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Abstract

Background Breast cancer (BC) is the second most frequent type of cancer in the world and most common among
women, configuring a major challenge to global health. BC is a complex and heterogeneous disease that can be
subdivided into distinct tumor types based on the expression of molecular markers predicting patient outcomes and
response to therapy. A growing number of studies have tried to expand the known markers by investigating the asso-
ciation of altered lipid metabolism with BC immune escape, progression, and metastasis. In this review, we describe
the metabolic peculiarities of each BC subtype, understanding how this influences its aggressiveness and identifying
whether these intrinsic vulnerabilities of each subtype can play a role in therapeutic management and may affect
immune system cells in the tumor microenvironment.

Conclusion The evidence suggests so far that when changes occur in lipid pathways, it can affect the availability
of structural lipids for membrane synthesis, lipid synthesis, and degradation that contribute to energy homeostasis
and cell signaling functions. These findings will guide the next steps on the path to understanding the mechanisms
underlying how lipids alterations are related to disparities in chemotherapeutic response and immune escape in BC.
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Background

Breast cancer (BC) is the second most common cancer
worldwide and the fifth leading cause of cancer-related
death in 2020 among women [1]. Despite advances in
diagnosis and treatment, a significant number of patients
experience relapse after initial treatment and develop
chemoresistance, leading to poor prognosis, lower over-
all survival rates, and decreased quality of life [2, 3]. This
poses a significant public health concern, highlighting the
need for effective therapies that prevent progression or
treat BC. Perhaps this is the time to broaden the investi-
gation for non-canonical strategies, as well as novel clini-
cal approaches to fight the disease.

The devastating epidemiological profile of BC, in gen-
eral, reflects, at least partially, the limited knowledge
regarding the molecular signaling pathways of tumori-
genesis and the function of numerous genes in cancer [4,
5]. In this context, it is crucial to continuously advance
our understanding and application of new treatment
protocols for the benefit of cancer patients and soci-
ety. Therefore, comprehending the signaling pathways
involved in the development, initiation and immune
escape of BC may unveil potential therapeutic strategies
and new targets for the disease.

Several risk factors have been associated with BC,
including genetic predisposition, lifestyle choices, and
environmental factors. These factors include advanced
age for first pregnancy, alcohol consumption, physi-
cal inactivity, and obesity. Obesity has become a preva-
lent ailment in contemporary life, characterized by an
increase in fat mass due to an energy imbalance. Substan-
tial evidence has implicated obesity as a risk factor for
various cancers, including BC [6, 7]. Numerous studies in
both animals and humans have demonstrated the impact
of obesity on BC phenotype and the pathological role
of lipids in the disease. The association between being
overweight and BC was initially reported in 1976, where
obese BC patients exhibited significantly larger and more
invasive tumors, along with a 25.3% lower survival rate
compared to the control group [8]. Since then, an exten-
sive investigation has been underway to gain a deeper
understanding of the correlation between the lipid profile
of patients and BC.

A retrospective study involving 5,683,000 patients in
clinical trials with BC undergoing systemic adjuvant
chemotherapy based on anthracyclines and taxanes,
clearly demonstrated the correlation between obesity
and worse clinical outcomes in obese patients compared
to non-obese ones [9]. Patients with obesity exhibited
higher rates of recurrence (hazard ratio=1.26, p=0.048)
and mortality (hazard ratio=1.35, p=0.016) compared to
non-obese patients. Another retrospective study involv-
ing 4,077 women with estrogen receptor (ER) positive
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BC undergoing various chemotherapy treatments fur-
ther supported this association. The overall mortality
rate was higher among obese patients compared to non-
obese patients (hazard ratio=1.31, 95% confidence inter-
val=1.12 to 1.54) [10]. Moreover, numerous studies have
investigated the relationship between obesity and meta-
bolic alterations with different BC subtypes. Agresti and
colleagues (2016) found that a large waist circumference
(>80 cm) was associated with an increased risk of devel-
oping the luminal B BC subtype. Additionally, women
with a body mass index (BMI) higher than 25 kg/m2
had an elevated risk of developing the basal-type triple-
negative breast cancer (TNBC) compared to those with a
lower BMI [11].

While much attention has been given to obesity, stud-
ies are also exploring changes in lipid metabolism within
tumor cells to understand their association with prog-
nosis and treatment efficacy. Maiti et al. [12] conducted
a study revealing that dyslipidemia, strongly linked to
obesity, may also contribute to poor outcomes in TNBC
patients. Triglycerides serve as an independent source for
fatty acids (FAs) oxidation, which plays a critical role in
promoting cell proliferation and tumor growth [13], sug-
gesting the potential carcinogenicity of imbalanced lipid
levels.

