognostic
biomarker in BCa (Provatopoulou et al., 2009; Wenners et al.,
2012; Christodoulatos et al., 2019).

In vitro and in vivo studies have shown that LCN2-tumorigenic
and metastatic potential is induced via the elevation of EMT, cell
migration, cell invasion, VEGF production, and angiogenesis (Yang
et al., 2009; Ören et al., 2016; Christodoulatos et al., 2019). A notable
upregulation of LCN2 expression has been observed in TNBC cell
lines and various cell types of the TME, like endothelial cells,
microvascular endothelial cells, stromal cells, lymphatic
endothelial cells, fibroblasts, and M2-type macrophages. TNBC
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and stromal cell growth was markedly suppressed upon the addition
of LCN2 antibody to the co-culture system (Malone et al., 2020).
LCN2 has the ability to stimulate MMP-9 activity as the LCN2/
MMP-9 complex can protect MMP-9 from protein degradation.
MMP-9 localized levels may rise as a result of increased
LCN2 expression in tumor cells or invading inflammatory cells
(Yan et al., 2001). In BCa cells or mouse models, LCN2 silencing
destabilizes the MMP-9/LCN2 complex and diminishes MMP-9
activity, cell invasion and migration, and VEGF production. It may
also slow down the growth of tumors (Hu et al., 2018, p. 2). Upon
phosphatase and tensin homolog (PTEN) knock down, MCF7 cells
show increased expression of LCN2, upregulation of Snail, Twist,
Slug, Zeb-1, Zeb-2, and P-cadherin, and downregulation of
E-cadherin. This leads to the activation of EMT and metastatic
progression (Chiang et al., 2016). Additionally, it was reported that
in MDA-MB-231 cells, STAT3 stimulation increased
LCN2 expression and triggered EMT dependent on the ERK
pathway, promoting BCa lung metastasis (Tyagi et al., 2021).
Expression of LCN2 proteins was suppressed by blocking the
Wnt and NF-κB signaling pathways, indicating that these
pathways are essential in LCN2-mediated tumor cell invasion
and metastasis (Wang et al., 2011). In a study on BCa bone
metastasis, osteoblasts and extracellular vesicles from BCa cells
were co-cultured, and the results demonstrated a significant
upregulation of LCN2 expression and stimulation of
osteoclastogenesis (Loftus et al., 2020). LCN2 promoted IBC
tumor aggressiveness in vitro and LCN2 depletion in IBC cell
lines decreased colony formation, migration, and cancer stem cell
populations. In mouse models of IBC, LCN2 depletion reduced
tumor growth, skin invasion, and brain metastasis (Villodre
et al., 2021).

4 Contributions of adipocytes to breast
cancer pathogenesis and therapy

Adipocytes within the TME promote BCa progression through
various mechanisms. They play a crucial role in shaping the immune
landscape within the tumor immune microenvironment (TIME)
and remodeling of the extracellular matrix (ECM) within the TME,
facilitating the invasion of tumor cells into the surrounding tissues
and metastatic dissemination. They also aid in the development of
therapeutic resistance. These multifaceted functions of the
adipocytes contribute significantly to the pro-tumorigenic
environment in BCa. In this section, we will discuss these pro-
tumorigenic functions of the adipocytes in BCa TME. The effects of
these functions on BCa growth and progression have been
summarized in Figure 1.

4.1 Modulation of the tumor
microenvironment

The crosstalk between adipocytes and cancer cells in the TME
results in phenotypical and functional changes in both cell types,
making obesity an independent risk factor for cancer progression
(Wu et al., 2019). The TME is composed of mesenchymal support
cells, immune cells, and matrix components. Adipocytes form the

primary cellular component of the BCa microenvironment. Studies
indicate that communication between adipocytes and cancer cells
dictates the course of tumor progression (Dirat et al., 2011; Lapeire
et al., 2014).

