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ARTICLE INFO ABSTRACT

Keywords: Obesity has been closely related to cancer progression, recurrence, metastasis, and treatment resistance. We aim
Adipocytes, cancer to review recent progress in the knowledge on the obese macroenvironment and the generated adipose tumor
Cholesterol

microenvironment (TME) inducing lipid metabolic dysregulation and their influence on carcinogenic processes.

E%brgblasts, fatty acids Visceral white adipose tissue expansion during obesity exerts systemic or macroenvironmental effects on tumor
ipids s . . S . A .

P initiation, growth, and invasion by promoting inflammation, hyperinsulinemia, growth-factor release, and
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Obesity dyslipidemia. The dynamic relationship between cancer and stromal cells of the obese adipose TME is critical for

Tumor microenvironment cancer cell survival and proliferation as well. Experimental evidence shows that secreted paracrine signals from
cancer cells can induce lipolysis in cancer-associated adipocytes, causing them to release free fatty acids and
acquire a fibroblast-like phenotype. Such adipocyte delipidation and phenotypic change is accompanied by an
increased secretion of cytokines by cancer-associated adipocytes and tumor-associated macrophages in the TME.
Mechanistically, the availability of adipose TME free fatty acids and tumorigenic cytokines concomitant with the
activation of angiogenic processes creates an environment that favors a shift in the cancer cells toward an
aggressive phenotype associated with increased invasiveness. We conclude that restoring the aberrant metabolic
alterations in the host macroenvironment and in adipose TME of obese subjects would be a therapeutic option to
prevent cancer development. Several dietary, lipid-based, and oral antidiabetic pharmacological therapies could
potentially prevent tumorigenic processes associated with the dysregulated lipid metabolism closely linked to
obesity.
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1. Introduction

The incidence of obesity has rapidly increased over the last decade,
becoming a global epidemic. The last WHO report (2022) on the status
of obesity reported that almost 60% of European adults are either
overweight or obese, but obesity also affects nearly one in three children
[1]. While the association of obesity with hypercholesterolemia, hy-
pertension, and type 2 diabetes mellitus is well recognized, the link
between obesity and cancer is relatively underestimated. In 2012, the
combined effects of high body mass index (BMI) and diabetes were
responsible for 5.7% of incident cancers worldwide [2]. Notably, when
evaluated as independent risk factors, a high BMI was responsible for
almost twice as many cancer cases as diabetes [2]. It is noteworthy to
mention a recent report that showed that cancer mortality in UK subjects
with type 2 diabetes to be around double that in the general population;
this was particularly significant in severely obese subjects [3]. Although
the burden of cancer attributable to a high BMI has been found to be
greater in regions of a higher socio-demographic index, there is a
significantly increasing trend in less developed countries [4]. In 2019,
global esophageal cancer was the leading cause of high BMI-related
disability (26.27 per 100,000), followed by colorectal (24.21 per 100,
000), liver (19.24 per 100,000), breast (11.22 per 100,000) and uterine
cancer (11.22 per 100,000) [4].

There are reciprocal and complex interactions between cancer cells
and other surrounding nontransformed cells, as well as with other or-
gans and systems. The tumor microenvironment (TME) is essential for
cancer cell progression and metastasis, and it consists of cancer cells,
immune cells, stromal cells, blood vessels, a mixture of bioactive mol-
ecules secreted by these cells, and an extracellular matrix [5]. Also, in
the context of cancer pathobiology, the tumor macroenvironment has
been described as the extratumoral systemic interaction of a malignant
tumor with the host, with this emerging concept an extension that
complements the local interaction that occurs between cancer cells and
the surrounding nontransformed cells within the TME [6]. In obese in-
dividuals, malignant tumors are exposed to both local and systemic in-
teractions promoted by an enhanced and dysfunctional adipose tissue,
which has multiple abilities to promote tumorigenic processes.

Adipose tissue is a relevant endocrine organ by secreting hormones,
cytokines, and other mediators that can influence the metabolism of
distant organs and tissues, including malignant tumors [7]. Notably,
adipose tissue expansion in obesity is associated with a metabolic syn-
drome characterized by critical metabolic changes, such as hyper-
insulinemia and dyslipidemia, which have been related to increased
cancer risk [8]. Obesity significantly modifies the TME by increasing the
levels of circulating lipids and lipoproteins, which, facilitated by
tumor-induced angiogenesis, enter the TME through newly formed leaky
blood vessels and have significant impacts on the tumor phenotype [9].