Furthermore, lipid imbalance can lead to various
changes such as tumor-associated macrophages (TAMs)
activation in the tumor microenvironment (TME) that
further promote tumor progression [14]. Tumor-infiltrat-
ing dendritic cells (TIDCs) play a crucial role in stimu-
lating antitumor T cells. In an animal model, female
C57BL/6 mice and athymic C57 nude mice, Jiang et al.
[15] observed a relationship between increased lipid lev-
els in tumor-infiltrated dendritic cells (TIDCs) and the
immunosuppression of antitumor T cells. These find-
ings indicate a connection between lipid metabolism,
the tumor microenvironment, and the aggressiveness
of BC, highlighting their relevance for further research.
Recently, several studies have reported a correlation
between dyslipidemia and an increased risk of TNBC
progressing to a worse condition. However, no such cor-
relation seems to exist for patients with estrogen receptor
(ER)-negative and progesterone receptor (PR)-positive
BC [11, 16-23] Based on the analysis of the current avail-
able data, there is evidence supporting the hypothesis
that gaining a better understanding of the role of lipids
in the development of BC can lead to the implementa-
tion of supportive strategies in the clinical management
of patients with this disease.

The essence of lipids
Lipids play a crucial role as essential components of
the body’s physiological system. According to the
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"Comprehensive Classification System for Lipids" pub-
lished in 2005, lipids are hydrophobic or amphipathic
small molecules formed through carbanion-based con-
densations of thioesters and/or carbocation-based
condensations of isoprene units [24]. They can be catego-
rized into eight groups: FAs, glycerolipids, glycerophos-
pholipids, sphingolipids, saccharolipids, polyketides,
sterol lipids, and prenol lipids. The functionalities of
individual lipids are inherently interconnected with the
synergistic behavior of lipid assemblies. The effectiveness
of these assemblies greatly relies on their unique lipid
composition and the dynamic modifications it undergoes
within specific subcellular sites. FAs and cholesterol are
emerging as novel regulators of many of these processes.
The body obtains FAs through endogenous synthesis,
primarily occurring in the liver, adipocytes, and lactating
breast tissues [25]. Additionally, exogenous sources pro-
vide FAs through dietary intake as free FAs or as com-
plexed proteins such as low-density lipoproteins [26].
Generally, normal cells rely more on exogenous sources,
with limited endogenous FAs synthesis. Unused neutral
lipids can be stored in intracellular structures known
as lipid droplets. When in action, lipid molecules serve
various biological functions within cells. For example,

I

Malonyl-CoA

2\

4

(2023) 21:161

»«@:

Lipid droplets

Acetyl-CoA

HMG-CoA — ( Mevalonate | —»

Page 3 of 15

triacylglycerides are used for energy storage, while phos-
phoglycerides, sterols, and sphingolipids contribute to
the structural components of cellular membranes. Lipids
also act as important metabolic signaling messengers and
hormones [27] such as estrogen, progesterone [28, 29]
and testosterone [30]. The role as second messenger can
be performed by diacylglycerol [31], phosphatidic acid
[32], and sphingolipids including ceramide-1-phosphate,
sphingosine (Sph), Sph-1-phosphate, glucosylceramide
and lactosylceramide and complex glycosphingolipids,
involved in differentiation, apoptosis, and cell cycle arrest
(32, 33].

Under normal conditions, lipid synthesis occurs in the
cytosol through the condensation reaction of two-carbon
units, resulting in the formation of acetyl Coenzyme A
(acetyl-CoA). Acetyl-CoA is derived from citrate by the
enzyme ATP-citrate lyase (ACLY) and is then converted
to malonyl-CoA by the enzyme acetyl-CoA carboxylase
(ACC) (Fig. 1). FAs are synthesized through a repetitive
sequence of reactions catalyzed by the enzyme com-
plex acyl-carrier protein domain of the multifunctional
enzyme fatty-acid synthase (FASN). ACC serves as the
rate-limiting enzyme in this pathway for FAs synthesis
[34]. These reactions generate a fundamental 16-carbon
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Fig. 1 The interplay between glucose and lipid metabolism is evident through the cross-link between these pathways. The glycolytic pathway
primarily generates citrate, which serves as a precursor for the production of acetyl-CoA via the tricarboxylic acid (TCA) cycle. Acetyl-CoA is a key
molecule involved in the synthesis of fatty acids (FAs) and cholesterol. Excess of free cholesterol, coming from both, exogenous and endogenous
source (from the metabolic mevalonate pathway), is esterified by ACAT-1 in the endoplasmic reticulum, and stored as cholesteryl ester (CE) within
lipid droplets. Similarly, free FAs can be esterified to form triglycerides (TAG), facilitating their incorporation into lipid droplets. The enzyme neutral
cholesteryl ester hydrolase (nCEH) plays a crucial role in the opposite process to ACAT-1. It hydrolyzes CE, breaking it down into free cholesterol
and FA. The resulting free cholesterol can then be utilized by the cell for various functions, such as membrane synthesis or signaling pathways. This
enzymatic activity helps regulate the balance between stored cholesterol and its free form, as well as the availability of free FAs
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saturated FAs called palmitic acid, which can be further
elongated and desaturated to produce a diverse spectrum
of saturated and unsaturated FA [35].