Compared to normal adipocytes, CAAs exhibit a distinct set of
characteristics, including overexpression of collagen VI, low
expression of adiponectin, fibroblast-like phenotypes, small and
dispersed lipid droplets, and adipokines. Through the secretion of
chemokine (C-C motif) ligand 2 (CCL2) (Fujisaki et al., 2015),
chemokine (C-C motif) ligand 5 (CCL5, also known as RANTES)
(Khalid et al., 2015; D’Esposito et al., 2016), VEGF, and leptin (De
Palma et al., 2017), CAAs actively promote the invasion and
metastasis of BCa cells. A study by D’Esposito delved into the
mechanisms by which peritumoral human adipose tissue
contributes to TNBC cell invasiveness and dissemination. The
study demonstrated how co-culturing BCa cells with human
adipocytes heightened the invasiveness of cancer cells through
increased secretion of CCL5, suggesting that inhibiting CCL5 in
the adipose microenvironment could be a promising strategy to curb
highly malignant TNBC (D’Esposito et al., 2016). Moreover,
adipocytes have emerged as key players in vascular remodeling
and angiogenesis, contributing significantly to the regulation of
angiogenesis through the secretion of angiogenic cytokines like
VEGF and angiopoietin (Al-Ghadban et al., 2023).

4.2 Modulation of the tumor immune
microenvironment

Myeloid-derived suppressor cells (MDSCs), tumor-associated
macrophages (TAMs), natural killer cells (NKs), dendritic cells
(DCs), and T cells are components of the tumor immune
microenvironment (TIME) (Binnewies et al., 2018). Among the
factors secreted by CAAs that may play a part in immune cell
recruitment and functions are adiponectin, leptin, tumor necrosis
factor alpha (TNFα), VEGF, plasminogen activator inhibitor-1
(PAI-1), secreted Frizzled Related Protein 5 (SFRP5), serum
amyloid A (SAA), chemokine ligand 2 (CCL2), CCL5, IL-1β, IL-
6, IL-8, and TNFα. (Larabee et al., 2020; Wu et al., 2021).
Furthermore, because the TME is metabolically restrictive for
immune cell infiltration, metabolic products derived from CAAs,
such as lactate and fatty acids (FAs), also have a significant effect on
the homeostasis and differentiation of immune cells, ultimately
driving immune escape and tumor progression (Kedia-Mehta and
Finlay, 2019). Neutrophils, the most prevalent and transient
mediators of innate immunity, are a prime example of the
significance of FAs in immunometabolism as they require FAs
for correct differentiation and can take advantage of the
interaction with CAAs (Riffelmacher et al., 2017). Apart from
free FAs (FFAs), CAA may also stimulate the differentiation of
neutrophils by raising their glycolytic flux and possibly enhancing
the activity of tumor-associated neutrophils (TANs). It has been
demonstrated that the recruitment of neutrophils in the TME by IL-
8 derived from CAA is a step in the metastatic cascade in BCa
(Vazquez Rodriguez et al., 2018).

Macrophages are a significant population in the TIME.
Adipocytes affect adipose tissue macrophage polarization. Anti-
inflammatory, immunosuppressive, and tumor-promoting
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M2macrophage polarization was linked to FA uptake and oxidation
(Rybinska et al., 2020). Furthermore, it has been demonstrated that
adenosine and lactate released by CAAs can also increase
M2 polarization by activating the ERK/STAT3 pathway (Mu
et al., 2018; Wu et al., 2021). Resident M2 macrophages
contribute to systemic metabolic homeostasis by playing an
essential anti-inflammatory role in adipose tissue (Mantovani and
Sica, 2010; Li et al., 2020). CCL2, also known as MCP-1 (monocyte
chemoattractant protein-1), derived from adipocyte, recruits
macrophages into the BCa TME, which increases the secretion of
prostaglandin E2 (PGE2). PGE2 inhibits p53 expression and
increases the expression of glucose transporters, glucose
transporter 1 (GLUT1), glucose transporter 3 (GLUT3), and
glucose transporter type 4 (GLUT4). This increases aerobic
glycolysis and promotes the “Warburg effect” of BCa (Wu et al.,
2019). Immune cells are also reported to be altered in adipose tissue.
Under normal conditions, anti-inflammatory cytokine producing
immune cells such as Tregs, T helper type 2 (TH2) cells, innate
lymphoid type-2 cells (ILC2), and eosinophils are abundant. In
contrast with obesity, the pro-inflammatory cytokine-producing T
helper type 1 (TH1) cells, CD8+ cytotoxic T cells, and NK cells that
produce IFNγ (Kammoun et al., 2014; Deng et al., 2016) become
abundant in the adipose tissue due to excess leptin, which leads to
M1 macrophage accumulation and polarization (Deng et al., 2016).
A study by Núñez-Ruiz et al. reported a compromised anti-tumoral
immune response in obesity with a significant decrease in infiltrating
CD8+ T cells and M1/M2 macrophage ratio. In addition to a lower
percentage of the number of intratumoral Tregs, the phenotypic
analysis found an enrichment of CD39+, PD-1+, and CCR8+ cells

