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Obesity-related breast cancer is an important threat that affects especially

post-menopausal women. The link between obesity and breast cancer seems to

be relying on the microenvironment generated at adipose tissue level, which includes

inflammatory cytokines. In addition, its association with systemic endocrine changes,

including hyperinsulinemia, increased estrogens levels, and hyperleptinemia may

be key factors for tumor development. These factors may promote tumor initiation,

tumor primary growth, tissue invasion, and metastatic progression. Although the

relationship between obesity and breast cancer is already established, the different

pathophysiological mechanisms involved are not clear. Obesity-related insulin resistance

is a well-known risk factor for breast cancer development in post-menopausal women.

However, the role of inflammation and other adipokines, especially leptin, is less studied.

Leptin, like insulin, appears to be a growth factor for breast cancer cells. There exists a

link between leptin and metabolism of estrogens and between leptin and other factors

in a more complex network. As a result, obesity-associated hyperleptinemia has been

suggested as an important mediator in the pathophysiology of breast cancer. On the

other hand, recent data on the paradoxical effect of obesity on cancer immunotherapy

efficacy has brought some controversy, since the proinflammatory effect of leptin may

help the effect of immune checkpoint inhibitors. Therefore, a better knowledge of the

molecular mechanisms that mediate leptin action may be helpful to understand the

underlying processes which link obesity to breast cancer in post-menopausal women,

as well as the possible role of leptin in the response to immunotherapy in obese patients.
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In western countries, the incidence of breast cancer has increased more than 30% in the last 25
years. Even though this is attributed in part to changes in reproductive patterns and improved
detection methods, this increase may also reflect the increasing prevalence of obesity and physical
inactivity in the population (1).

Overweight and obesity seem to be inversely related to the incidence of breast cancer in
pre-menopausal women. However, in the development of post-menopausal breast cancer, as
happens with other tumors, obesity has been considered a major risk factor. A meta-analysis of
prospective observational studies revealed this relationship, concluding that there is an increased
risk of 12% of breast cancer in post-menopausal women for each increase of 5 kg/m2 in body mass
index (BMI) (2).
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Increased adiposity has been correlated with large tumor size,
tumor node positivity and poor prognosis of breast cancer (3).
Obesity affects many hallmarks of cancer, including genomic
instability, tissue metabolic changes, altered extracellular matrix
properties, dysregulation of cell death, immune system, and
angiogenesis (4).

The aim of this article is to review the current literature
to better understand the relationship between obesity and
breast cancer and to compile the known molecular mechanisms
underlying this association. Finally, we will summarize new data
regarding the obesity paradox based on the beneficial effect
of overweight on the results of immunotherapy of cancer and
discuss the possible role of leptin.

MAIN MECHANISMS INVOLVED IN OBESE
ASSOCIATED BREAST CANCER

Several mechanisms closely related to each other have been
proposed to explain specifically the association between breast
cancer and obesity, including chronic subclinical inflammation,
sex hormone deregulation, insulin/IGF-1 pathways, and the
secretion of different adipokines, where leptin plays a key
role (Figure 1).

Chronic Inflammation
It has been demonstrated that adipose chronic inflammation
increases the survival and proliferation of cancer cells, promotes
angiogenesis, metastatic spread, alters antitumor immune
responses, and interfere with hormonal or chemotherapeutic
treatments having a role in cancer prognosis (5, 6). At the
tumor site, the presence of histological focal inflammatory points
known as crown-like structures (CLS) and the proximity of
adipose stromal cells, lead to the generation of a proinflammatory
microenvironment. Thus, there are increased levels of infiltrated
M1 macrophages, cytokines and pro-inflammatory mediators,
such as cyclooxygenase-2 (COX-2), TNF-α, IL-6, monocyte
chemoattractant protein-1 (MCP-1), and interleukin (IL)-1β (7)
around the tumor site. Several inflammatory mediators produced
by inflammatory cells also regulate leptin expression in this
context and promote the development of chronic inflammation
(8). The overall leptin action in the immune system is to
activate proinflammatory cells, promote T-helper 1 responses,
and mediate the production of the other proinflammatory
cytokines (9, 10). Inflamed adipose tissue also induces neutrophil
differentiation, leading to increased neutrophilia that seems to
be mediated by high levels of GM-CSF. This is also responsible
for the recruitment of several immunosuppressive cells in
the adipose microenvironment, namely T-regulatory (T-reg)
cells, myeloid-derived suppressor cells (MDSCs), and tumor-
associated macrophages (TAMs) (11, 12).

Sex Hormone Deregulation
After menopause, adipose tissue becomes the main producer of
estrogens through the enzymatic conversion of androstenedione
to estrone, carried out by aromatase from stromal cells. In obese
women, aromatase activity is elevated resulting in increased
estrogen production and in relatively high plasma levels. This is

associated with an increase in the risk of breast cancer and with
the worst prognosis observed in this population (13, 14).

Factors produced during inflammation and the paracrine loop
that is established between macrophages and adipose stromal
cells may induce the aromatase enzyme, with the consequent
stimulation of ER-positive breast cancer epithelial cell growth
through locally produced estrogens. Thus, there seems to be a
strong correlation among obesity, inflammation, and hormone-
receptor positive cancer (15, 16). This association is in line with
the major role that estrogens synthesized by stromal adipose
tissue have in the pathogenesis of these tumors.

Other factors that are related to the deregulation of sex
hormones in this context are the adipose tissue containing 17β-
hydroxysteroid dehydrogenase, which is responsible for the more
biologically potent conversion of estrone to estradiol, as well
as the decrease of the sex hormone binding globulin (SHBG)
levels, which in turn, increases the level of biologically available
estradiol (13).

Insulin
As part of the adipose metabolic alterations, insulin is another
obesity-related factor that induces the activity of adipose
aromatase, while directly stimulating the growth and invasion
of breast cancer cells (16–18). The coexistence of deregulated
insulin signaling in obesity has been well-known for decades.
BMI correlates directly with circulating insulin and insulin-like
growth factor-1 (IGF-1). High levels of insulin, as a consequence
of insulin resistance in obese women, are also associated with
an increased risk of post-menopausal breast cancer as well as
an increased risk of cancer recurrence and mortality (1, 13).
Hyperinsulinemia contributes to the development of cancer due
to the direct effects exerted by insulin promoting growth, and
indirectly, due to the decrease of circulating levels of IGF-1
binding proteins (IGFBP3), which increases the bioavailability
of this growth factor. High level of IGF-1 has been associated
with increased risk of breast cancer in both pre-menopausal
and post-menopausal women (19). Also hyperglycemia seems to
increase the risk of breast cancer in pre-malignant cells and to
enhance cancer progression in malignant epithelial cells through
leptin/IGF1 signaling (20).

The binding of insulin or IGF-1 to its specific receptors
activates several growth promoting signaling pathways, including
MAPK and PI3K/Akt/mTOR. Additionally, insulin prevents
apoptosis by inducing increased expression of the anti-apoptotic
proteins Bcl-2 and Bcl-XL, and the concomitant suppression of
the pro-apoptotic protein Bax. Increased signaling by insulin,
positively regulates vascular endothelial growth factor (VEGF)
and the hypoxia-inducible factor 1α (HIF-1α) to promote tumor
angiogenesis, proliferation of endothelial cells, and the formation
of blood vessels. All of them, mechanisms involved in the
development, progression, and invasion of breast cancer (21, 22).

Adipokines
Aberrant adipokine and cytokine signaling represents one of the
key features of obese metabolism and the physiopathology of
obesity-related diseases. Adipocytes in obese individuals produce
endocrine, inflammatory and angiogenic factors to affect adjacent
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FIGURE 1 | Breast cancer and obesity. The picture summarizes the mechanisms that connect obesity or excess of adipose tissue with the development of

breast cancer.

breast cancer cells. Traditionally, the two most important
adipokines associated with the development of breast cancer
related to obesity are leptin, which will be extensively reviewed
below, and adiponectin (23). Adiponectin exerts a negative
regulatory function in obesity-related breast carcinogenesis.
Hence, low levels of adiponectin, characteristic of obesity, are
associated with increased proliferative activity, resulting in an
increased risk of developing cancer. In addition, low serum
adiponectin levels are also associated with a larger tumor size
and a poorer prognosis of breast cancer (24). Based on the
antagonistic impact on the risk of breast cancer, some authors
have proposed that the adiponectin/leptin ratio may be more
useful than the individual levels of adipokines for assessing
the risk profile of breast cancer (25). Adiponectin increases
the expression and activity of the physiological inhibitor of
leptin signaling protein tyrosine phosphatase 1B (PTP1B) (26)
and activates adenosinemonophosphate-activated protein kinase
(AMPK), which has a variety of cellular effects including
induction of cell cycle arrest and inhibition of mammalian target
of rapamycin (mTOR) activity. More recently, adiponectin has
been related to the induction of autophagic cell death in breast
cancer (27).

LEPTIN AND BREAST CANCER

One of the pathophysiological factors of breast cancer in obesity
is hyperleptinemia. Leptin is considered both hormone and

adipokine and it is produced and secreted into circulation
mainly by adipose tissue. It is also synthesized and secreted
by placenta and in small amounts, by the mucosa of the
gastric fundus, skeletal muscle, brain, bone marrow, lymphoid
tissues, immune cells, ovaries, endometrium during embryo
implantation, and both normal and malignant tissue of the
breast (28, 29).

Both leptin secretion and leptin circulation present
fluctuations that follow a circadian rhythm and they also
change with nutritional status. Circulating levels of leptin
communicate the state of energy storage to the brain. These
levels reflect the amount of existing adipose tissue, increasing in
proportion to the BMI. In addition, it has been demonstrated
that serum leptin levels are higher in women compared to men,
even after correction of body weight. This could be explained
by subcutaneous synthesis and estrogens and androgens
regulation (30).