The peritumoral adipose tissue provides multiple endocrine anom-
alies and secreted signaling mediators to the TME, such as proin-
flammatory cytokines and remodeling factors of the extracellular
matrix, thereby accelerating the generation and progression of malig-
nant tumors. In this regard, cancer-associated adipocytes (CAAs) are
considered major conductors of signaling networks within the TME
during body weight gain [10]. Moreover, several malignant processes
occurring in cancer cells located within an adipose tissue microenvi-
ronment are regulated by a complex paracrine network that involves
adipocytes, tissue-resident macrophages, fibroblasts, endothelial cells
and CD8™ cytotoxic T cells. To characterize the complex crosstalk be-
tween the adipose tissue and carcinomas, and due to the growing in-
terest in the specific roles of distinct and complex components of the
adipose tissue in tumor development, we have adopted the term “adi-
pose TME”.

In this narrative review, we aim to present recent progress in the
investigations on the effects of adipose tissue expansion and the gener-
ated adipose TME inducing lipid metabolic alterations in tumor cells and
their influence on various carcinogenic steps in the obese setting. We
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finally discuss potential therapeutic interventions directed at decreasing
the burden of cancer attributed to the dysregulated lipid metabolism
typical of obesity. This includes nutritional and pharmacological treat-
ments such as drugs targeting fatty acid metabolism, drugs lowering
blood cholesterol levels, and hypoglycemic drugs.

2. Adipose tissue and cancer development in the obese setting
2.1. White and brown adipose tissue

In the human body, fat accumulates in two types of adipose tissue,
white adipose tissue (WAT) and brown adipose tissue (BAT), the per-
centage of the latter decreasing with age. The two types of adipose tissue
usually perform opposite physiological functions [11]. WAT mainly
accumulates in two locations, subcutaneous and visceral fat, the
expansion of the latter being the key driver of central obesity [12].
Particularly, WAT located in the visceral compartment is considered the
largest endocrine organ with autocrine, paracrine, and endocrine func-
tions [13]. Moreover, lipid peroxides secreted by the obese visceral WAT
has been associated with a more protumorigenic secretome inducing
expression of genes involved in the early steps of tumor promotion on
the mammary gland [14]. While obesity directly relates to the expansion
of WAT, BAT regulates thermogenesis. It is considered that, because BAT
adipocytes are specialized for energy expenditure, they have protective
roles against obesity and associated metabolic diseases [15]. Also, BAT
adipocytes appear to be less susceptible to the development of inflam-
mation than WAT adipocytes [16].

It has become clear that cancer cells respond to extratumoral and
systemic metabolic stimuli associated with the host. Thus, systemic
metabolic diseases, such as obesity and diabetes, are known to influence
tumor development. Increased visceral adiposity in obesity is an un-
derlying cause of metabolic disturbances leading to hypertension, hy-
perglycemia, and dyslipidemia—typical symptoms of metabolic
syndrome. These metabolic changes further influence the local TME,
increasing cancer progression in the obese patient. Thus, the overgrowth
of visceral WAT has been specifically linked with cancer progression,
and studies in animal models have shown that such a direct link is
irrespective of diet [17,18]. In contrast, whether BAT plays a role in
cancer development is less clear. A potential involvement of BAT in
cancer progression has been attributed to its association with metabolic
disturbances leading to cachexia, which appears in the advanced stages
of cancer [19,20]. However, other studies have found that BAT may
exert a beneficial effect by releasing anti-inflammatory cytokines that
could regulate the TME, which in turn would improve cancer prognosis
by hindering the progression of different types of malignant tumors
[21]. Because of all the above-mentioned uncertainties regarding the
mechanistic and prognostic role of BAT in cancer development, in the
next sections, we will mainly refer to the tumorigenic role of WAT ad-
ipocytes present in the intra-abdominal visceral depot, which we will
simply refer to as “adipose tissue.”