compared with the draining lymph nodes. A significant rise in the
percentage of peripheral Tregs supporting the immunosuppressive
nature of the tumor was observed during tumor development in
obese mice (Núñez-Ruiz et al., 2022).

Inflammation of adipose tissue is a hallmark of obesity, and the
inflammatory TME affects cancer development at all stages, such as
initiation, promotion, and progression. It starts with excessive
energy intake, leading to energy imbalance and activation of
various signaling pathways in metabolic tissues, including white
adipose tissue (WAT). This results in the upregulation of
inflammatory mediators and cytokines in the adipocyte tissue-
resident cells (Gregor and Hotamisligil, 2011; Ellulu et al., 2017),
contributing to a protumorigenic environment. Adipocytes secrete
several interleukins, such as interleukin-1 (IL-1), IL-6, IL-8, and IL-
10 influencing the immune response and inflammation. IL-1 plays a
role in innate as well as adaptive immunity and mediates the
inflammatory response in the presence of different stimuli (Fields
et al., 2019). In BCa, IL-1 and IL-1β have been reported to induce
tumorigenesis and bone metastasis by regulating the TME. In
routine breast biopsy, IL-1 is not detected, but its level is
significantly increased in BCa along with IL-2, IL-4, IL-10, and
granulocyte colony stimulating factor (G-CSF) levels (Chavey et al.,
2007). In addition, CAAs also secrete chemokines and other
inflammatory cytokines, such as C-C motif chemokine ligand 2
(CCL2) and IL-1β, to stimulate adipocytes and promote cancer
progression (Wu et al., 2021). Cancer cells also overexpress some
pro-inflammatory factors, such as IL-6 and tumor necrosis factor α
(TNF-α), that can stimulate adipocyte phenotype in a paracrine
fashion (Rybinska et al., 2020). The coculturing of adipocytes with

FIGURE 1
Schematic representation of the contributions of adipocytes to breast cancer pathogenesis and development of therapeutic resistance (Image
created by BioRender).
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BCa cells resulted in an increased expression and secretion of IL-6 in
adipocytes that promoted the invasion and migration of cancer cells
(Lee et al., 2010; Chan et al., 2014; Kim et al., 2018). Also, the
coculture of adipocytes with cancer cells led to an increased
expression of pro-inflammatory factors, including IL-1β, and also
showed an altered phenotype (Lapeire et al., 2014). IL-1β was
reported to be a potential predictor of bone metastasis in BCa
(Tulotta and Ottewell, 2018). In addition, the coculturing of
adipocytes with cancer cells also increased TNF-α expression in
adipocytes. The serum of BCa patients showed a significant elevation
of TNF-α (Dirat et al., 2011). TNF-α participates in multiple cellular
signaling pathways by binding to receptors, which correlates with
inflammation and survival of BCa (Liu et al., 2016).