The main function of leptin is the maintenance of energy
homeostasis, participating in the anorexigenic pathway through

a central feedback mechanism at the level of the hypothalamus.
In this way, it controls the growth of adipose tissue through
intermediate hormonal mechanisms that regulate food intake.
In addition to this main function, it is known that leptin
has effects on fetal development, reproduction, lactation, bone
development, hematopoiesis, immune response, angiogenesis,
and the proliferation of many different cell types, including cells
of breast tissue (25, 29, 31). One of the peripheral functions
of leptin is a regulatory role in the interplay between energy
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metabolism and the immune system, in part responsible for the
inflammatory state associated to obesity (32).

Elevated leptin levels has been linked to breast cancer
aggressiveness and bad prognosis in epidemiological studies
(33, 34). Moreover, this hormone/cytokine has been recently
suggested as a biomarker that could be associated with type,
grade, stage, lymph node involvement, hormone receptors, and
recurrence in breast cancer based on its immunohistochemical
staining (35).

Leptin signaling has been shown to regulate various
important molecules involved in proliferation, adhesion,
invasion, migration, inflammation, and angiogenesis, as it has
been demonstrated in breast carcinogenesis with the regulation
of the expression of cyclin D1, p53, survivin, IL1, E-Cadherin,
vascular endothelial growth factor and its receptor type 2, and
several tissue factors (36–44).

In breast cancer, leptin has been proposed to have a role
at different levels (45, 46). At a carcinogenic level, it has been
suggested to act as a direct potential activator of short term ROS
production in human epithelial mammary cells (47), although
other studies previously showed that chronic leptin treatment
decreases ROS levels and oxidative stress in MCF-7 cells (48).
According to the trophic function of leptin, demonstrated also in

MCF7 cells (49), it seems to regulate metabolic reprogramming
to promote cellular growth (50). However, the pro-carcinogenic
effect of leptin in breast cancer results not only from an enhanced
activity of signaling pathways involved in the proliferation
process, but also from a probable down-regulation of the
apoptotic response (51). Thus, a cardinal role of leptin in
autophagy and suppression of apoptosis in cancer cells has been
proposed as well (52). Additionally, leptin has been considered
as a mediator of tumor-stromal interactions (53), where it
seems to participate in the crosstalk between breast cancer cells
and tumor-associated macrophages M2 by stimulating IL-18
and IL-8 production to promote tumor growth and metastasis
(54) (Figure 2). More recently, leptin has been proposed to
promote cancer stem cells (CSC) enrichment and epithelial-to-
mesenchymal transition (EMT) phenotype by upregulating the
expression of multiple CSC/EMT–related genes (55).

Regarding regulation of leptin expression in breast
carcinogenesis, it is remarkable that hyperinsulinemia induces
breast cancer progression also through leptin-expression-
dependent mechanisms (56). One of the mechanisms of leptin
overexpression in breast tumors seems to involve HIF-1α, a
component of HIF transcriptional factor that can be upregulated
by hypoxia and hyperinsulinemia (57). Moreover, a recent study

FIGURE 2 | Beneficial effect of obesity on the effects of immunotherapy of cancer. Obesity is commonly associated with an “inflammatory” state with increased

pro-inflammatory immune cells as well as increased levels of inflammatory cytokines, such as leptin. In this environment, leptin could promote the switch toward T

helper 1 (Th1) cell immune responses and could act as a negative signal for the expansion of human regulatory T cells (Treg). Low BMI may be useful for the immune

escape, whereas high BMI and obesity, via inflammatory adipokines, such as leptin may help to the immunotherapy of cancer, providing support to the increased

immune response of the host to the tumor.
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has demonstrated that obesity reduces the level of the tumor
suppressor p16INK4A protein in breast adipocytes, which in
turn seems to upregulate leptin expression at mRNA level to
promote also procarcinogenic processes (58). On the other
hand, other studies have suggested a role for the protein
BMP9 as a negative regulator of leptin expression in breast
cancer cells (59).

Leptin Receptor
The mechanism of leptin action starts with the activation of
its transmembrane receptor, called Ob-R or LEPR, which has a
helical structure and is related to class I cytokine receptors. LEPR
is present in tissues such as pancreas, placenta, adrenal glands,
stomach, hematopoietic cells, liver, heart, lung as well as breast
cells (30).

These receptors lack autophosphorylation capabilities so they
need auxiliary kinases for their activation. The Ob-R/LEPR
receptor has 6 isoforms resulting from different alternative
splicing of the gene: there are four of themwith short cytoplasmic
domains (Ob-Ra, Ob-Rc, Ob-Rd, and Ob-Rf), a long form Ob-
Rb and a soluble form Ob-Re, whose main function is to control
serum leptin levels. These six isoforms share an extracellular
domain of common leptin binding capacity, but they differ
in their intracellular domains. Ob-Ra, Ob-Rb, Ob-Rc, Ob-Rd,
and Ob-Rf receptors are transmembrane receptors that contain
the domain called Box1, required for the binding of janus
kinase 2 (JAK2), to activate the PI3K and MAPK signaling
pathways. However, only Ob-Rb has a coupling site (box 2)
essential for the activation of the JAK-STAT pathway and it is
the only leptin receptor that has a potentially phosphorylated
intracellular domain in three different tyrosine residues (985,
1,077, and 1,138). Tyrosine residue 1,138 anchors to STAT3,
while residue 985 anchors to SHP2 and also to SOCS3,
which negatively regulates leptin signaling (60). Through JAK2
activation, this long form of the leptin receptor is responsible for
the main effects of leptin on the energy homeostasis and other
neuroendocrine functions.

Leptin and LEPR are overexpressed in breast cancer as
compared to non-cancer mammary epithelium (61). Moreover,
immunohistochemical studies have shown overexpression of
leptin receptors in breast cancer tissue samples of different stages,
from primary to metastatic (62). In this sense, LEPR was also
demonstrated to be necessary for maintaining CSC metastatic
properties (63). This demonstrated that leptin can influence
breast cancer cells not only by endocrine and/or paracrine
actions, but also through autocrine pathways. High levels of
leptin and overexpression of its receptors in obese women can
lead to an increase in signaling, key in the development of breast
cancer (29).

Major Leptin Signaling Pathways in Breast
Cancer
Through binding to its receptor, leptin stimulates a cascade
of signaling events and elicit subsequent cellular effects
(Figure 3). Leptin induces canonical (JAK2/STATs; MAPK/ERK
1/2, PI3K/AKT) and non-canonical signaling pathways (PKC,
JNK, p38 MAPK, and AMPK) in diverse cellular types (64, 65).

Some multifunctional adaptor proteins and enzymes have
been proposed to have a role participating in the activation of
these signaling pathways. Despite the underlying mechanisms
still remain poorly understood, proteins that have been
previously related to cancer as well as to insulin signaling, such
as APPL1 or Sam68, seem to positively mediate leptin induced
phosphorylation of the main pathways activated by this hormone
in breast cancer (66, 67).

JAK-STAT Pathway
The JAK/STAT signaling pathway participates in the regulation
of proliferation, survival, mobility, and cellular apoptosis in
different tissues and organs (68). It has been shown that leptin
promotes the development and progression of breast cancer
neoplastic cells by activating the JAK2/STAT3 pathway. After
the binding of leptin to its receptor, activated JAK2 kinase
phosphorylates the tyrosine 1,138 residue in the cytoplasmic
domain of the leptin receptor. This provides an anchoring site for
the STAT3 protein, which is recruited through its SH2 domain.
Once STAT3 is bound to the receptor, it is phosphorylated
by JAK2 and STAT3 proteins dimerize, thus allowing their
translocation to the nucleus. There, they act as activators of
the transcription of various genes, such as c-myc, cyclin D1,
p21/waf1, c-jun, junB, erg-1, and Bcl-2, all of them involved in
cell growth and proliferation (69). In addition, STAT3 dimers
can activate the transcription of genes such as SOCS3, which
modulate the effects of leptin on cells, as well as VEGF, involved
in angiogenesis.

Signaling via JAK2/STAT3 is a critical regulatory component
in carcinogenesis in breast cancer related to obesity (70). It
has been demonstrated that leptin regulates the cell cycle and
increases breast cancer cell growth by inducing cyclin D1
expression via STAT3 activation (38). A different proliferative
effect of leptin in breast cancer cells involves the leptin mediated
upregulation of human telomerase reverse transcriptase (hTERT)
activity and expression in a dose-dependent fashion also
involving STAT3 phosphorylation (71). Moreover, enhanced
STAT3 signaling has been demonstrated to lead to altered
expression in the key regulators of EMT to augment invasiveness
and migration of mammary proliferating epithelial cells (72).
Also, activated STAT3 seems to be crucial for the activation of
CSC maintenance by leptin signaling in triple negative breast
cancer (73). In this line, recent data from human breast-cancer-
studies suggest that leptin-activated STAT3, also promotes cancer
cell stemness and chemoresistance through the expression of
critical enzymes for acid β-oxidation pathways (74).

MAPK Pathway
Phosphorylation on tyrosine 985 recruits SHP2 to the leptin
receptor, contributing to the activation of the MAPK signaling
pathway, which plays an important role in the activation of
ERK 1/2, p38, and JNK (51). They also induce the activation of
HIF-1α and NF-κB, and these transcription factors are linked to
the regulation of VEGF/VEGFR-2 by leptin. In addition, MAPK
induces the phosphorylation and activation of transcription
factors, such as c-jun, c-fos, c-myc, and erg-1, which act in
the nucleus by promoting expression of genes that regulate cell
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FIGURE 3 | Mechanisms of leptin action in breast cancer cells. The cartoon shows the signaling pathways that mediate the leptin effects on breast cancer cells.

proliferation and differentiation. In addition, tyrosine 985 also is
a binding site for SOCS3, playing an essential role in feedback
inhibition of LEPR (75).