The main source of carbon for FAs synthesis is derived
from glucose. The initial step takes place in the mito-
chondrial matrix, where glucose is converted to acetyl-
CoA, which is then utilized to synthesize citrate in the
mitochondrial tricarboxylic acid (TCA) cycle. Under
conditions of high adenosine 5’-triphosphate (ATP)/
adenosine 5’-diphosphate (ADP) and nicotinamide ade-
nine dinucleotide (NADH/NAD +), citrate is transported
back to the cytosol, where lipids are generated [36].

FAs are incorporated into various types of lipids. They
can be converted into diacylglycerides and triacylglycer-
ides via the glycerol phosphate pathway. Moreover, the
intermediates of this pathway can be further transformed
into different phosphoglycerides, including phosphati-
dylcholine, phosphatidylethanolamine, phosphatidylg-
lycerol, and phosphatidylserine, which serve as structural
components of biological membranes [35]. Additionally,
sphingolipids, phosphoinositides, and eicosanoids, which
belong to other lipid classes, are also derived from FAs.
Eicosanoids, for example, are produced from arachi-
donic acid through conversion into prostaglandin H2 by
cyclooxygenases (COX1 and COX2) or into leukotrienes
by leukotriene synthases. Prostaglandin H2 can be fur-
ther converted into prostaglandin E2 (PGE2), prostacyc-
lin, and thromboxanes [37].

Cholesterol is another significant lipid that plays a vital
role in cellular function, as depicted in Fig. 1. It serves as
a component of cellular membranes, modulating their
fluidity and forming lipid rafts involved in specific signal
transduction pathways [38]. Cholesterol is also involved
in the synthesis of steroid hormones such as estrogen,
progesterone and testosterone. Cells can synthesize cho-
lesterol through the mevalonate pathway or acquire it
from extracellular sources via transmembrane receptor
proteins, predominantly LDLR. Cholesterol synthesis
begins with the condensation of acetyl-CoA and acetoa-
cetyl-CoA to form 3-hydroxy-3-methylglutaryl (HMG)-
CoA through the action of HMG-CoA synthase [26].
HMG-CoA is then converted to mevalonate by HMG-
CoA reductase (HMGCR), which represents the rate-
limiting step in cholesterol synthesis [39]. Subsequently,
mevalonate is transformed into isopentyl pyrophosphate,
which is further converted to geranyl pyrophosphate.
Together with another molecule of isopentyl pyroph-
osphate, geranyl pyrophosphate is converted to farnesyl
pyrophosphate. Two molecules of farnesyl pyrophos-
phate are then condensed to form squalene through the
action of squalene synthase. Squalene undergoes cycli-
zation to produce lanosterol, which is eventually con-
verted into cholesterol through a series of 19 additional
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reactions [40, 41] (illustrated in Fig. 1). Excessive choles-
terol can be detrimental to cells under normal conditions.
Hence, it is either converted to cholesterol ester (CE) by
acetyl-CoA acetyltransferase (ACAT-1) or to its primary
metabolite, 27-hydroxycholesterol (27HC), by CYP27A1.
CEs are subsequently stored in lipid droplets, which also
sequester excess FAs [42].

It is crucial to highlight that both dietary cholesterol
and de novo synthesized cholesterol play a vital role in
maintaining homeostasis [43]. It is evident that dysregu-
lated lipid levels in susceptible tissues may be associated
with the progression of diseases.

In tumor cells and precancerous tissues, there is an
upregulation of endogenous FAs, cholesterol, and cho-
lesterol ester synthesis, which serves to promote cell
growth, proliferation, differentiation, and motility of
tumor cells [26]. These lipid alterations also interfere
with numerous signaling pathways and immunological
evasion mechanisms [44]. Therefore, in order to com-
prehend how lipid metabolism influences the behavior of
malignant cells and their ability to evade the immune sys-
tem, it is imperative to first gain a better understanding
of its programming in normal mammalian cells.

Lipid homeostasis and its role in tumorigenesis

Several studies have shown that the metabolism of prolif-
erating tumor cells is different from normal tissues [45].
In general, two classifications for metabolic changes in
cancer are described: metabolic changes at the level of
the cancer cell and those secondary to the presence of
the tumor (they are manifested in a systemic way). Meta-
bolic changes in the cancer cell were initially observed in
the 1920s by Shields Warren who described the hypoth-
esis that cancer lethality is related to tumor cell nutrient
depletion. Later, Otto Warburg won the Nobel Prize for
demonstrating that cancer cells use glucose more effi-
ciently compared to normal cells, especially simple sugars
for energy supply even in the presence of normal levels
of oxygen, a phenomenon designated as the Warburg
effect. For a long time, researchers emphasize the impor-
tance of glucose in the aggressiveness of cancer, how-
ever, the change in lipid metabolism is also relevant to
promote tumor growth, cell migration, invasion, metas-
tasis, and immune escape. The high rate of cell prolifer-
ation requires in addition to an increase in demand for
glucose, glutamine, amino acid and, the reprogramming
of lipid metabolic [46]. One key aspect of lipid metabo-
lism in tumorigenesis is the upregulation of FAs synthe-
sis. Tumor cells exhibit enhanced de novo FAs synthesis
to meet the demands for membrane biogenesis, energy
production, and signaling molecule generation. [47]. Its
upregulation is driven by the increased activity of key
enzymes such as FASN and upregulate monoacylglycerol