Adipocyte derived cytokines and chemokines include
chemokine (C-X-C motif) ligand 2 (CXCL2), C-X-C motif
chemokine 5 (CXCL5), C-X-C motif chemokine ligand 8
(CXCL8), C-X-C motif chemokine ligand 10 (CXCL10), stromal
cell-derived factor 1 (SDF-1), monocyte chemoattractant protein-1
(MCP-1, CCL2), and macrophage inflammatory protein-1 Alpha
(MIP-1α, CCL3). These are broadly studied in BCa and are usually
associated with inflammation and tumorigenesis (Mulligan et al.,
2013; Franzén et al., 2019; Romero-Moreno et al., 2019). The
expression of MCP-1 is very high in BCa cells compared to
normal epithelial cells of the breast (Mulligan et al., 2013;
Franzén et al., 2019; Romero-Moreno et al., 2019). The
chemokine secretion in BCa is responsible for increased
invasiveness and metastasis (Lebel-Haziv et al., 2014). Excess
nutrients in obesity result in a hypoxic and pro-inflammatory
environment (Deng et al., 2016; Kolb and Zhang, 2020), leading
to the polarization of M2 adipose tissue macrophages (ATM) to
M1 type and the formation of “crown-like structures” (CLS), which
is considered as a distinctive feature of adipose tissue inflammation.
Increased CLS is evident in the breast adipose tissue in obese BCa
patients. The CLS index-ratio in obese patients influences BCa
recurrence and survival rates (Cildir et al., 2013; Faria et al.,
2020) by influencing FAA release, NF-κB activation, and creation
of a pro-inflammatory microenvironment (Jung and Choi, 2014). In
addition, adipokines like visfatin, which is highly expressed in breast
tumor tissues and in circulation, promote the differentiation of
monocytic cells into TAMs that can indirectly influence BCa
progression by enhancing the malignant behavior of BCa cells.
The study by Wang et al. showed that in the BCa TME,
monocytic cells, which include monocytes and macrophage
precursors, can be recruited to the tumor site and differentiated
into TAMs under the influence of visfatin. Once differentiated into
TAMs, these cells can release cytokines such as CCL1, growth
factors, and enzymes that support tumor growth and invasion
(Wang et al., 2020; Wang et al., 2021). Like visfatin, leptin also
plays a vital role in modulating the BCa TME. Leptin mediates the
tumor-stromal cells’ crosstalk and plays a crucial role in the
recruitment and sustenance of the photomural macrophages in
the BCa TME (Gelsomino et al., 2020b). Pachynski et al.
reported that overexpression and secretion of chemerin/
RARRES2, commonly downregulated in BCa (Treeck et al.,
2019), by tumor cells, significantly suppresses tumor growth in
vivo. The study also reported an increase in NK and T cells in the
chemerin-expressing tumor models compared to the control
(Pachynski et al., 2019).

4.3 Remodeling of the extracellular matrix

The ECM is a three-dimensional intricate network of molecules
and minerals that supports the structure and functions of cells and
plays a crucial role in cell differentiation, migration, and survival. It
forms a crucial aspect of the TME, and alterations in the ECM
contribute significantly to BCa development (Bonnans et al., 2014).

During the development of BCa, the ECM undergoes numerous
changes in composition and organization. Matrix proteins induced
in the process include fibrillary collagens, fibronectin, specific
laminins and proteoglycans, and matricellular proteins (Zhao
et al., 2021). The ECM in cancer is defined by the content and
proportion of different collagens that control tissue compliance,
stiffness, porosity, viscoelasticity, and biochemical properties. The
collagen-rich and laminin-rich basement membrane and stroma
constitute the tumor cells’ boundary. The tumor cells can
metastasize only if they penetrate the basement membrane (Cox,
2021). CAAs regulate the metastasis process by changing the content
of multiple components in the ECM, such as collagen I, collagen IV,
collagen VI, and fibronectin, by secreting many adipokines and
cytokines, which influence the progression and metastasis of BCa
(Queen et al., 2005; Dinca et al., 2021). CAAs secrete and process
soluble ECM protein collagen VI, which activates NG2/chondroitin
sulfate proteoglycan receptors on malignant ductal epithelial cells,
activates AKT, β-catenin and cyclin 1, and promotes the remodeling
of EMT and drives metastatic progression (Iyengar et al., 2005). The
adipocytes also secrete leptin, which promotes the secretion of
MMP-2 and MMP-9 by activating STAT3 signaling pathways,
leading to the degradation of collagen IV, rupture of basement
membrane and enabling metastatic dissemination of BCa cells
(Juárez-Cruz et al., 2019). Co-culturing of adipocytes with BCa
cells resulted in elevated levels of transforming growth factor-β
(TGF-β) in BCa. TGF-β promotes CD73 expression and increases
the adenosine content, decreasing collagen IV and increasing
fibronectin in the ECM (Vasiukov et al., 2020). A study by Wang
et al., 2019 reported that the CAAs derived exosomes could activate
the hippo signaling pathways and therefore promote BCa
progression in mice (Wang et al., 2019). These studies indicate
that CAAs and CAA derived factors play important roles in ECM
remodeling primarily by regulating the content and physiological
status of different collagen and fibronectin molecules, leading to BCa
progression and metastasis.