The role of leptin promoting growth via ERK pathway has
been demonstrated in breast cancer models (76). In addition, this
molecular pathway has been involved in the functional activation
of the estrogen receptor alpha (ERα) (77, 78) as well as in the
induction of aromatase mediated by leptin in breast tissue (79).

PI3K Pathway
Another protein with SH2 domain, SH2B1, also participates
in LEPR signaling. Apart from increasing LEPR signaling
through JAK2, SH2B1 can control specific signals on the
insulin receptor substrate (IRS). IRS proteins control the PI3K
pathway and the subsequent regulation of Akt signaling [Review
in (80)]. Acting mainly through proteins phosphorylation,
this pathway affects cellular properties more rapidly than
other pathways.

PI3K pathway has been considered an important link between
obesity, leptin and increased risk of breast cancer (31, 81).
Specifically, it has been proposed that PI3K/AKT regulates leptin
mediated-epithelial mesenchymal transition in breast cancer. In
this process, this pathway has been suggested to participate
in IL-8 (82) and pyruvate kinase M2 (PKM2) upregulation

mediated by leptin (83). Furthermore, other recent study has
proposed leptin to enhance the proliferation, migration and
invasion of breast cancer cells via acetyl-CoA acetyltransferase
2 (ACAT2) up-regulation through the PI3K/AKT/SREBP2
signaling pathway (84).

Leptin Crosstalk in Breast Cancer
Leptin has been linked to different stages and processes
related to development and progression of breast cancer,
involving the action of some mediators that participate
in a more complex signaling transduction network.
Thus, leptin functions are commonly reinforced through
crosstalk with multiple oncogenes, cytokines and growth
factors (60).

Leptin signaling enhances tumor formation, proliferation and
invasion by activation of cancer stem cell signaling pathways. In
this sense, leptin seems to participate in the expression of stem
cell self-renewal transcription factors Nanog, SOX2, and OCT4
(63). Additionally, leptin induces canonical Wnt1 signal pathway
functioning through β-catenin-dependent mechanisms. Several
leptin dependent signaling kinases, including ERK-p90-RSK and
Akt, which phosphorylate GSK3β, along with the increase of
MTA1 expression by leptin, regulate the function of this Wnt
pathway to promote epithelial-mesenchymal transition in breast
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cancer cells (85). In addition, leptin-Notch axis seems to play a
role in breast cancer development, as it has been demonstrated in
some models of breast cancer cells. A complex signaling crosstalk
between leptin, Notch and interleukin-1 (IL-1) seems to be an
important driver of leptin-induced oncogenic action (86).

Regarding angiogenesis regulation by leptin in breast cancer,
some studies have shown that the activation of HIF-1α
and NF-κB by leptin are essential in the regulation of
VEGF, which promotes angiogenesis (87). In addition, leptin
participates in the phosphorylation of VEGFR-2 (VEGF type
2 receptor) independently of VEGF in endothelial cells and
breast cancer cells (60). Also the expression of this factor has
been demonstrated to be increased through Notch, IL1, and
leptin crosstalk (88), which could represent the integration of
developmental, proinflammatory and pro-angiogenic signals.

In addition, various studies have integrated leptin and cAMP
signaling pathways in breast cancer, specifically in triple negative
breast cancer (89). Despite the role of cAMP and leptin,
respectively, as growth suppressor and growth promoting factors
in breast cancer cells, an antiproliferative interaction between
leptin and cAMP elevation has been described (90). Thus, cAMP
elevation seems to completely prevent leptin-induced migration
of MDA-MB-231 breast cancer cells (91).

Other receptors have been proposed to be functionally
important mediating the actions of leptin in breast cancer. Leptin
and TGFβ1 seem to promote metastasis and stemness in breast
cancer cells (92). As another example of this point of convergence
with TGFβ signaling, leptin has been involved in metastasis and
recurrence of breast cancer, likely participating in the inhibition
of acetil CoA carboxylase 1 (ACC1) (93). In addition, the
crosstalk between leptin and epidermal growth factor receptor
(EGFR) signaling pathways could alter significantly the behavior
of different cell types in cancer. Thus, it has been described
bidirectional crosstalk between leptin and IGF-1 signaling,
resulting in the activation of EGFR to promote proliferation
and migration of triple negative breast cancer cells (39). An
additional support for the existing link between leptin and other
receptors is the close cooperation that was also demonstrated
between leptin and HER2 (94). Not only HER2 seems to induce
the expression of leptin in human breast epithelial cells (95),
but also leptin can transactivate HER2 through the activation of
the EGFR and the activation of JAK2, resulting in the growth
of cancerous breast cells with overexpression of HER2 (14, 96).
Therefore, the coexpression of HER2 and the leptin/LEPR system
could contribute to increase the activity of HER2, reducing the
sensitivity to monoclonal trastuzumab treatments for this type of
breast cancer (29).

Leptin and Estrogens
Estrogens play an important role in breast cancer, probably
by stimulating cellular proliferation and oxidative metabolism
mediated by various cytochrome P450 (CYP) enzymes such as
CYP1A1 and CYP1B1. In breast tissues, the main estrogen, 17β-
oestradiol (E2), is a ligand for the estrogen receptor α (ERα) and
a substrate for the phase I enzyme cytochrome P450 CYP1B1. A
large body of evidence has established the fundamental role of

E2 and its receptor in the development and progression of breast
cancer (97).

Leptin specifically enhances tumorigenicity of estrogen
positive breast cancer cells (98). A bidirectional communication
between LEPR and ERα was suggested by the statistically
significant correlation between the expression of both receptors
in breast cancer cells lines and ex vivo studies (99). Leptin has
been suggested to induce CYP1B1 expression in ERα-positive
breast cancer cells in a mechanism that involves AKT and ERK
signaling pathways (78). Moreover, it has been demonstrated
that leptin from adipose stromal/stem cells induces a differential
pattern of gene expression in ERα-positive compared to negative
breast cancer cells (100).

Leptin also exerts its effects by increasing cell viability
and proliferation through crosstalk with estrogen receptor-
alpha (ERα). Both STAT3 activation and ERK1/ERK2 signaling
mediated by leptin have been described to act as a key event in
ERα-dependent development of breast cancer (77, 101). Recently,
a novel mechanism has been proposed for the role of leptin
in breast cancer progression in ER-α positive cells. It involves
JAK/STAT3-Akt signaling pathways in the suppression of the
extracellular matrix protein CCN5, which acts as an anti-invasive
element in cancer (102). Other studies have demonstrated that
estrogen receptor signaling plays a key role in leptin-induced
growth of breast cancer cells via autophagy activation (103).

An additional functional relation between leptin and estrogen
signaling has been suggested based on the estrogen receptors
status and the aromatase activity. In this sense, leptin promotes
the synthesis of estrogen, which is related to an increased risk
of breast cancer. Leptin was demonstrated to enhance aromatase
expression in MCF7 cells (104) and this cytokine with some
other inflammatory mediators are key stimulators of aromatase
transcript expression also in adipose stromal breast cells (105).

Some mechanisms have been proposed for the effect of
leptin on the aromatase expression. A positive association
between leptin expression, LEPR, aromatase and MAPK and
STAT3 activation has been suggested using tissue samples of
patients with estrogen receptor positive breast cancer (106).
Apart from that, PGE2 and leptin have been shown to drive
aromatase expression via the suppression of the metabolic
regulators LKB1/AMPK (107). Additionally, the increase in
leptin-dependent aromatase expression has been correlated with
COX-2 upregulation and cooperation among multiple signaling
pathways (108). Specifically, a novel mechanism has been
proposed based on leptin-dependent PKC/MAPK signaling, the
suppression of p53, and HIF1α and PKM2 as direct mediators of
aromatase expression (79).

Leptin and Therapeutic Targets in Breast
Cancer
Leptin network relationships have been correlated to prognosis
and also pharmacological responses in some follow-up studies
of breast cancer. For instance, patients with breast cancer who
have high levels of leptin but with negative expression of estrogen
hormone receptor have a higher survival rate. Therefore, a
positive leptin/negative hormone receptor status is indicative of
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good response to chemotherapy and prognosis, whereas those
with a positive leptin/positive hormone receptor profile have
a poor response (22). Additionally, it has been demonstrated
that leptin interferes with the action of tamoxifen under beta-
estradiol stimulated conditions in ER-positive breast cancer cells
(109, 110). Accounting for the role of obesity and leptin in
breast cancer, several possible mechanisms have been suggested
to potentially mediate drug resistance in tumor cells (111).

Different proposed therapeutic strategies for breast cancer
treatment include the use of soluble leptin receptors, peptide-
based leptin antagonists and leptin receptor blocking antibodies
(45). Apart from this, events that promote leptin negative
regulation are emerging as novel therapeutic targets for patients
with breast cancer. The anti-leptin activity of 1,25(OH)2D3
in estrogen-sensitive tumors in women seems to mediate
telomerase reverse transcriptase (hTERT) downregulation (112).
Also, PPARγ ligands are demonstrated to inhibit leptin signaling
mediated by MAPK/STAT3/Akt phosphorylation and counteract
leptin stimulatory effect on estrogen signaling. Thus, PPARγ

ligands have been suggested as therapeutic molecules for breast
cancer treatment (113).