Zipinotti dos Santos et al. Cell Communication and Signaling

lipase (MAGL) expression, which controls the intracel-
lular release of FAs [48—50]. Nonetheless, FAs is down-
regulated in TNBC compared to other BC subtypes, but,
interestingly, in TNBC FASN inhibition has antican-
cer effects both in sensitive cells and in chemoresistant
cells, which indicates an indirect role of FASN in TNBC
[51-54]. Also, cancer cells can utilize FAs obtained
from exogenous sources through the upregulation of
adipose triglyceride lipase (ATGL) and hormone-sensi-
tive lipase (HSL) [55, 56]. Together, all these alterations
aim the mobilization of FAs and, consequently, tumor
development.

Indeed, FA synthesis inhibition in vitro and in vivo
xenografts by C75 can reduce cell proliferation and
tumor growth [57, 58]. It is known that FASN and ACC
have similar expression and localization patterns in nor-
mal breast tissue, both restricted to the cell cytoplasm.
Intriguingly, the expression of FASN and ACC analyzed
by immunohistochemical of in situ and infiltrating carci-
noma revealed an increment of their expression in both
disease stages [34]. Upregulation of FASN and ACC
seems an early event in BC development, and the mol-
ecules could be explored as a disease diagnosis markers.

Another study conducted by Magnard et al. [59] have
shown an interaction between ACC-alpha (ACCa) and
BRCA1 through the BRCA1 C-Terminal (BRCT) domain.
BRCA1 mutation may lead to a disruption of the BRCA1-
ACCa complex, which, in turn, increases ACCa release
and lipogenesis in breast tumor cells, indicating that
the ACCua activity could be essential for BC cells sur-
vival. Besides, mammary carcinomas present different
membrane lipid compositions with higher incorpora-
tion of endogenous FAs as palmitate-containing phos-
phatidylcholine. These alterations are correlated with
tumor progression, hormone receptors expression and
patient survival [60]. A study of lipidomic conducted in
267 human breast tissues showed that genes related to
lipid metabolism were found highly expressed in clinical
BC samples [60]. Gene silencing of ACCa, elongation of
very long chain fatty acid-like 1 (ELOVL1), FASN, insu-
lin-induced gene 1 (INSIG1), sterol regulatory element-
binding protein cleavage-activating protein (SCAP),
stearoyl-CoA desaturase (SCD), and thyroid hormone-
responsive protein (THRSP) reduced the lipidomic pro-
files and viability of the BC cells.

MAGL is another key enzyme that also demonstrated
involvement in tumor progression through energy sup-
ply by FA oxidation and increased malignancy of cancer
cells, facilitating proliferation and aggressiveness through
the production of signaling lipids including monoacylg-
lycerol, free FAs, and secondary lipid metabolites [50, 61].
Another piece of evidence in support of this was dem-
onstrated by Nomura et al. [50], which have identified
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increased levels of MAGL levels in aggressive BC cells
(231MFP) compared to a nonaggressive model (MCEF-7).

In addition, dysregulation in the cholesterol pathway
has been associated as a risk factor for several malig-
nancies, including BC. Meta-analysis data indicated that
dietary cholesterol was associated with an increased
risk to develop BC [62]. BC cells incorporate more LDL-
cholesterol, which induces cell lines proliferation, migra-
tion, and metastasis [63, 64]. Reduced cell viability and
migration in BC cells were observed following membrane
cholesterol depletion by cyclodextrin [65]. Membrane
fluidity control kept by cholesterol is implicated in drug
absorption by cancer cells. Depletion of membrane cho-
lesterol in MCEF-7 cells enhanced cellular uptake of doxo-
rubicin [66].

Besides all the links between the lipogenic enzymes
and BC development, aggressiveness, immune evasion
and progression, we need to consider the heterogene-
ous nature of the disease, in which the expression and the
role of these proteins can vary for each subtype.

Lipid metabolism and the role in immune escape

The alterations in lipid metabolism in cancer cells also
have implications for immune escape mechanisms.
Lipids, such as cholesterol and FAs, play a crucial role
in modulating immune cell function and inflamma-
tory responses. Dysregulated lipid metabolism in cancer
cells can disrupt immune cell activation, infiltration, and
effector functions, thereby facilitating immune evasion
and impacting multiple aspects of the immune response
[44, 67].