4.4 Promoting therapeutic resistance

Drug-resistant cancer cells pose significant clinical challenges.
There are several ways by which obesity can affect the therapeutic
outcomes in BCa. Dysfunctional adipocytes in obesity release an
unbalanced mixture of adipokines (like insulin and leptin),
metabolites (like cholesterol and free fatty acids), and cytokines
(like TNFα and interleukins). Endocrine therapy is one of the most
effective treatments for estrogen receptor-positive BCa. These
adipokines can trigger resistance to endocrine therapy by
triggering multiple signal transduction pathways and controlling
genes linked to apoptosis (Chu et al., 2019). Obesity leads to
increased estrogen production due to increased aromatase activity
in adipose tissues (Goodwin, 2013). Aromatase Inhibitors (AI)
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primarily block the conversion of androgens to estrogen and are
commonly used in treating hormone receptor-positive BCa.
However, resistance to AIs can develop over time, leading to
disease progression and poorer outcomes in BCa patients. It has
been found that several adipokines and cytokines can reduce the
efficacy of endocrine therapy in vitro by upregulating aromatase
gene activity, which in turn can modifies estrogen synthesis (Chu
et al., 2019; Barone et al., 2022). AI is less effective in obese patients
because there is not enough suppression of serum estrogen, which
leads to the development of drug resistance in these patients
(Goodwin, 2013). Serum estrogen levels were reported to be
much higher in obese patients (BMI> 35 kg/m2) both before and
after taking AI medication compared to the non-obese subjects
(BMI<25 kg/m2) (Folkerd et al., 2012; Pfeiler et al., 2013). Moreover,
obesity causes a decrease in sex hormone-binding globulin, which
inhibits estradiol and increases estrogen levels further (Cauley
et al., 1989).

Additionally, obese individuals also have higher insulin levels,
which causes BCa cells to produce more IGF-1. This, in turn,
stimulates the RAS/RAF/MAPK and PI3K/AKT/mTOR signaling
pathways, which leads to resistance to endocrine therapy (Surmacz
and Burgaud, 1995; Campbell et al., 2001; Yee et al., 2020).
Moreover, obesity is associated with an excess of reactive oxygen
species (ROS) and proinflammatory molecules, which can promote
tumor progression and cause resistance to hormone therapy (Xuan
et al., 2014; Kastrati et al., 2020; Barone et al., 2022).

The increased expression of leptin is one of the reasons for
therapeutic resistance in BCa. Leptin, via SOCS-STAT3
transcription activation, activates many downstream signaling
pathways, such as MAPK and AKT pathways, resulting in
increased angiogenesis, proliferation, decreased cancer cell death,
and therapeutic resistance (Cirillo et al., 2008). It also activates
estrogen receptors and human epidermal growth factor receptor 2,
which promote tumor progression and resistance to targeted
therapies (Fiorio et al., 2008; Soma et al., 2008). Gelsomino et al.
reported that leptin contributes to AI-resistant BCa cell growth via
activation of macrophages in the TME. The crosstalk between leptin
signaling, development of resistance to AIs, and macrophage
activation highlights the complexity of BCa progression and the
importance of targeting multiple pathways for effective therapeutic
outcomes. Strategies aimed at inhibiting leptin signaling, targeting
aromatase activity, or modulating the TME may hold promise for
overcoming AI resistance and improving outcomes for BCa patients
(Gelsomino et al., 2020a). By increasing the BCa cell stemness, leptin
also contributes to the development of drug resistance in BCa.
Bougaret et al. showed that leptin, via STAT3, could upregulate
the expression of carnitine palmitoyltransferase-1B (CPT1B) and
the activity of fatty acid β-oxidation (FAO) in BCa stem cells
(BCSCs), therefore increasing the stemness and drug resistance
(Bougaret et al., 2018). Wang et al. showed that by blocking
leptin, BCSCs could be resensitized to chemotherapy (Wang T.
et al., 2018). Kim et al. found a strong relationship between leptin
expression and poor outcomes for BCa patients receiving tamoxifen
treatment. (Kim et al., 2006). The follow-up studies showed two
significant mechanisms: (1) In BCa cell line, leptin causes the nuclear
expression of estrogen receptor α (ERα), which interferes with the
tamoxifen activity in MCF-7 cells; (2) Human epidermal growth
factor receptor-2 (HER2) and the leptin/STAT3 pathway work