THE PARADOX OF THE BENEFITS OF
OBESITY IN CANCER

On the other hand, even though the association between obesity,
inflammation, and many different types of cancer is clear (114),
some controversial data still remains, including breast cancer,
where the dialog between the adipocyte and the breast cancer
cells is well-known to potentiate not only the growth or invasion,
but also treatment resistance (115). Thus, old and new data have
also shown that moderately increased BMI improves the survival
and response to therapy. However, this effect is lost when BMI
increases to morbid obesity levels, leading to the concept of
“obesity paradox” (116). This paradox is similar to that observed
in other pathological conditions, such as cardiovascular disease
(117). Although the obesity paradox in cancer is less studied, it
has been related to the inadequate use of BMI for the overweight,
since protective muscle mass may also contribute to BMI (118).
Besides, weight depend on the stage of the disease, since cancer
produces weight loss, and the time of measurement different
studies may be misleading. Moreover, the excess of adipose tissue
may represent an energy store that warrants further surviving
time in some patients.

We think that both ideas may be conciliated, since chronic
inflammation due to obesity may lead to cancer, whereas very
low BMI may produce some immunodeficient state that favor
the immune scape of cancer cells. On the other hand, once
the cancer has been diagnosed, regardless the main cause
of the tumor (tobacco, UV-radiation. . . ), the proinflammatory
state of the obese subject may be helpful for the immune
response against the tumor. Finally, the increased fat stores
may provide an energy reserve that may be useful for a longer
survival time.

The Beneficial Effect of Obesity in the
Tumor Response to Immunotherapy
Immunotherapy has revolutionized cancer therapy in the last 10
years (119) and is now one of the cornerstone of both adjuvant
and neoadjuvant therapies, alone or in combination with other
chemotherapy or radiotherapy treatment (120, 121). In this
line, immunotherapy has opened new horizons in breast cancer
(122). Recent data has shown the beneficial effect of obesity
in the efficacy of immunotherapy (123). Thus, cancer patients
with overweight or obesity (BMI > 25) have shown to have
a better response to treatment with anti-PD1/PD-L1 immune
checkpoint inhibitors (124). This beneficial effect of increased
BMI has been demonstrated in obese patients with metastatic
melanoma (125, 126), where a mechanism mediated by chronic
inflammation and increased C-reactive protein concentration has
been proposed (127).Whether leptin contributes to this favorable
effect of overweight on the response to immunotherapy warrants
further investigation (128). Therefore, the association of obesity
and the increased leptin levels with the response to treatment
should be also investigated in breast cancer patients to better
understand the response to immunotherapy as well as the better
control of the appearance of side effects (Figure 2).

CONCLUSIONS

Obesity is a known risk factor for the developing of breast cancer
in post-menopausal women. The molecular mechanisms
underlying the relationship between obesity and breast
carcinogenesis involves estrogens, insulin, leptin, adiponectin,
and inflammatory cytokines. Specifically, the activation of
leptin signaling results in concurrent activation of multiple
oncogenic pathways leading to an increased proliferation,
epithelial-mesenchymal transition, migration and invasion of
breast cancer cells. In this context, the knowledge of the complex
molecular network of leptin signaling responsible for mammary
carcinogenesis may provide novel ideas for the prevention
and treatment of breast cancer associated to obesity. On the
other hand, obesity has recently been found to be favorable
for the response to immune checkpoint inhibitors in different
tumors, even though this effect remains to be studied in breast
cancer. Therefore, the role of leptin, and other adipokines on
immunological response in cancer therapy should be considered
in future studies.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

The present work was funded by grants from the Instituto de
Salud Carlos III (ISCIII), PS12/00117, and PI15/01535, funded
in part by FEDER Funds, to VS-M.

Frontiers in Oncology | www.frontiersin.org 8 July 2019 | Volume 9 | Article 596

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Sánchez-Jiménez et al. Leptin and Breast Cancer

REFERENCES

1. Matthews SB, Thompson HJ. The obesity-breast cancer conundrum: an

analysis of the issues. Int J Mol Sci. (2016) 17:989. doi: 10.3390/ijms17060989

2. Renehan AG, Tyson M, Egger M, Heller RF, Zwahlen M. Body-

mass index and incidence of cancer: a systematic review and meta-

analysis of prospective observational studies. Lancet. (2008) 371:569–

78. doi: 10.1016/S0140-6736(08)60269-X

3. Widschwendter P, Friedl TW, Schwentner L, DeGregorio N, Jaeger B,

Schramm A, et al. The influence of obesity on survival in early, high-risk

breast cancer: results from the randomized SUCCESS A trial. Breast Cancer

Res. (2015) 17:129. doi: 10.1186/s13058-015-0639-3

4. Reggiani F, Bertolini F. Roles of obesity in the development and progression

of breast cancer. Discov Med. (2017) 24:183–90.

5. Park J, Morley TS, Kim M, Clegg DJ, Scherer PE. Obesity and cancer–

mechanisms underlying tumour progression and recurrence. Nat Rev

Endocrinol. (2014) 10:455–65. doi: 10.1038/nrendo.2014.94

6. Iyengar NM, Zhou XK, Gucalp A, Morris PG, Howe LR,

Giri DD, et al. Systemic correlates of white adipose tissue

inflammation in early-stage breast cancer. Clin Cancer Res. (2016)

22:2283–9. doi: 10.1158/1078-0432.CCR-15-2239

7. Iyengar NM, Gucalp A, Dannenberg AJ, Hudis CA. Obesity and cancer

mechanisms: tumor microenvironment and inflammation. J Clin Oncol.

(2016) 34:4270–6. doi: 10.1200/JCO.2016.67.4283

8. Lago F, Dieguez C, Gomezreino J, Gualillo O. The emerging role of

adipokines as mediators of inflammation and immune responses. Cytokine

Growth Factor Rev. (2007) 18:313–25. doi: 10.1016/j.cytogfr.2007.04.007

9. Martin-Romero C, Santos-Alvarez J, Goberna R, Sanchez-Margalet V.

Human leptin enhances activation and proliferation of human circulating T

lymphocytes. Cell Immunol. (2000) 199:15–24. doi: 10.1006/cimm.1999.1594

10. Sanchez-Margalet V, Martin-Romero C, Santos-Alvarez J, Goberna R, Najib

S, Gonzalez-Yanes C. Role of leptin as an immunomodulator of blood

mononuclear cells: mechanisms of action. Clin Exp Immunol. (2003) 133:11–

9. doi: 10.1046/j.1365-2249.2003.02190.x

11. De la Cruz-Merino L, Chiesa M, Caballero R, Rojo F, Palazón N, Carrasco

FH, et al. Breast cancer immunology and immunotherapy. Int Rev Cell Mol

Biol. (2017) 33:1–53. doi: 10.1016/bs.ircmb.2016.09.008

12. Reggiani F, Labanca V, Mancuso P, Rabascio C, Talarico G,

Orecchioni S, et al. Adipose progenitor cell secretion of GM-CSF and

MMP9 promotes a stromal and immunological microenvironment

that supports breast cancer progression. Cancer Res. (2017)

77:5169–82. doi: 10.1158/0008-5472.CAN-17-0914

13. Rose DP, Gracheck PJ, Vona-Davis L. The interactions of obesity,

inflammation and insulin resistance in breast cancer. Cancers. (2015)

7:2147–68. doi: 10.3390/cancers7040883

14. Feola A, Ricci S, Kouidhi S, Rizzo A, Penon A, Formisano P, et al.

Multifaceted breast cancer: the molecular connection with obesity. J Cell

Physiol. (2017) 232:69–77. doi: 10.1002/jcp.25475

15. Rose DP, Vona-Davis L. Biochemical and molecular mechanisms for the

association between obesity, chronic inflammation, and breast cancer.

Biofactors. (2014) 40:1–12. doi: 10.1002/biof.1109

16. Crespi E, Bottai G, Santarpia L. Role of inflammation in

obesity-related breast cancer. Curr Opin Pharmacol. (2016)

31:114–22. doi: 10.1016/j.coph.2016.11.004

17. Subbaramaiah K, Morris PG, Zhou XK, Morrow M, Du B, Giri D, et al.

Increased levels of COX-2 and prostaglandin E2 contribute to elevated

aromatase expression in inflamed breast tissue of obese women. Cancer

Discov. (2012) 2:356–65. doi: 10.1158/2159-8290.CD-11-0241

18. Howe LR, Subbaramaiah K, Hudis CA, Dannenberg AJ. Molecular pathways:

adipose inflammation as amediator of obesity-associated cancer.Clin Cancer

Res. (2013) 19:6074–83. doi: 10.1158/1078-0432.CCR-12-2603

19. Endogenous Hormones and Breast Cancer Collaborative Group, Key TJ,

Appleby PN, Reeves GK, Roddam AW. Insulin-like growth factor 1 (IGF1),

IGF binding protein 3 (IGFBP3), and breast cancer risk: pooled individual

data analysis of 17 prospective studies. Lancet Oncol. (2010) 11:530–

42. doi: 10.1016/S1470-2045(10)70095-4

20. Lopez R, Arumugam A, Joseph R, Monga K, Boopalan T, Agullo P,

et al. Hyperglycemia enhances the proliferation of non-tumorigenic and

malignant mammary epithelial cells through increased leptin/IGF1R

signaling and activation of AKT/mTOR. PLoS ONE. (2013)

8:e79708. doi: 10.1371/journal.pone.0079708

21. Rose DP, Vona-Davis L. The cellular and molecular mechanisms by which

insulin influences breast cancer risk and progression. Endocr Relat Cancer.