2.2. Metabolic syndrome and its role in cancer development

Although not all types of malignant tumors are surrounded by CAAs,
carcinomas are fueled by direct exposure to proximal adipocytes—as
occurs in invasive carcinomas in the reproductive and digestive organ-
s—which initiates a paracrine and -cell-to-cell contact-dependent
signaling crosstalk [22]. The cell population in the adipose tissue is
heterogeneous and, besides the adipocytes, other cell types are present,
including macrophages, stem cells, preadipocytes, fibroblasts, neutro-
phils, lymphocytes, mast cells, and capillary endothelial cells [23]. The
metabolic crosstalk that occurs between the adipocytes and the network
of non-adipocyte cells, especially macrophages, strongly regulates
various functions of the adipose tissue. Altogether, the adipocytes and
non-adipocyte cells of the adipose tissue secrete a wide variety of
cell-signaling molecules and metabolic mediators called adipokines. Of
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note, while the ovaries are the major source of estrogen in premeno-
pausal women, adipose tissue displays a high estrogenic enzyme activity
and contains considerable local estrogen concentrations [24].

Despite the adiposity degree generally being measured based on
“fatness” (i.e., BMI or waist circumference), changes in the quality of the
adipose tissue in obese individuals are important drivers of metabolic
disturbances related to cancer development. The long-term accumula-
tion of cellular lipids in adipocytes is associated with expanded and
dysfunctional adipose tissue, which plays an important role in the
development of metabolic syndrome. When a malignant tumor has
developed in such an obese setting, several interactions with the tumor
will be mediated by extratumoral components released to the circulation
by the inflamed adipose tissue. We have to note that, although increased
adiposity per se induces various disturbances in the profile of circulating
lipids associated with cancer progression, they occur in parallel to other
non-lipid metabolic disorders typical of the metabolic syndrome, such as
hyperinsulinemia, hyperleptinemia, and inflammation, which also are
tumorigenic.

As adipocytes increase in quantity and size, they start to secrete in-
flammatory adipokines and cytokines, including leptin, tumor necrosis
factor-a, interleukin (IL) 6, and monocyte chemoattractant protein-1
(MCP-1), which are known to induce both systemic inflammation and
inflammation in the adipose tissue and the levels of which are elevated
in colon cancer [25]. It is considered that the key metabolic modifica-
tions in dysfunctional adipocytes favoring cancer development include
their insulin resistance, an increased expression of aromatase (an
enzyme that converts androgens to estrogens), and changes in the
adipocyte-derived secretome [7,14]. Jointly, these combined factors can
modify the tissue microenvironment, changing the functionality of other
neighboring cells and leading them to potentially become cancerous
cells. Furthermore, increased adiposity associated with both local
inflammation of the adipose tissue and systemic inflammation has been
reported to increase the risk of tumor growth through mechanisms
including abnormal cell signaling derived from a chronic inflammatory
state, an enhanced cell migratory capacity associated with the
epithelial-mesenchymal transition (EMT), tumor-related fibrosis,
angiogenesis, and genomic instability [26].

Hyperinsulinemia can precede and cause obesity by regulating
adipocyte lipogenic and lipolytic pathways [27]. Early studies in rodent
models reported that mere insulin administration induced the growth of
mammary tumors and colonic abnormalities, notably the formation of
aberrant crypts in the colon [28,29]. Further clinical and epidemiolog-
ical studies have shown that hyperinsulinemia in humans is associated
with increased cancer morbidity and mortality independent of diabetes,
obesity, and metabolic syndrome [30]. Prolonged hyperinsulinemia and
insulin resistance in overweight and obese individuals have been found
to upregulate the growth hormone receptor (GHR), enhance GHR
signaling, increase the production of hepatic insulin growth factor-1
(IGF-1), and increasing the availability of estrogens and androgens
[31]. Both insulin and IGF-1 stimulate cell division and promote the
development of pancreatic, colorectal, liver, postmenopausal breast,
and endometrial cancers [32]. The insulin receptor has two isoforms,
where INSR-A is the one predominantly upregulated with cancer pro-
gression [33,34]. An increased INSR-A/INSR-B ratio has been reported
in breast, prostate, endometrial, colon and lung cancers. The main
transcription factors involved in this increase ratio are AT-Hookl,
specificity protein 1, and tumor protein p53 [35,36].