together to regulate apoptosis-related genes, which causes BCa
cells to become resistant to tamoxifen. (Chen et al., 2013). In
another study, it was shown that the knockdown of long domain
of the leptin receptor, which is encoded by the obese receptor b
(ObRb) gene, significantly increases the inhibitory effect of
tamoxifen on the survival and proliferation of BCa cells (Kim
et al., 2006; Chen et al., 2013; Papanikolaou et al., 2015; Qian
et al., 2015). In TNBC cells, leptin signaling weakens the effects
of chemotherapy and elevates the expression of genes linked to
chemoresistance and carcinogenesis (ABCB1, WNT4, ADHFE1,
TBC1D3, LL22NC03, RDH5, and ITGB3). TNBCs were shown to
become sensitive to chemotherapeutics upon OBR suppression. The
survival and drug resistance of estrogen-receptor-negative breast
cancer patients can, therefore, be predicted by looking at the co-
expression of OBR and leptin-targeted genes. Targeting OBR
signaling may increase the efficacy of chemotherapy (Lipsey
et al., 2020). Also, the expression levels of the pre-B-cell leukemia
homeobox transcription factor 3 (PBX3), a pioneer factor that
governs divergent biological processes, were significantly
upregulated in letrozole-resistant BCa cells and tissues. This
upregulation was correlated with poor progression-free survival
in patients. In a patient-derived xenograft model, the leptin-
activated PBX3 expression in a STAT3-dependent manner. This
indicates the novel role of leptin/PBX3 and their association with
energy homeostasis and endocrine treatment therapy failure
(i.e., letrozole resistance) in BCa (Pang et al., 2021).

There is scanty scientific evidence, however, about the
relationship between adiponectin and drug efficacy or treatment
resistance. A clinical study showed no association between treatment
and adiponectin levels in BCa patients taking low-dose tamoxifen
and fenretinide (Macis et al., 2012).

Resistin, secreted by immune cells such as monocytes,
macrophages, and bone marrow cells, and is mainly found in the
inflammatory regions, primarily increases the level of low-density
lipoproteins (McTernan et al., 2002; Patel et al., 2003), induces BCa
progression and elevates BCa cells stemness. The stemness of BCa
cells was significantly impacted by resistin treatment, as evidenced
by decreased CD24 cell surface expression, increased expression of
CD44 and ALDH1, and enhanced cell mammosphere formation
capabilities. Mechanistic investigations demonstrated that
STAT3 activation mediated resistin-induced chemoresistance,
apoptosis inhibition, and stemness in BCa cells. These findings
reinforce resistin’s role in diverse clinical outcomes and offer
further insight into its function in BCa biology (Deshmukh et al.,
2017). It is also responsible for autophagy, leading to resistance to
doxorubicin-induced apoptosis in BCa cells (Schwartz and
Lazar, 2011).

The serum visfatin level (extracellular form) may predict a poor
prognosis in BCa. The intracellular form of the enzyme is a rate-
limiting enzyme in NAD + production (Assiri and Kamel, 2016).
Resistance to anticancer agents and advancements in DNA repair
progression are associated with elevated NAD + levels (Gujar
et al., 2016).