In tumors, dysregulated lipid metabolism can lead to
an accumulation of free FAs, which can cause oxidative
stress by increasing ROS production [68]. This, in turn,
can lead to damage to cellular components, including
DNA, proteins, and lipids [69]. Furthermore, hypoxia
can also promote dysregulated lipid metabolism in can-
cer cells, which can lead to an accumulation of lipids and
cholesterol [70, 71]. This can result in increased oxida-
tive stress, as well as alterations in cell signaling pathways
that can promote tumor growth and metastasis [72, 73],
and including the secretion of cytokines in the tumor
microenvironment [74, 75]. The microenvironment sur-
rounding the tumor is characterized by the presence of
different types of cells, including cells of the immune sys-
tem that assist a pro-inflammatory and pro-tumorigenic
environment [76].

An important pathway is activated during scarcity of
energy sources, leading to an adenosine monophosphate
(AMP) increase in relation to adenosine triphosphate
(ATP) levels stimulating the AMP-activated protein
kinase (AMPK) [77]. This kinase can suppress the mam-
malian target signaling pathway of rapamycin (mTOR)
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which induces cell proliferation and protection against
apoptosis [78, 79]. AMPK negatively regulates gluco-
neogenesis, lipid, and protein synthesis [80]. The perfor-
mance of AMPK in lipid metabolism is due to its ability
to phosphorylate and inhibit Acetyl-CoA carboxylase
(ACC), limiting the synthesis of FAs [77, 81].

The mTOR pathway is also regulated through the PI3K/
Akt pathway with the inhibition of signaling by phos-
phatase and the tensin homolog (PTEN) [82]. PTEN
regulates PI3K signaling, which controls the lipids’
metabolism stimulating transcription factors of genes
involved in FAs biosynthesis and their incorporation into
triglycerides and cholesterol [83].

Different alterations in the host immune response have
been associated with the PI3K/PTEN/AKT/mTOR path-
way [84]. The study by Crane et al. [85] involving breast
and prostate cancer cell lines showed that activation of
PI3K kinase promotes an immunoresistance increase,
especially due to the expression of PD-L1, a negative
regulator of T cell function. In another study, the use of
PI3K/Akt/mTOR pathway inhibitors in acute myeloid
leukemia cells demonstrated the expression regulation of
immunological checkpoint ligands and the interference
in immune evasion mechanisms of leukemic cells, with a
decrease in Programmed cell death protein 1 ligand (PD-
L1) expression after treatment with PI3K (idelalisib) and
mTOR (everolimus) inhibitors [86].

Programmed cell death protein 1 (PD-1) and its ligand
(PD-L1) are important immune regulators, and possible
dysfunctions of this axis contribute to tumor metasta-
sis and immune evasion [87, 88]. Lastwika et al. showed
that PD-1/PD-L1 expression is induced by the PI3K/Akt/
mTOR and AMPK pathway contributing to tumor pro-
gression. In this study, the AKT/mTOR pathway stimu-
lated in lung cancer cells caused an increase in PD-L1
expression [89]. Furthermore, in genetically engineered
lung cancer mice an mTOR inhibitor combined with
a PD-1 antibody decreased tumor growth, increased
tumor-infiltrating T cells, and decreased regulatory T
cells [89].

Evidence suggests that tumor immune escape may be
associated with the AKT-mTOR pathway activation and
its role in PD-L1 expression [84]. Detection of PD-L1 and
Phosphorylated Akt (p-Akt) in diffuse large B-cell lym-
phoma (DLBCL) was correlated with clinicopathological
features and significantly worse outcomes compared with
patients with a single positive expression or both nega-
tive expressions [88]. Interestingly, the induction of tran-
scription factors by hypoxia is one of several modulators
of PD-1/PD-L1 expression [87], indicating the correla-
tion between the characteristics of malignant tumor cells
and mechanisms that induce immune evasion during the
metabolism of lipids as a nutrient option.
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The immune response against tumors is heavily medi-
ated by key components of the immune system, includ-
ing T cells, natural killer (NK) cells, dendritic cells (DCs),
and macrophages. These immune cells play critical roles
in the immune evasion process and contribute to tumor
progression and metastasis, although further exploration
is required [84].

T lymphocytes, or T cells, can be divided into two
major types: cytotoxic T cells (CD8+T cells) and helper
T cells (CD4+T cells). Both types rely on lipid metabo-
lism and other mechanisms to function properly. Naive T
cells have lower energy requirements and primarily rely
on mitochondrial function and FAs oxidation. In con-
trast, effector T cells need to expand their energy sources
to meet their increased energy and ATP demands [90].

However, simply having a lipid-enriched TME is not
sufficient to fulfill the energy needs of effector T cells.
This is because certain T cells, especially CD8+T cells,
lack the ability to synthesize all the necessary enzymes
for complete catabolism of different types of FAs. As a
result, lipotoxicity increases, leading to exhaustion of
CD8+T cells, impairing their role in immune surveil-
lance [91]. Cholesterol and FA can directly affect the
function of immune cells, including T cells, NK cells,
and macrophages. Elevated levels of cholesterol and FA
in the tumor microenvironment can impair immune cell
activation and effector functions. For example, increased
cholesterol levels can inhibit T cell receptor signaling
and impair T cell proliferation and cytokine production,
leading to decreased anti-tumor immune responses. Sim-
ilarly, FAs can promote the generation of immunosup-
pressive regulatory T cells (Tregs) and myeloid-derived
suppressor cells (MDSCs), which suppress the activity
of effector immune cells and dampen immune responses
against cancer. Accordingly, it was shown that human BC
tissues may release large amounts of free FAs to avoid T
cells to eliminate the tumoral ones [92].