(2012) 19:R225–41. doi: 10.1530/ERC-12-0203

22. Simone V, D’Avenia M, Argentiero A, Felici C, Rizzo FM,

De Pergola G, et al. Obesity and breast cancer: molecular

interconnections and potential clinical applications. Oncologist. (2016)

21:404–17. doi: 10.1634/theoncologist.2015-0351

23. Khan S, Shukla S, Sinha S, Meeran SM. Role of adipokines and cytokines in

obesity-associated breast cancer: therapeutic targets. Cytokine Growth Factor

Rev. (2013) 24:503–13. doi: 10.1016/j.cytogfr.2013.10.001

24. Nagaraju GP, Rajitha B, Aliya S, Kotipatruni RP, Madanraj AS,

Hammond A, et al. The role of adiponectin in obesity-associated

female-specific carcinogenesis. Cytokine Growth Factor Rev. (2016)

31:37–48. doi: 10.1016/j.cytogfr.2016.03.014

25. Grossmann ME, Cleary MP. The balance between leptin and adiponectin in

the control of carcinogenesis - focus on mammary tumorigenesis. Biochimie.

(2012) 94:2164–71. doi: 10.1016/j.biochi.2012.06.013

26. Taliaferro-Smith L, Nagalingam A, Knight BB, Oberlick E, Saxena NK,

Sharma D. Integral role of PTP1B in adiponectin-mediated inhibition of

oncogenic actions of leptin in breast carcinogenesis.Neoplasia. (2013) 15:23–

38. doi: 10.1593/neo.121502

27. Chung SJ, Nagaraju GP, Nagalingam A, Muniraj N, Kuppusamy P, Walker

A, et al. ADIPOQ/adiponectin induces cytotoxic autophagy in breast cancer

cells through STK11/LKB1-mediated activation of the AMPK-ULK1 axis.

Autophagy. (2017) 13:1386–403. doi: 10.1080/15548627.2017.1332565

28. Munzberg H, Bjornholm M, Bates SH, Myers MG Jr. Leptin receptor action

and mechanisms of leptin resistance. Cell Mol Life Sci. (2005) 62:642–

52. doi: 10.1007/s00018-004-4432-1

29. Ray A. Adipokine leptin in obesity-related pathology of breast cancer. J

Biosci. (2012) 37:289–94. doi: 10.1007/s12038-012-9191-9

30. Ahima RS, Osei SY. Leptin signaling. Physiol Behav. (2004) 81:223–

41. doi: 10.1016/j.physbeh.2004.02.014

31. Barone I, Giordano C, Bonofiglio D, Andò S, Catalano S. Leptin, obesity and

breast cancer: progress to understanding the molecular connections. Curr

Opin Pharmacol. (2016) 31:83–9. doi: 10.1016/j.coph.2016.10.003

32. Pérez-Pérez A, Vilariño-García T, Fernández-Riejos P, Martín-González

J, Segura-Egea JJ, Sánchez-Margalet V. Role of leptin as a link between

metabolism and the immune system. Cytokine Growth Factor Rev. (2017)

35:71–84. doi: 10.1016/j.cytogfr.2017.03.001

33. Wu M-H, Chou Y-C, Chou W-Y, Hsu G-C, Chu C-H, Yu C-P, et al.

Circulating levels of leptin, adiposity and breast cancer risk. Br J Cancer.

(2009) 100:578–82. doi: 10.1038/sj.bjc.6604913

34. Guo S, Liu M, Wang G, Torroella-Kouri M, Gonzalez-Perez RR.

Oncogenic role and therapeutic target of leptin signaling in breast

cancer and cancer stem cells. Biochim Biophys Acta. (2012) 1825:207–

22. doi: 10.1016/j.bbcan.2012.01.002

35. Khabaz MN, Abdelrahman A, Butt N, Damnhory L, Elshal M, Aldahlawi

AM, et al. Immunohistochemical staining of leptin is associated with

grade, stage, lymph node involvement, recurrence, and hormone

receptor phenotypes in breast cancer. BMC Womens Health. (2017)

17:105. doi: 10.1186/s12905-017-0459-y

36. Gonzalez RR, Cherfils S, Escobar M, Yoo JH, Carino C, Styer AK,

et al. Leptin signaling promotes the growth of mammary tumors and

increases the expression of Vascular Endothelial Growth Factor (VEGF)

and its receptor type two (VEGF-R2). J Biol Chem. (2006) 281:26320–

8. doi: 10.1074/jbc.M601991200

37. Mauro L, Catalano S, Bossi G, Pellegrino M, Barone I, Morales S, et al.

Evidences that leptin up-regulates e-cadherin expression in breast cancer:

effects on tumor growth and progression. Cancer Res. (2007) 67:3412–

21. doi: 10.1158/0008-5472.CAN-06-2890

38. Saxena NK, Vertino PM, Anania FA, Sharma D. leptin-induced

growth stimulation of breast cancer cells involves recruitment

of histone acetyltransferases and mediator complex to CYCLIN

D1 promoter via activation of Stat3. J Biol Chem. (2007)

282:13316–25. doi: 10.1074/jbc.M609798200

Frontiers in Oncology | www.frontiersin.org 9 July 2019 | Volume 9 | Article 596

https://doi.org/10.3390/ijms17060989
https://doi.org/10.1016/S0140-6736(08)60269-X
https://doi.org/10.1186/s13058-015-0639-3
https://doi.org/10.1038/nrendo.2014.94
https://doi.org/10.1158/1078-0432.CCR-15-2239
https://doi.org/10.1200/JCO.2016.67.4283
https://doi.org/10.1016/j.cytogfr.2007.04.007
https://doi.org/10.1006/cimm.1999.1594
https://doi.org/10.1046/j.1365-2249.2003.02190.x
https://doi.org/10.1016/bs.ircmb.2016.09.008
https://doi.org/10.1158/0008-5472.CAN-17-0914
https://doi.org/10.3390/cancers7040883
https://doi.org/10.1002/jcp.25475
https://doi.org/10.1002/biof.1109
https://doi.org/10.1016/j.coph.2016.11.004
https://doi.org/10.1158/2159-8290.CD-11-0241
https://doi.org/10.1158/1078-0432.CCR-12-2603
https://doi.org/10.1016/S1470-2045(10)70095-4
https://doi.org/10.1371/journal.pone.0079708
https://doi.org/10.1530/ERC-12-0203
https://doi.org/10.1634/theoncologist.2015-0351
https://doi.org/10.1016/j.cytogfr.2013.10.001
https://doi.org/10.1016/j.cytogfr.2016.03.014
https://doi.org/10.1016/j.biochi.2012.06.013
https://doi.org/10.1593/neo.121502
https://doi.org/10.1080/15548627.2017.1332565
https://doi.org/10.1007/s00018-004-4432-1
https://doi.org/10.1007/s12038-012-9191-9
https://doi.org/10.1016/j.physbeh.2004.02.014
https://doi.org/10.1016/j.coph.2016.10.003
https://doi.org/10.1016/j.cytogfr.2017.03.001
https://doi.org/10.1038/sj.bjc.6604913
https://doi.org/10.1016/j.bbcan.2012.01.002
https://doi.org/10.1186/s12905-017-0459-y
https://doi.org/10.1074/jbc.M601991200
https://doi.org/10.1158/0008-5472.CAN-06-2890
https://doi.org/10.1074/jbc.M609798200
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Sánchez-Jiménez et al. Leptin and Breast Cancer

39. Saxena NK, Taliaferro-Smith L, Knight BB, Merlin D, Anania FA, O’Regan

RM, et al. Bidirectional crosstalk between leptin and insulin-like growth

factor-I signaling promotes invasion and migration of breast cancer cells

via transactivation of epidermal growth factor receptor. Cancer Res. (2008)

68:9712–22. doi: 10.1158/0008-5472.CAN-08-1952

40. Perera CN, Chin HG, Duru N, Camarillo IG. Leptin-regulated gene

expression in MCF-7 breast cancer cells: mechanistic insights into leptin-

regulated mammary tumor growth and progression. J Endocrinol. (2008)

199:221–33. doi: 10.1677/JOE-08-0215

41. Knight BB, Oprea-Ilies GM, Nagalingam A, Yang L, Cohen C, Saxena NK,

et al. Survivin upregulation, dependent on leptin-EGFR-Notch1 axis, is

essential for leptin-induced migration of breast carcinoma cells. Endocr Relat

Cancer. (2011) 18:413–28. doi: 10.1530/ERC-11-0075

42. Napoleone E, Cutrone A, Cugino D, Latella MC, Zurlo F, Iacoviello L, et al.

Leptin upregulates tissue factor expression in human breast cancer MCF-7

cells. Thromb Res. (2012) 129:641–7. doi: 10.1016/j.thromres.2011.07.037

43. Zheng Q, Hursting SD, Reizes O. Leptin regulates cyclin D1 in luminal

epithelial cells of mouse MMTV-Wnt-1 mammary tumors. J Cancer Res Clin

Oncol. (2012) 138:1607–12. doi: 10.1007/s00432-012-1252-9

44. Shrestha M, Park P-H. p53 signaling is involved in leptin-induced growth

of hepatic and breast cancer cells. Korean J Physiol Pharmacol. (2016)