In a large cohort of BCa patients receiving adjuvant
chemotherapy, high OPN mRNA expression was linked to lower
DFS and OS. OPN expression was linked to reduced therapeutic
efficacy in BCa and could also be used to predict the efficiency of
neoadjuvant chemotherapy in some patients (Gu and Zheng, 2017).
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OPN expression in BCa cells has been linked to the development of
apoptosis resistance. In a study, Graessmann et al. have shown that
OPN overexpressing mouse BCa cells are not only insensitive to
apoptotic stimuli but also can confer apoptosis resistance in non
OPN expressing BCa cells when cultured together by activating the
MAPK/ERK signaling cascades and preventing caspase three
degradation in these cells (Graessmann et al., 2007). Insua-
Rodriguez et al. have shown how activation of JNK signaling in a
subpopulation of BCa cells receiving chemotherapeutic agents induces
OPN/SPP1 and Tenascin (TNC) to promote matrix remodeling, and
therapeutic resistance in BCa (Insua-Rodríguez et al., 2018). OPN has
also been directly linked to the development of drug resistance in BCa
cells. OPN is a direct target of miR181 and suppresses p53-dependent
transactivation and apoptosis in tumor cells, thereby regulating the
sensitivity ofMCF-7 cells to doxorubicin treatment (Han et al., 2019). In
another study, Shevde et al. found that increased OPN expression is
associated with increased tumor burden, enhanced vasculogenic
mimicry, and worse prognosis in BCa patients. The study also
identified hsa-mir-299-5p as a regulator of OPN expression in BCa
(Shevde et al., 2010). The above findings indicate a strong role of OPN
inmetastasis and the development of drug resistance in BCa cells. More
research is needed to develop an effective treatment strategy by
manipulating OPN in the patients for BCa metastasis.

High expressions of intratumoral apelin have been shown to be
associated with reduced response to neoadjuvant chemotherapy in
BCa patients (Gourgue et al., 2021). Apelin has been primarily
shown to be associated with angiogenesis in BCa as well as other
cancers. Loss of apelin has been linked to angiogenic sprouting and
tip cell formation. Azad et al. by single-cell RNA sequencing, have
shown that apelin inhibition mainly prevents tip cell differentiation
in experimental tumors in mice (Azad et al., 2022). Apelin is
associated with the development of resistance to anti angiogenic
therapy in BCa. Inhibition of apelin prevented the development of
therapeutic resistance and antiangiogenic receptor tyrosine kinase
(RTK) induced metastases of BCa cells (Uribesalgo et al., 2019).
Gourgue et al., in their study involving 62 patients, however,
concluded that apelin and obesity might be independently
affecting the response to chemotherapy (Gourgue et al., 2021).

LCN2 expression was suppressed in drug-resistant 4T1 TNBC
cells, and identified as a critical regulator of aggressive cell behavior
in these cells. The study also identified increased bone
morphogenetic protein (BMP) signaling and cross-talk between
LCN2 and BMP as critical for determining drug sensitivity in
these cells (Meurer et al., 2020).

The serine protease inhibitor, plasminogen activator inhibitor 1
(PA-1), plays a role in cell adhesion, migration, signal transduction,
and anti-apoptosis (Gong et al., 2016). Adipocytes potentiate BCa
metastasis by upregulating PAI-1 (Li et al., 2020). The high
expression of PA-1 is associated with shorter disease-free survival
in BCa (Witzel et al., 2014). In addition, the expression of PA-1
causes resistance to Src inhibitor via an increase in the secretion of
CCL5 in HER2-positive BCa cells (Fang et al., 2018). The study by Su
et al. reported that elevated SERPINE1 (PAI-1) expression and
nuclear localization were observed in radioresistant BCa cells. It
indicates that SERPINE1 might be a crucial factor for obesity
associated radioresistance in TNBC (Su et al., 2023).

In addition, many growth factors are secreted by the adipose
tissue, including VEGF, hepatocyte growth factor (HGF), nerve

growth factor (NGF), insulin growth factor (IGF), and platelet
derived growth factor (PDGF) (Peeraully et al., 2004; Pallua
et al., 2009). The signaling mediated by these growth factors
leads to the BCa progression, survival, angiogenesis, invasion,
and metastasis (Witsch et al., 2010; Niepel et al., 2014). In
addition, the crosstalk between these growth factors in BCa cells
leads to resistance to therapies (Osborne and Schiff, 2003; Meyer
et al., 2013; Voudouri et al., 2015; Linklater et al., 2016).