Natural killers (NK cells) comprise innate immune cells
and induce a strong but non-specific cytolytic response
against various physiologically stressed cells, includ-
ing tumors [93]. FAs and cholesterol are stimuli for T
and NK cells and enhance their antitumoral activity. As
mentioned by Qin and colleagues, a high-cholesterol-
based diet increases the total number of NK cells and
positively modulates some of their receptors and effec-
tor proteins and molecules, namely granzyme B, perforin
[94], interferon-y (IFN-y), and tumoral necrosis factor
(TNF) [95]. When cholesterol molecules accumulate in
NK cells, it is suggested to trigger the antitumoral abil-
ity of these cells. However, tumor-infiltrating NK cells
usually have their phenotype and function adapted. In
many tumors, they are suppressed and no longer act
against cancer cells, leading to the promotion of tumoral
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progression [96]. As confirmed by Jin and collabora-
tors, when NK cells’ cytotoxicity was extinguished by
TWS119, an inhibitor of glycogen synthase kinase 3 beta
(GSK3p), 4T1 murine BC cells migration was promoted
[97].

Both DCs and macrophages are determining cells in
the TME, as they present the antigens to other cells and
exhibit antitumoral effects as antibody-depending cyto-
toxicity and release of cytotoxic components [98]. Yet,
some phenomena may disestablish the antigen pres-
entation ability of DCs. Dysfunctions in lipid metabo-
lism can lead to lipid accumulation and impairment of
MHC expression, thus decreasing antigen presentation
to T cells and, as consequence, minimizing its specific
response against tumors [99]. Hence, the abrogation of
DCs’ antigen presentation may contribute to the ability
of cancer cells to evade immune recognition [100]. After
the maturation process, macrophages can be character-
ized by their activation condition. M1 macrophages are
activated by the classic pathway, while the M2 ones are
alternatively activated [101]. This differentiation occurs
because both types play distinct functions. M1 partici-
pates in anti-tumor immune response and M2, on the
contrary, produces an anti-inflammatory phenotype and
secrets many pro-tumor macrophages are influenced
to reprogram to the M2 phenotype and mainly rely on
FA oxidation as its source of energy [102]. It is impor-
tant to highlight that TAMs can fulfill their necessity of
FA through de novo synthesis from acetyl-CoA [103].
Therefore, Fang and collaborators demonstrated that the
growth factor progranulin can promote M2 polariza-
tion and PD-L1 expression through the activation of the
STAT3 pathway. Their findings suggest that this growth
factor may stimulate BC tissues’ immune evasion [104].
Consistently, the circular RNA circWWC3 was shown to
boost BC progression and tumor immune escape by the
promotion of M2 polarization [105].

Exosomes are another example of components that
can influence immune evasion and still need to be more
investigated. They are lipid vesicles derived from the cell
membrane, but their internalization mechanism is not
completely elucidated. However, this structure’s involve-
ment in BC carcinogenesis is doubtless [106]. Numerous
studies have aimed to demonstrate its key role in immune
evasion since this process could explain the ability of BC
cells to overcome immune surveillance and become more
aggressive and metastatic, worsening the prognosis. As
seen by Liu and colleagues, exosomes induced tumor
growth in murine models by reducing NK cell activa-
tion [107]. Also, Xing and collaborators observed a sig-
nificant downregulation of X-inactive-specific transcript
(XIST) in BC tissues, and this induced exosomal miR-503
release, a microRNA associated with carcinogenesis and
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angiogenesis [108]. This same study showed that after
the exosome release, a greater macrophage polariza-
tion from M1 to M2 was noticed because of STAT3 and
NFkB signaling pathways modulation, reducing immune
response by T cells suppression [108]. Interestingly, exo-
somal miR-27a-3p induces BC cells’ immune evasion
through the modulation of macrophage PD-1 expression,
by leading MAGI2 to act as an activator of PTEN. Hence,
it causes PI3K and, consequently, its signaling pathway’s
inactivation. Thus, PTEN-PI3K/AKT signaling pathway
influences PD-1 modulation [109]. In addition to these
findings, exosomes derived from MDA-MB-231 triple-
negative BC and BT-474 luminal B BC cell lines, in a
hypoxic environment, perform a potent immunosuppres-
sion activity by negatively modulating T cells prolifera-
tion through TGF-B and, accordingly, may influence in
the immune system evasion process [110].