By upregulating the estrogen and androgen levels, increased insulin
levels can stimulate the growth of hormone-dependent malignant tu-
mors, such as in the breast, prostate, and endometrium. In contrast, body
changes that occur upon weight loss may reduce cancer risk by
decreasing circulating levels of insulin and the steroid hormones estro-
gens and androgens. In particular, estrogens, which constitute a signif-
icant type of metabolic mediators released by lipid-laden adipocytes, are
capable of inducing accelerated cell division in cells that are estrogen-
sensitive, such as the breast cells. This fact partially discloses an
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association between the high circulating estrogen levels often found in
obese postmenopausal women with breast cancer [37]. Furthermore,
there is growing evidence that weight loss might reduce the risk of some
types of cancer, such as breast cancer in postmenopausal women.
Interestingly, high estrogen levels are also found in obese men [38]. Men
with the highest BMI have been found to have a 35% greater risk of
breast cancer compared to men with the lowest BML The elevated risk
observed in men with a high BMI and who often have excess breast tissue
and elevated estrogen levels appears to be similar to the pattern for
breast-cancer risk in postmenopausal women [39].

The enhanced secretion of leptin and decreased secretion of adipo-
nectin from the adipose tissue of obese subjects are considered to be
independent risk factors for the progression of esophageal adenocarci-
noma and breast cancer [40,41]. Obesity also triggers other intracellular
pathways that upregulate cyclooxygenase-2, signal transducer and
activator of transcription (STAT)— 3, and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kappaB) oncogenic
pathways, which increase inflammation, cellular proliferation, and
antiapoptotic proteins [42,43].

Another central feature of obesity, the dyslipidemia, is mainly caused
by an increased flux of visceral adipocyte-derived free fatty acids (FFA)
to the liver, thereby leading to the hepatic accumulation of triglycerides
and the enhanced synthesis and secretion of very-low-density lipopro-
teins (VLDL) [44]. Furthermore, the lipoprotein lipase-mediated lipol-
ysis of VLDL is impaired in obese individuals with insulin resistance,
thereby contributing to the accumulation of triglyceride-containing li-
poproteins in the blood. Normally, the VLDL particles shrink in diameter
during lipolysis, thus forming intermediate-density lipoproteins (IDL).
The triglycerides within the IDL are hydrolyzed by hepatic lipase, which
results in the formation of the increased concentrations of small dense
low-density lipoprotein (sd-LDL) particles found in obese subjects [44].
The enhanced oxidative stress particularly damages the circulating
sd-LDL particles in obese subjects, forming oxidized LDL (ox-LDL) par-
ticles that have been closely linked to abdominal obesity [45]. More-
over, the plasma levels of ox-LDL were significantly increased in obese
colon cancer patients with advanced grading [46]. These observations
suggest that an enhanced availability of these circulating lipoproteins
may occur in the obese adipose TME, with the potential to influence
cancer cell behavior (see Section 3.2). Notably, the obesogenic diets
induce the accumulation of saturated fats within the brain which drive
the aggressively of glioblastoma in experimental mice [47], disclosing a
potential pathway by which the obese systemic macroenvironment
promotes the most aggressive malignant primary brain tumor.

The main metabolic features associating obesity and/or metabolic
syndrome with specific cancer types are shown in Table 1. The char-
acteristic features of the obese macroenvironment and their influence in
cancer development are schematized in Fig. 1.

3. Lipid metabolism in cancer cells in the obese setting
3.1. Intrinsic regulation of lipid metabolism in cancer cells

Although the enhancement in the aerobic glycolytic pathway is the
main metabolic alteration in cancer cells [48], these rapidly dividing
cells use different lipid types to sustain their energy demands and
membrane formation [49]. The lipid abundance in cancer cells is
regulated by three central pathways: lipid uptake, de novo lipogenesis,
and fatty acid p-oxidation (FAO).