The breast adipose tissue matrix is enriched in collagen VI,
which releases endotrophin. In BCa, endotrophin induces EMT. It
was found that the endotrophin secreted by adipose tissue makes
BCa cells resistant to cisplatin (Park et al., 2013). Another study
reported that adipose-derived stem cells could promote the
proliferation of chemotherapy residual TNBC cells by activating
the ERK signaling cascade. The study further reported that
adipocyte derived stem cells under the influence of the CXCR4/
SDF-1α axis could migrate toward the chemo residual TNBC cells
and promote their proliferation (Lyes et al., 2019). A study by Yeh
et al. reported that ADSC secretes CXCL1 and promotes
doxorubicin resistance in TNBC, which upregulates an ATP
binding cassette transporter known as ATP-binding cassette
superfamily G member 2 (ABCG2) (Yeh et al., 2017) and leads
to the multidrug resistance (Calcagno et al., 2008). Adipocytes can
also induce resistance to trastuzumab by interfering with interferon
γ secretion by NK cells in HER2-expressing BCa cells (Duong et al.,
2015). Adipocytes confer resistance to taxol in BCa cells by
segmenting the autotaxin-lysophosphatidic acid signaling, which
blocks the binding of taxol to tubulin (Samadi et al., 2011).
Furthermore, adipose tissue adjacent to a growing tumor secretes
IL-6, confers the resistance to radiotherapy, and upregulates
checkpoint effector kinase (Chk1) responsible for resistance to
radiation therapy (Bochet et al., 2011). Resistance to anti-VEGF
treatments in obese BCa patients and mouse models could be due to
the high levels of IL-6 and fibroblast growth factor-2 (FGF-2) (Incio
et al., 2018).

5 Conclusion

Adipocytes play diverse roles in BCa progression.
Understanding the intricate relationship between BCa, obesity,
and weight loss is therefore crucial for devising prevention and
treatment strategies. Even though the correlation between obesity
and increased risk of developing BCa has been studied, the
mechanisms behind this association is complex. The
heterogeneity of cancer and adipose tissues, the dynamic nature
of the adipose tissue, and the complex molecular signaling pathways
involved in the adipocyte-mediated progression of BCa pose a
significant challenge to our complete understanding of the
process. Moreover, the impact of weight loss on BCa risk and
treatment outcomes is still a new area of exploration. Reports
suggest that there is an association between sustained weight loss
and reduced BCa risk and better outcomes (Giarelli et al., 1986;
Teras et al., 2020). Interestingly, results also show that restriction of
calories and weight loss does not affect tumor progression (Demark-
Wahnefried et al., 2020) or may lead to worse prognosis (Shang et al.,
2021). Short-term pre-surgery weight loss interventions have shown
mixed effects on tumor biology, and post-diagnosis weight loss has
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been associated with worse survival, though the reasons are not fully
clear (Demark-Wahnefried et al., 2020; Puklin et al., 2023). Further
investigation into the molecular pathways linking obesity to BCa
development, and the effects of weight loss interventions on tumor
progression and patient outcomes, is therefore warranted for
informed targeted therapies and personalized healthcare
approaches.

In this context, this review provides insight into the multifaceted
role of the adipocytes in BCa progression and discusses the role of the
various adipokines involved in the process. Further research should be
conducted to identify the specific adipocyte-related targets and design
therapeutic interventions tailored to the diverse molecular subtypes of
BCa. Such endeavors will help expand our understanding of the role of
obesity in BCa progression and increase the therapeutic options. One
potential therapeutic approach involves inducing the browning of
WAT. Converting white adipocytes to beige or brown adipocytes has
been envisaged as a possible therapeutic strategy for cancers (Seki
et al., 2022). This conversion also holds promise as a strategy for BCa,
as it may promote energy consumption and expenditure and reduce
the number of pro-inflammatory adipokines, creating a
nonsupportive microenvironment for cancer cells. Therefore,
understanding the molecular mechanisms underpinning the
adipocyte-cancer cell interactions is needed to provide a
foundation for developing targeted therapies that can promote
this change.
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