It is noteworthy that just as different histological sub-
types have different metabolic profiles, the TME of each
subtype also differs, suggesting a relationship between
energy character and immune evasion strategies [111,
112]. In metastatic BC, Boutte’ and colleagues reported
a significant increase in glycolysis concomitant with the
accumulation of MDSC in the TME [113]. However,
despite advances, the characterization of the metabolic
profile and its impact on the TME is still uncertain and
should be investigated in the future.

Insights on the role of lipid metabolism in specific BC
subtypes
As we demonstrated in the overview of the lipid path-
ways, three important steps are involved in the function-
ality of the cell: lipid uptake, de novo lipogenesis, and
B-oxidation. This way, a cancer cell can develop multi-
ple strategies and changes that run through the uptake,
anabolism, and catabolism of lipids to maintain their
high energetic need [114]. However, it is worth pointing
out that a solid tumor presents itself as a complex system,
with the presence of a heterogeneous microenvironment,
which contains areas of hypoxia, low pH, necrosis, and
nutrient deprivation. In response to these factors, and to
meet the demand of different tumor cells, cell metabo-
lism undergoes several changes manifested in a systemic
way for each subtype of BC. These peculiarities should be
used as a targeted application of metabolic inhibitors that
block specific pathways involved in lipid metabolism.
Currently, luminal A, luminal B, HER2-enriched, and
basal-like (that also comprises TNBC) are the molecu-
lar subtypes frequently recognized at clinical diagno-
sis. Concerning the luminal group, major differences in
metabolites were found for 27-HC [115]. This cholesterol
metabolite is part of a group called selective estrogen
receptor modulators (SERMs), and acts as an estrogen
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receptor agonist, enhancing the proliferation of luminal
ER+BC cells (MCE-7) in vitro [116] and tumor growth
in mice [117]. The 27-HC is metabolized by CYP7BI.
Interestingly, ER+breast tumors with elevated expres-
sion of CYP7B1 were positively correlated with higher
rates of disease-free survival than the ones with low lev-
els of the molecule [115]. It is likely that luminal tumors
use 27-HC as fuel for cancer progression.

Apart from classical characteristics already known
for TNBC as high expression of proliferation and cell
cycle-related genes, they are also distinguished by tumor
metabolites. It was shown that lipid metabolite was
altered in triple-negative tumors compared to normal
adjacent tissue (p=0.001) [118]. On the other hand, this
distinct phenotype was not statistically significant for
luminal A BC compared to normal tissue [119]. Analysis
of 62 breast cancer tissue by Wang et al. [119] revealed
that ACLY expression is three times higher in tumor tis-
sue than in normal tissue. Although they did not observe
a relation between ACLY expression and ER, PR or HER2
status, a positive correlation was found between p-ACLY
expression and ki67 levels (p <0.05), tumor size (p <0.05)
and higher histological grade (p<0.05). In contrast with
other subtypes, TNBC is often diagnosed with high-
grade ductal histology and high Ki-67 [120, 121]. In con-
trast to this fact, it was revealed that the HER2-enriched
subtype expresses more ACLY mRNA than TNBC and
luminal tumors [122].

In a recent study by Eiriksson et al. [123], the authors
showed the same lipid types synthesized by BC cell lines
MCEF-7, luminal A subtype, and MDA-MB-231, TNBC
subtype as models, mainly the ones called phosphati-
dylcholines. Compared to the MCF-10A normal tissue
cell line, the cancer cells showed higher amounts of this
lipid type. It is worth mentioning that a higher amount of
phosphatidylcholine was observed in TNBC cells, com-
pared to the luminal A cells [123]. It is hypothesized that
the reason for the observation is that phosphatidylcho-
lines participate in the formation processes of structures
as HDL and LDL, indispensable for cholesterol metabo-
lism [124]. Therefore, one can speculate that the vesicles
responsible for the drugs expelling mechanisms could
interfere with the regular transport of the chemotherapy
drugs and, thus, could contribute to the development of
chemoresistance in BC cells.

Studies have also demonstrated the correlation
between cholesterol metabolism and BC subtypes. One
of the studies indicated that high levels of the ACAT-1
enzyme, which is responsible for the conversion of cho-
lesterol in CE, are associated with a proliferation mech-
anism mediated by LDL [125]. Moreover, high levels of
oxysterol, a cholesterol metabolite, were found in the
plasma of luminal B BC patients [126].
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Besides that, a study organized by Catasus and col-
leagues [127] associated the low-density lipoprotein
receptor-related protein 1, also known as apolipoprotein
E (ApoE) receptor, with the proliferation and the inva-
siveness potentials in HER2-enriched and TNBC cell
lines.

Gonzalo-Calvo and colleagues [128] correlated the
accumulation of intratumor CE to the proliferation and
aggressive potential of human BC. Therefore, this study
demonstrated that HER2-enriched and TNBC patients
presented a higher accumulation of intratumor CE com-
pared to the luminal A patients. Each subtype has differ-
ent metabolic genotypes and phenotypes which influence
proliferation, and metastasis capabilities and contribute
to chemotherapy resistance (Fig. 2). All these studies and
findings suggest that the impact of cholesterol metabo-
lism in BC, especially in the most aggressive subtypes
requires more research because it includes a variety of
possible therapeutic targets that could improve the treat-
ment of the disease, thus patients’ overall survival and
quality of life.