Both cholesterol and FFA are acquired by cancer cells from extra-
cellular sources, including the uptake of LDL-cholesterol via LDL re-
ceptors (LDLr) and FFA uptake via fatty acid transport proteins (FATPs)
and the cluster of differentiation (CD) 36, a multifunctional membrane-
pattern recognition receptor capable of delivering biologically active
lipids to cells, including modified LDL particles and fatty acids [50-52].
Cancer cells also reactivate the intrinsic lipid supply by enhancing de
novo fatty acid and cholesterol synthesis. Indeed, fatty acid synthesis can
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Table 1
Association of obesity and/or metabolic syndrome with specific types of cancer.
Key component Mechanism Type of Cancer References
WAT expansion Visceral WAT secretes Breast [14]
lipid peroxides
Visceral WAT is Breast and colon [25,26]
expanded by either
hypertrophy or
hyperplasia, generating
CLS and inducing
systemic inflammation
via secretion of TNF, IL-
6 and MCP-1
Enhanced visceral WAT- Breast [37]
mediated estrogen
secretion
Enhanced visceral WAT- [40,41]
mediated leptin Breast, colon, and
secretion esophageal
Hyperinsulinemia  Insulin receptor Pancreatic, breast, [30]
signaling interacts with colorectal,
master regulators of prostate,
cancer endometrial, liver,
and ovarian
Prolonged Prostate, breast, [31,32]
hyperinsulinemia colorectal, and
enhances the growth lung
hormone receptor
signaling and increases
IGF-1 production
Dyslipidemia Higher levels of ox-LDL Colon [46]
Extracellular Increased tissue stiffness ~ Breast, colorectal, [66,67]
matrix in the adipose TME, prostate, and

promoting retention of melanoma

lipoproteins and TAMs

Cancer-inducing mechanisms attributed to the obese setting in various tumor
body locations. CLS, crown-like structures; IGF-1, insulin growth factor-1; IL-6,
interleukine-6; MCP-1, monocyte chemoattractant protein-1; ox-LDL, oxidized-
LDL; TAMs, tumor-associated macrophages; TME, tumor microenvironment;
TNF, tumor necrosis factor; WAT, white adipose tissue.

use a variety of substrates to generate acetyl-CoA (i.e., glucose, gluta-
mine, citrate, or acetate) to generate saturated fatty acids [50]. The
predominance of saturated fatty acids is particularly higher in the
membranes of lipogenic tumors, including the breast, colorectum,
prostate, bladder, ovary, esophagus, stomach, lung, tongue, oral cavity,
head and neck, thyroid, and endometrium [53]. This is concomitant
with higher membrane sphingomyelin and cholesterol content and is
particularly relevant in chemotherapy-resistant ovarian and leukemia
cancer cells [54,55]. The proto-oncogene MYC is coordinated with the
main lipogenic transcription factor sterol regulatory element binding
protein 1 (SREBP1) that regulates fatty acid synthesis in lymphoblastic
leukemia, renal, hepatocellular and lung cancer cells [56]. The mobili-
zation of FFA from triglycerides stored in lipid droplets is catalyzed by
different lipases and lipophagy, contributing to the cellular fatty acid
pool in cancer cells [50]. Intracellular fatty acids are also used for
phosphoglyceride synthesis, with monounsaturated and saturated fatty
acid chains being characteristics of cancer cell lines and tumor speci-
mens [57]. The release of fatty acids from membrane lipids by the action
of phospholipase D results in the formation of the signaling molecule
lysophosphatidic acid (LPA), thereby activating multiple oncogenic
signaling pathways in ovarian, pancreatic, and breast cancer cells [58].
De novo cholesterol synthesis is a complex process by which cholesterol
is generated from acetyl-CoA via a cascade of enzymatic reactions, also
called the mevalonate pathway. Cholesterol synthesis is upregulated in
estrogen receptor (ER)-negative breast cancer and pancreatic adeno-
carcinoma cells [59,60]. Furthermore, cholesterol accumulation in the
mitochondria may disrupt mitochondrial membrane fluidity, which in
turn impairs mitochondrial outer membrane permeabilization and
apoptotic processes in cancer cells [61]. The mevalonate pathway also

39

Seminars in Cancer Biology 93 (2023) 36-51

generates the intermediate isoprenoid farnesyl-pyrophosphate, which
can prenylate small G proteins required for cell growth and migration
[62]. After being synthesized in cancer cells, long-chain saturated fatty
acids are transported into the mitochondria by carnitine palmitoyl-
transferase (CPT) I to generate acetyl-CoA, which enters the citric acid
cycle, thereby providing cellular energy. The complete process is called
FAO and is considered to be essential for cancer cell survival [63].