20:487. doi: 10.4196/kjpp.2016.20.5.487

45. Ando S, Catalano S. The multifactorial role of leptin in driving the

breast cancer microenvironment. Nat Rev Endocrinol. (2011) 8:263–

75. doi: 10.1038/nrendo.2011.184

46. Ando S, Gelsomino L, Panza S, Giordano C, Bonofiglio D, Barone I, et al.

Obesity, leptin and breast cancer: epidemiological evidence and proposed

mechanisms. Cancers. 11:E62. doi: 10.3390/cancers11010062

47. Mahbouli S, Der Vartanian A, Ortega S, Rougé S, Vasson M-P, Rossary A.

Leptin induces ROS via NOX5 in healthy and neoplastic mammary epithelial

cells. Oncol Rep. (2017) 38:3254–64. doi: 10.3892/or.2017.6009

48. Nadal-Serrano M, Sastre-Serra J, Valle A, Roca P, Oliver J. Chronic-leptin

attenuates cisplatin cytotoxicity in MCF-7 breast cancer cell line. Cell Physiol

Biochem. (2015) 36:221–32. doi: 10.1159/000374066

49. Dieudonne M-N, Machinal-Quelin F, Serazin-Leroy V, Leneveu M-C,

Pecquery R, Giudicelli Y. Leptin mediates a proliferative response in human

MCF7 breast cancer cells. Biochem Biophys Res Commun. (2002) 293:622–

8. doi: 10.1016/S0006-291X(02)00205-X

50. Blanquer-Rosselló MDM, Oliver J, Sastre-Serra J, Valle A, Roca P. Leptin

regulates energy metabolism in MCF-7 breast cancer cells. Int J Biochem Cell

Biol. (2016) 72:18–26. doi: 10.1016/j.biocel.2016.01.002

51. Jardé T, Perrier S, Vasson M-P, Caldefie-Chézet F. Molecular mechanisms

of leptin and adiponectin in breast cancer. Eur J Cancer. (2011) 47:33–

43. doi: 10.1016/j.ejca.2010.09.005

52. Nepal S, Kim MJ, Hong JT, Kim SH, Sohn D-H, Lee SH, et al. Autophagy

induction by leptin contributes to suppression of apoptosis in cancer cells

and xenograft model: involvement of p53/FoxO3A axis. Oncotarget. (2015)

6:7166–81. doi: 10.18632/oncotarget.3347

53. Barone I, Catalano S, Gelsomino L, Marsico S, Giordano C, Panza

S, et al. Leptin mediates tumor-stromal interactions that promote the

invasive growth of breast cancer cells. Cancer Res. (2012) 72:1416–

27. doi: 10.1158/0008-5472.CAN-11-2558

54. Li K, Wei L, Huang Y, Wu Y, Su M, Pang X, et al. Leptin promotes breast

cancer cell migration and invasion via IL-18 expression and secretion. Int J

Oncol. (2016) 48:2479–87. doi: 10.3892/ijo.2016.3483

55. Bowers LW, Rossi EL, McDonell SB, Doerstling SS, Khatib SA, Lineberger

CG, et al. Leptin signaling mediates obesity-associated CSC enrichment

and EMT in preclinical TNBC models. Mol Cancer Res. (2018) 16:869–

79. doi: 10.1158/1541-7786.MCR-17-0508

56. Bartella V, Cascio S, Fiorio E, Auriemma A, Russo A, Surmacz E. Insulin-

dependent leptin expression in breast cancer cells. Cancer Res. (2008)

68:4919–27. doi: 10.1158/0008-5472.CAN-08-0642

57. Cascio S, Bartella V, Auriemma A, Johannes GJ, Russo A, Giordano A,

et al. Mechanism of leptin expression in breast cancer cells: role of hypoxia-

inducible factor-1α. Oncogene. (2008) 27:540–7. doi: 10.1038/sj.onc.1210660

58. Al-Khalaf HH, Amir M, Al-Mohanna F, Tulbah A, Al-Sayed A, Aboussekhra

A. Obesity and p16 INK4A downregulation activate breast adipocytes

and promote their protumorigenicity. Mol Cell Biol. (2017) 37:e00101–

17. doi: 10.1128/MCB.00101-17

59. Wang T, Zhang Z, Wang K, Wang J, Jiang Y, Xia J, et al.

Inhibitory effects of BMP9 on breast cancer cells by regulating

their interaction with pre-adipocytes/adipocytes. Oncotarget. (2017)

8:35890–901. doi: 10.18632/oncotarget.16271

60. Newman G, Gonzalez-Perez RR. Leptin-cytokine crosstalk in breast cancer.

Mol Cell Endocrinol. (2014) 382:570–82. doi: 10.1016/j.mce.2013.03.025

61. Garofalo C, Koda M, Cascio S, Sulkowska M, Kanczuga-Koda L,

Golaszewska J, et al. Increased expression of leptin and the leptin receptor as

amarker of breast cancer progression: possible role of obesity-related stimuli.

Clin Cancer Res. (2006) 12:1447–53. doi: 10.1158/1078-0432.CCR-05-1913

62. Kim HS. Leptin and leptin receptor expression in breast cancer. Cancer Res

Treat. (2009) 41:155–63. doi: 10.4143/crt.2009.41.3.155

63. Zheng Q, Banaszak L, Fracci S, Basali D, Dunlap SM, Hursting

SD, et al. Leptin receptor maintains cancer stem-like properties in

triple negative breast cancer cells. Endocr Relat Cancer. (2013) 20:797–

808. doi: 10.1530/ERC-13-0329

64. Garofalo C, Surmacz E. Leptin and cancer. J Cell Physiol. (2006) 207:12–

22. doi: 10.1002/jcp.20472

65. Wauman J, Tavernier J. Leptin receptor signaling: pathways to leptin

resistance. Front Biosci. (2011) 16:2771–93. doi: 10.2741/3885

66. Ding Y, Cao Y, Wang B, Wang L, Zhang Y, Zhang D, et al. APPL1-mediating

leptin signaling contributes to proliferation and migration of cancer cells.

PLoS ONE. (2016) 11:e0166172. doi: 10.1371/journal.pone.0166172

67. Pérez-Pérez A, Sánchez-Jiménez F, Vilariño-García T, de la Cruz L,

Virizuela JA, Sánchez-Margalet V. Sam68 mediates the activation of

insulin and leptin signalling in breast cancer cells. PLoS ONE. (2016)

11:e0158218. doi: 10.1371/journal.pone.0158218

68. Akira S. Functional roles of STAT family proteins: lessons from knockout

mice. Stem Cells. (1999) 17:138–46. doi: 10.1002/stem.170138

69. Banks AS, Davis SM, Bates SH, Myers MG Jr. Activation of downstream

signals by the long form of the leptin receptor. J Biol Chem. (2000)

275:14563–72. doi: 10.1074/jbc.275.19.14563

70. Mullen M, Gonzalez-Perez RR. Leptin-induced JAK/STAT signaling and

cancer growth. Vaccines. (2016) 4:26. doi: 10.3390/vaccines4030026

71. Ren H, Zhao T, Wang X, Gao C, Wang J, Yu M, et al. Leptin

upregulates telomerase activity and transcription of human telomerase

reverse transcriptase in MCF-7 breast cancer cells. Biochem Biophys Res

Commun. (2010) 394:59–63. doi: 10.1016/j.bbrc.2010.02.093

72. Park JW, Zhao L,WillinghamMC, Cheng S-Y. Inhibition of STAT3 signaling

blocks obesity-induced mammary hyperplasia in a mouse model. Am J

Cancer Res. (2017) 7:727–39.

73. Thiagarajan PS, Zheng Q, Bhagrath M, Mulkearns-Hubert EE, Myers

MG, Lathia JD, et al. STAT3 activation by leptin receptor is essential

for TNBC stem cell maintenance. Endocr Relat Cancer. (2017) 24:415–

26. doi: 10.1530/ERC-16-0349

74. Wang T, Fahrmann JF, Lee H, Li Y-J, Tripathi SC, Yue C, et al.

JAK/STAT3-regulated fatty acid β-oxidation is critical for breast cancer

stem cell self-renewal and chemoresistance. Cell Metab. (2017) 27:136–

50. doi: 10.1016/j.cmet.2018.04.018

75. Cirillo D, Rachiglio AM, la Montagna R, Giordano A, Normanno N. Leptin

signaling in breast cancer: an overview. J Cell Biochem. (2008) 105:956–

64. doi: 10.1002/jcb.21911

76. Yuan H-J, Sun K-W, Yu K. Leptin promotes the proliferation and migration

of human breast cancer through the extracellular-signal regulated kinase

pathway.Mol Med Rep. (2014) 9:350–4. doi: 10.3892/mmr.2013.1786

77. Catalano S, Mauro L, Marsico S, Giordano C, Rizza P, Rago V,

et al. Leptin induces, via ERK1/ERK2 signal, functional activation of

estrogen receptor alpha in MCF-7 cells. J Biol Chem. (2004) 279:19908–

15. doi: 10.1074/jbc.M313191200

78. Khanal T, Kim HG, Do MT, Choi JH, Won SS, Kang W, et al. Leptin

induces CYP1B1 expression in MCF-7 cells through ligand-independent

activation of the ERα pathway. Toxicol Appl Pharmacol. (2014) 277:39–

48. doi: 10.1016/j.taap.2014.03.003

79. Zahid H, Subbaramaiah K, Iyengar NM, Zhou XK, Chen I-C, Bhardwaj P,

et al. Leptin regulation of the p53-HIF1α/PKM2-aromatase axis in breast

Frontiers in Oncology | www.frontiersin.org 10 July 2019 | Volume 9 | Article 596

https://doi.org/10.1158/0008-5472.CAN-08-1952
https://doi.org/10.1677/JOE-08-0215
https://doi.org/10.1530/ERC-11-0075
https://doi.org/10.1016/j.thromres.2011.07.037
https://doi.org/10.1007/s00432-012-1252-9
https://doi.org/10.4196/kjpp.2016.20.5.487
https://doi.org/10.1038/nrendo.2011.184
https://doi.org/10.3390/cancers11010062
https://doi.org/10.3892/or.2017.6009
https://doi.org/10.1159/000374066
https://doi.org/10.1016/S0006-291X(02)00205-X
https://doi.org/10.1016/j.biocel.2016.01.002
https://doi.org/10.1016/j.ejca.2010.09.005
https://doi.org/10.18632/oncotarget.3347
https://doi.org/10.1158/0008-5472.CAN-11-2558
https://doi.org/10.3892/ijo.2016.3483
https://doi.org/10.1158/1541-7786.MCR-17-0508
https://doi.org/10.1158/0008-5472.CAN-08-0642
https://doi.org/10.1038/sj.onc.1210660
https://doi.org/10.1128/MCB.00101-17
https://doi.org/10.18632/oncotarget.16271
https://doi.org/10.1016/j.mce.2013.03.025
https://doi.org/10.1158/1078-0432.CCR-05-1913
https://doi.org/10.4143/crt.2009.41.3.155
https://doi.org/10.1530/ERC-13-0329
https://doi.org/10.1002/jcp.20472
https://doi.org/10.2741/3885
https://doi.org/10.1371/journal.pone.0166172
https://doi.org/10.1371/journal.pone.0158218
https://doi.org/10.1002/stem.170138
https://doi.org/10.1074/jbc.275.19.14563
https://doi.org/10.3390/vaccines4030026
https://doi.org/10.1016/j.bbrc.2010.02.093
https://doi.org/10.1530/ERC-16-0349
https://doi.org/10.1016/j.cmet.2018.04.018
https://doi.org/10.1002/jcb.21911
https://doi.org/10.3892/mmr.2013.1786
https://doi.org/10.1074/jbc.M313191200
https://doi.org/10.1016/j.taap.2014.03.003
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Sánchez-Jiménez et al. Leptin and Breast Cancer

adipose stromal cells—a novel mechanism for the obesity-breast cancer link.