What does the clinical evidence tell us?

To further explore the linear correlations between the
different metabolic profiles and the clinical outcome
amongst different subtypes of BC, we collected the data
from The Cancer Genome Atlas (TCGA) to compare the
survival pattern for BC molecular subtypes with low and
high expression of aforementioned lipogenic enzymes. It
is worthwhile to inform that basal breast cancer includes
the TNBC subtype. FASN expression did not appear to
affect patients’ survival probability according to the BC
subtype (Fig. 3). Interestingly, despite patients with high
and low ACLY expression in the basal group having
similar overall survival reaching more than 200 months
of follow-up, high ACLY expression reduced 50% of
patients’ survival probability (logRank p=0.03), this
could suggest that it served as a poor prognostic marker
in patients with basal subtype of BC (Fig. 3). However,
more specific analyzes must be performed to confirm
this phenomenon.

Regarding the proteins involved in cholesterol metab-
olism, our in-silico data matches with the studies cited
before that demonstrated the upregulation of LDLR and
high cholesterol levels in TNBC. Turns out that patients’
survival probability is reduced to 50% after 100 months
by ACAT-1 and HMGCR high expression in basal BC
but not in other subtypes (Fig. 4). On the other hand, an
opposite pattern of patients’ probability survival was seen
in relation to LDLR high expression, which dropped dra-
matically in 100 months (Fig. 4). Taken together, this evi-
dence highlights the complexity behind the expression of
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the different protein related to lipid metabolism regard-
ing BC subtype.

Future directions

In the context of highly lethal diseases like TNBC, certain
subgroups of patients undergoing new treatments may
exhibit improved survival outcomes in the initial years
of the disease. Our review demonstrates the involvement
of the lipid metabolism pathway in the pathogenesis of
BC, particularly highlighting its impact on overall sur-
vival probability in different subtypes, with a particular
emphasis on the basal group.

However, the perspectives on the metabolic manage-
ment of BC are still evolving, and there are currently
limited studies targeting the specific enzymes involved
in BC therapy. One recent completed clinical trial
(NCT02595372, concluded in April 2021) explored the
use of the proton pump inhibitor omeprazole, known to
effectively inhibit FASN, as a potential enhancer of neo-
adjuvant chemotherapy based on paclitaxel, doxorubicin,
and cyclophosphamide.

In addition, an ongoing phase II clinical trial is inves-
tigating the use of FASN inhibitors in combination

with trastuzumab, paclitaxel, and endocrine therapy for
HER2 +BC patients. When considering the role of lipids
in BC, cholesterol metabolism appears to play a crucial
role in the development of resistance to tamoxifen in
luminal A BC [130]. This suggests a plausible hypothesis
that cholesterol metabolism may also contribute to the
acquisition of chemoresistant phenotypes in other sub-
types of BC.

In this regard, HMG-CoA reductase (HMGCR), an
enzyme involved in cholesterol synthesis, has been tar-
geted in BC treatment. Numerous ongoing clinical tri-
als (over 40) are evaluating the effects of statins, which
inhibit HMGCR, in BC. Among these trials, 14 are spe-
cifically assessing the benefits of atorvastatin in combi-
nation with conventional chemotherapy, including two
phase 2 trials involving TNBC patients (clinicaltrials.gov,
NCT03358017; NCT03872388).

While hydroxycitric acid and cucurbitacin B have been
tested against ACLY, another enzyme involved in lipid
metabolism, these studies were conducted in lung and
bladder cancer rather than BC [131]. It has been dem-
onstrated that inhibiting ACLY in combination with
conventional chemotherapeutic drugs can enhance



Zipinotti dos Santos et al. Cell Communication and Signaling

treatment efficacy in colorectal cancer [124]. However,
there are currently no clinical trials targeting ACLY spe-
cifically in BC.

Considering that ACYL, ACAT-1, and LDLR are pro-
teins involved in the activation of FAs and cholesterol
from both endogenous and exogenous sources, simulta-
neous inhibition of these relevant enzymes may lead to a
significant anti-tumor response. Therefore, while further
functional studies are necessary to better understand the
roles of these enzymes and their influence on staging, we
suggest giving special attention to tailored therapies for
patients with altered expression of ACYL, ACAT-1, and
LDLR.

Conclusion

The evidence compiled in this review underscores the sig-
nificance of lipid metabolism in normal cellular processes
and sheds light on how its dysregulation can contribute
to tumorigenesis and immune evasion in BC. These find-
ings serve as a compass for future investigations aimed
at unraveling the intricate mechanisms that link dispari-
ties in lipid metabolism with variations in prognosis and
chemotherapeutic responses in BC. By understanding
the nuances of lipid metabolism in BC and its impact on
tumor behavior and response to therapies, we can pave
the way for developing more effective and tailored treat-
ment strategies for patients.
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