Int J Obes. (2017) 42:711–20. doi: 10.1038/ijo.2017.273

80. Gorgisen G, Gulacar IM, Ozes ON. The role of insulin receptor substrate

(IRS) proteins in oncogenic transformation. Cell Mol Biol. (2017) 63:1–

5. doi: 10.14715/cmb/2017.63.1.1

81. Allison MB, Myers MG. 20 years of leptin: connecting leptin

signaling to biological function. J Endocrinol. (2014) 223:T25–

35. doi: 10.1530/JOE-14-0404

82. Wang L, Tang C, Cao H, Li K, Pang X, Zhong L, et al. Activation of IL-8

via PI3K/Akt-dependent pathway is involved in leptin-mediated epithelial-

mesenchymal transition in human breast cancer cells. Cancer Biol Ther.

(2015) 16:1220–30. doi: 10.1080/15384047.2015.1056409

83. Wei L, Li K, Pang X, Guo B, Su M, Huang Y, et al. Leptin

promotes epithelial-mesenchymal transition of breast cancer via the

upregulation of pyruvate kinase M2. J Exp Clin Cancer Res. (2016)

35:166. doi: 10.1186/s13046-016-0446-4

84. Huang Y, Jin Q, Su M, Ji F, Wang N, Zhong C, et al. Leptin promotes the

migration and invasion of breast cancer cells by upregulating ACAT2. Cell

Oncol. (2017) 40:537–47. doi: 10.1007/s13402-017-0342-8

85. Yan D, Avtanski D, Saxena NK, Sharma D. Leptin-induced epithelial-

mesenchymal transition in breast cancer cells requires β-catenin activation

via Akt/GSK3- and MTA1/Wnt1 protein-dependent pathways. J Biol Chem.

(2012) 287:8598–612. doi: 10.1074/jbc.M111.322800

86. Battle M, Gillespie C, Quarshie A, Lanier V, Harmon T, Wilson K, et al.

Obesity induced a leptin-Notch signaling axis in breast cancer. Int J Cancer.

(2014) 134:1605–16. doi: 10.1002/ijc.28496

87. Gonzalez-Perez RR, Xu Y, Guo S, Watters A, Zhou W, Leibovich SJ.

Leptin upregulates VEGF in breast cancer via canonic and non-canonical

signalling pathways and NFκB/HIF-1α activation. Cell Signal. (2010)

22:1350–62. doi: 10.1016/j.cellsig.2010.05.003

88. Guo S, Gonzalez-Perez RR. Notch, IL-1 and leptin crosstalk outcome

(NILCO) is critical for leptin-induced proliferation, migration and

VEGF/VEGFR-2 expression in breast cancer. PLoS ONE. (2011)

6:e21467. doi: 10.1371/journal.pone.0021467

89. Spina A, Di Maiolo F, Esposito A, D’Auria R, Di Gesto D, Chiosi E, et al.

Integrating leptin and cAMP signalling pathways in triple-negative breast

cancer cells. Front Biosci. (2013) 18:133–44. doi: 10.2741/4092

90. Naviglio S, Di Gesto D, Romano M, Sorrentino A, Illiano F, Sorvillo L,

et al. Leptin enhances growth inhibition by cAMP elevating agents through

apoptosis of MDA-MB-231 breast cancer cells. Cancer Biol Ther. (2009)

8:1183–90. doi: 10.4161/cbt.8.12.8562

91. Spina A, Di Maiolo F, Esposito A, Sapio L, Chiosi E, Sorvillo L, et al. cAMP

Elevation Down-Regulates β 3 Integrin and Focal Adhesion Kinase and

Inhibits Leptin-Induced Migration of MDA-MB-231 Breast Cancer Cells.

BioResearch Open Access. (2012) 1:324–32. doi: 10.1089/biores.2012.0270

92. Mishra AK, Parish CR, Wong M-L, Licinio J, Blackburn AC. Leptin signals

via TGFB1 to promote metastatic potential and stemness in breast cancer.

PLoS ONE. (2017) 12:e0178454. doi: 10.1371/journal.pone.0178454

93. Rios Garcia M, Steinbauer B, Srivastava K, Singhal M, Mattijssen F,

Maida A, et al. Acetyl-CoA carboxylase 1-dependent protein acetylation

controls breast cancer metastasis and recurrence. Cell Metab. (2017) 26:842–

55.e5. doi: 10.1016/j.cmet.2017.09.018

94. Fiorio E, Mercanti A, Terrasi M, Micciolo R, Remo A, Auriemma A, et al.

Leptin/HER2 crosstalk in breast cancer: in vitro study and preliminary in

vivo analysis. BMC Cancer. (2008) 8:305. doi: 10.1186/1471-2407-8-305

95. Cha Y, Kang Y, Moon A. HER2 induces expression of leptin

in human breast epithelial cells. BMB Rep. (2012) 45:719–

23. doi: 10.5483/BMBRep.2012.45.12.164

96. Giordano C, Vizza D, Panza S, Barone I, Bonofiglio D, Lanzino M,

et al. Leptin increases HER2 protein levels through a STAT3-mediated

up-regulation of Hsp90 in breast cancer cells. Mol Oncol. (2013) 7:379–

91. doi: 10.1016/j.molonc.2012.11.002

97. Gérard C, Brown KA. Obesity and breast cancer - Role of estrogens and

the molecular underpinnings of aromatase regulation in breast adipose

tissue. Mol Cell Endocrinol. (2017) 466:15–30. doi: 10.1016/j.mce.2017.

09.014

98. Strong AL, Ohlstein JF, Biagas BA, Rhodes L V, Pei DT, Tucker HA, et al.

Leptin produced by obese adipose stromal/stem cells enhances proliferation

and metastasis of estrogen receptor positive breast cancers. Breast Cancer

Res. (2015) 17:112. doi: 10.1186/s13058-015-0622-z

99. Fusco R, Galgani M, Procaccini C, Franco R, Pirozzi G, Fucci L, et al. Cellular

and molecular crosstalk between leptin receptor and estrogen receptor- in

breast cancer: molecular basis for a novel therapeutic setting. Endocr Relat

Cancer. (2010) 17:373–82. doi: 10.1677/ERC-09-0340

100. Binai NA, Carra G, Löwer J, Löwer R, Wessler S. Differential gene

expression in ERα-positive and ERα-negative breast cancer cells upon

leptin stimulation. Endocrine. (2013) 44:496–503. doi: 10.1007/s12020-013-9

897-y

101. Binai NA, Damert A, Carra G, Steckelbroeck S, Löwer J, Löwer R,

et al. Expression of estrogen receptor alpha increases leptin-induced

STAT3 activity in breast cancer cells. Int J Cancer. (2010) 127:55–

66. doi: 10.1002/ijc.25010

102. Haque I, Ghosh A, Acup S, Banerjee S, Dhar K, Ray A, et al. Leptin-induced

ER-α-positive breast cancer cell viability and migration is mediated by

suppressing CCN5-signaling via activating JAK/AKT/STAT-pathway. BMC

Cancer. (2018) 18:99. doi: 10.1186/s12885-018-3993-6

103. Raut PK, Choi DY, Kim SH, Hong JT, Kwon TK, Jeong JH, et al.

Estrogen receptor signaling mediates leptin-induced growth of breast

cancer cells via autophagy induction. Oncotarget. (2017) 8:109417–

35. doi: 10.18632/oncotarget.22684

104. Catalano S, Marsico S, Giordano C, Mauro L, Rizza P, Panno ML,

et al. Leptin Enhances, via AP-1, Expression of Aromatase in the MCF-

7 Cell Line. J Biol Chem. (2003) 278:28668–76. doi: 10.1074/jbc.M30169

5200

105. Wang X, Simpson ER, Brown KA. Aromatase overexpression

in dysfunctional adipose tissue links obesity to postmenopausal

breast cancer. J Steroid Biochem Mol Biol. (2015) 153:35–

44. doi: 10.1016/j.jsbmb.2015.07.008

106. Hosney M, Sabet S, El-Shinawi M, Gaafar KM, Mohamed MM. Leptin

is overexpressed in the tumor microenvironment of obese patients with

estrogen receptor positive breast cancer. Exp Ther Med. (2017) 13:2235–

46. doi: 10.3892/etm.2017.4291

107. Brown KA, McInnes KJ, Hunger NI, Oakhill JS, Steinberg GR, Simpson ER.

Subcellular localization of cyclic AMP-responsive element binding protein-

regulated transcription coactivator 2, provides a link between obesity and

breast cancer in postmenopausal women. Cancer Res. (2009) 69:5392–

9. doi: 10.1158/0008-5472.CAN-09-0108

108. Kim HG, Jin SW, Kim YA, Khanal T, Lee GH, Kim SJ, et al.

Leptin induces CREB-dependent aromatase activation through COX-2

expression in breast cancer cells. Food ChemToxicol. (2017) 106:232–

41. doi: 10.1016/j.fct.2017.05.058

109. Chen X, Zha X, Chen W, Zhu T, Qiu J, Røe OD, et al. Leptin attenuates

the anti-estrogen effect of tamoxifen in breast cancer. Biomed Pharmacother.

(2013) 67:22–30. doi: 10.1016/j.biopha.2012.10.001

110. Yom CK, Lee K-M, Han W, Kim S-W, Kim HS, Moon BI, et al. Leptin as a

potential target for estrogen receptor-positive breast cancer. J Breast Cancer.

(2013) 16:138. doi: 10.4048/jbc.2013.16.2.138

111. Candelaria PV, Rampoldi A, Harbuzariu A, Gonzalez-Perez RR. Leptin

signaling and cancer chemoresistance: Perspectives. World J Clin Oncol.

(2017) 8:106–19. doi: 10.5306/wjco.v8.i2.106

112. Kasiappan R, Sun Y, Lungchukiet P, Quarni W, Zhang X, Bai W. Vitamin D

suppresses leptin stimulation of cancer growth through microRNA. Cancer

Res. (2014) 74:6194–204. doi: 10.1158/0008-5472.CAN-14-1702

113. Catalano S, Mauro L, Bonofiglio D, Pellegrino M, Qi H, Rizza P,

et al. In vivo and in vitro evidence that PPARγ ligands are antagonists

of leptin signaling in breast cancer. Am J Pathol. (2011) 179:1030–

40. doi: 10.1016/j.ajpath.2011.04.026

114. Deng T, Lyon CJ, Bergin S, Caligiuri MA, Hsueh WA.

Obesity, inflammation, and cancer. Annu Rev Pathol. (2016)

11:421–49. doi: 10.1146/annurev-pathol-012615-044359

115. Hoy AJ, Balaban S, Saunders DN. Adipocyte-tumor cell

metabolic crosstalk in breast cancer. Trends Mol Med. (2017)

23:381–92. doi: 10.1016/j.molmed.2017.02.009

116. Lennon H, Sperrin M, Badrick E, Renehan AG. The obesity

paradox in cancer: a review. Curr Oncol Rep. (2016)

18:56. doi: 10.1007/s11912-016-0539-4

Frontiers in Oncology | www.frontiersin.org 11 July 2019 | Volume 9 | Article 596

https://doi.org/10.1038/ijo.2017.273
https://doi.org/10.14715/cmb/2017.63.1.1
https://doi.org/10.1530/JOE-14-0404
https://doi.org/10.1080/15384047.2015.1056409
https://doi.org/10.1186/s13046-016-0446-4
https://doi.org/10.1007/s13402-017-0342-8
https://doi.org/10.1074/jbc.M111.322800
https://doi.org/10.1002/ijc.28496
https://doi.org/10.1016/j.cellsig.2010.05.003
https://doi.org/10.1371/journal.pone.0021467
https://doi.org/10.2741/4092
https://doi.org/10.4161/cbt.8.12.8562
https://doi.org/10.1089/biores.2012.0270
https://doi.org/10.1371/journal.pone.0178454
https://doi.org/10.1016/j.cmet.2017.09.018
https://doi.org/10.1186/1471-2407-8-305
https://doi.org/10.5483/BMBRep.2012.45.12.164
https://doi.org/10.1016/j.molonc.2012.11.002
https://doi.org/10.1016/j.mce.2017.09.014
https://doi.org/10.1186/s13058-015-0622-z
https://doi.org/10.1677/ERC-09-0340
https://doi.org/10.1007/s12020-013-9897-y
https://doi.org/10.1002/ijc.25010
https://doi.org/10.1186/s12885-018-3993-6
https://doi.org/10.18632/oncotarget.22684
https://doi.org/10.1074/jbc.M301695200
https://doi.org/10.1016/j.jsbmb.2015.07.008
https://doi.org/10.3892/etm.2017.4291
https://doi.org/10.1158/0008-5472.CAN-09-0108
https://doi.org/10.1016/j.fct.2017.05.058
https://doi.org/10.1016/j.biopha.2012.10.001
https://doi.org/10.4048/jbc.2013.16.2.138
https://doi.org/10.5306/wjco.v8.i2.106
https://doi.org/10.1158/0008-5472.CAN-14-1702
https://doi.org/10.1016/j.ajpath.2011.04.026
https://doi.org/10.1146/annurev-pathol-012615-044359
https://doi.org/10.1016/j.molmed.2017.02.009
https://doi.org/10.1007/s11912-016-0539-4
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Sánchez-Jiménez et al. Leptin and Breast Cancer

117. Banack HR, Kaufman JS. The obesity paradox: understanding the effect of

obesity on mortality among individuals with cardiovascular disease. Prev

Med. (2014) 62:96–102. doi: 10.1016/j.ypmed.2014.02.003

118. Cespedes Feliciano EM, Kroenke CH, Caan BJ. The obesity paradox

in cancer: how important is muscle? Annu Rev Nutr. (2018) 38:357–

79. doi: 10.1146/annurev-nutr-082117-051723

119. Wei SC, Duffy CR, Allison JP. Fundamental mechanisms of

immune checkpoint blockade therapy. Cancer Discov. (2018)

8:1069–86. doi: 10.1158/2159-8290.CD-18-0367

120. Sharma P, Allison JP. Immune checkpoint targeting in cancer therapy:

toward combination strategies with curative potential. Cell. (2015) 161:205–

14. doi: 10.1016/j.cell.2015.03.030

121. Chowdhury PS, Chamoto K, Honjo T. Combination therapy strategies for

improving PD-1 blockade efficacy: a new era in cancer immunotherapy. J

Intern Med. (2018) 283:110–20. doi: 10.1111/joim.12708

122. De la Cruz-Merino L, Palazon-Carrion N, Henao-Carrasco F, Nogales-

Fernandez E, Alamo-de la Gala M, Vallejo-Benitez A, et al. New horizons

in breast cancer: the promise of immunotherapy. Clin Transl Oncol. (2019)

21:117–25. doi: 10.1007/s12094-018-1907-3

123. Murphy WJ, Longo DL. The surprisingly positive association between

obesity and cancer immunotherapy efficacy. JAMA. (2019) 321:1247–

8. doi: 10.1001/jama.2019.0463

124. Cortellini A, Bersanelli M, Buti S, Cannita K, Santini D, Perrone F,

et al. A multicenter study of body mass index in cancer patients

treated with anti-PD-1/PD-L1 immune checkpoint inhibitors:

when overweight becomes favorable. J Immunother Cancer. (2019)

7:57. doi: 10.1186/s40425-019-0527-y

125. Hayes AJ, Larkin J. BMI and outcomes in melanoma: more

evidence for the obesity paradox. Lancet Oncol. (2018) 19:269–

70. doi: 10.1016/S1470-2045(18)30077-9

126. McQuade JL, Daniel CR, Hess KR, Mak C, Wang DY, Rai

RR, et al. Association of body-mass index and outcomes in

patients with metastatic melanoma treated with targeted therapy,

immunotherapy, or chemotherapy: a retrospective, multicohort

analysis. Lancet Oncol. (2018) 19:310–22. doi: 10.1016/S1470-2045(18)

30078-0

127. Fang S, Wang Y, Dang Y, Gagel A, Ross MI, Gershenwald JE,

et al. Association between body mass index, C-reactive protein levels,

and melanoma patient outcomes. J Invest Dermatol. (2017) 137:1792–

5. doi: 10.1016/j.jid.2017.04.007

128. Artac M, Altundag K. Leptin and breast cancer: an overview. Med Oncol.

(2012) 29:1510–4. doi: 10.1007/s12032-011-0056-0

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Sánchez-Jiménez, Pérez-Pérez, de la Cruz-Merino and Sánchez-

Margalet. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org 12 July 2019 | Volume 9 | Article 596

https://doi.org/10.1016/j.ypmed.2014.02.003
https://doi.org/10.1146/annurev-nutr-082117-051723
https://doi.org/10.1158/2159-8290.CD-18-0367
https://doi.org/10.1016/j.cell.2015.03.030
https://doi.org/10.1111/joim.12708
https://doi.org/10.1007/s12094-018-1907-3
https://doi.org/10.1001/jama.2019.0463
https://doi.org/10.1186/s40425-019-0527-y
https://doi.org/10.1016/S1470-2045(18)30077-9
https://doi.org/10.1016/S1470-2045(18)30078-0
https://doi.org/10.1016/j.jid.2017.04.007
https://doi.org/10.1007/s12032-011-0056-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Obesity and Breast Cancer: Role of Leptin
	Main Mechanisms Involved in Obese Associated Breast Cancer
	Chronic Inflammation
	Sex Hormone Deregulation
	Insulin
	Adipokines

	Leptin and Breast Cancer
	Leptin Receptor
	Major Leptin Signaling Pathways in Breast Cancer
	JAK-STAT Pathway
	MAPK Pathway
	PI3K Pathway

	Leptin Crosstalk in Breast Cancer
	Leptin and Estrogens
	Leptin and Therapeutic Targets in Breast Cancer

	The Paradox of the Benefits of Obesity in Cancer
	The Beneficial Effect of Obesity in the Tumor Response to Immunotherapy

	Conclusions
	Author Contributions
	Acknowledgments
	References