3.2. Exogenous lipid supply to cancer cells

Physicochemical differences are present between lean and obese
ECM [64]. It is nowadays considered that the extracellular matrix (ECM)
of the adipose tissue links obesity with cancer through the integration of
hormonal, inflammatory, biomechanical, and lipidic control of tumor
progression [64]. The ECM of obese mammary tissue is composed of
increased levels of profibrotic components, such as collagen I and VI,
fibronectin, and hyaluronic acid that form stiffened and more aligned
collagen fibers that induce mechanosignaling changes that influence
tumor growth, invasion, and response to therapy [65]. Breast cancer
cells interacting with a stiff matrix have shown the activation of the
transcription factor TWIST1, which promotes the EMT, a highly invasive
and metastatic tumor phenotype [66]. The expression of biglycan, a
class I small leucine-rich proteoglycan, is dysregulated in metabolic
conditions such as obesity, and the overexpression of this proteoglycan
has been reported to contribute to tumor growth, invasion, and metas-
tasis [67]. Furthermore, heparan, chondroitin, and keratin sulfate pro-
teoglycans modulate different metabolic aspects, such as the uptake of
microvesicles and lipoproteins, the retention of immune cells, and
low-grade inflammation processes, all of which are crucial in the initi-
ation and progression of obesity-associated cancer [68].

ECM remodeling of the obese adipose tissue also has an important
role in cancer progression [69]. The low-grade chronic inflammation
characteristic of obesity promotes the infiltration of macrophages and
other immune cells in the adipose tissue. Notably, within the obese
adipose tissue microenvironment, abundant macrophages surround the
hypoxic, necrotic, and already-dead adipocytes, forming characteristic
crown-like structures (CLSs), a key feature of adipose tissue inflamma-
tion (Fig. 1 and [70]). Besides the presence of inflammatory cells, there
is an increased population of myofibroblasts in obese adipose tissue.
These myofibroblasts, together with the adipocytes, promote fibrotic
ECM production, deposition, and remodeling. The stiffness of the adi-
pose tissue ECM stimulates mechanosignaling transduction to local
cancer cells, mediating cell proliferation and inflammation in a para-
crine manner (Table 1). Altogether, the changes in the myofibroblasts,
adipocytes, and macrophages within the obese mammary gland create a
niche for cancer cell growth and migration [64].

The higher availability of FFA together with the hypoxic and acidic
conditions in the TME promotes the uptake of FFA by cancer cells
through changes in mitochondrial and histone acetylation, suggesting
that the reprogramming of lipid metabolism could also be relevant in the
obese adipose TME (see Sections 3.3 and 3.4) [71]. An enhanced lipid
uptake through LDLr and CD36/FATP contributes to increased ratios of
monounsaturated fatty acids (MUFA)/saturated fatty acids and
MUFA/polyunsaturated fatty acids (PUFA) in cancer-cell membranes
[50]. These alterations result in the reduced accumulation of lipid per-
oxides in PUFA which are required for the destruction of cells [72].
Notably, lipoprotein lipase and CD36 expression levels were found to be
upregulated in lymph-node metastasis-positive samples of obese sub-
jects with gastric cancer concomitant with the accumulation of lipid
droplets, thereby reflecting the importance of the triglyceride lipolysis
and the exogenous supply of FFA in obesity-related metastatic processes
[73]. Many malignant tumors, including breast, prostate, ovarian, and
pancreatic tumors, colocalize with CAA at various stages of the disease,
thereby constituting a relevant source of FFA for tumor cells [74]. This
accumulation of adipocyte-derived fatty acids in cancer cells is facili-
tated by increased levels of a range of fatty acid uptake-related proteins
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Fig. 1. The obese macroenvironment affects
the exogenous lipid supply and intracellular
lipid metabolism of cancer cells. Lean white
adipose tissue (WAT) exhibits resident M2-
adipose tissue macrophages involved in sup-
port a metabolic homeostasis. Body weight gain
is associated with an expanded visceral WAT
characterized by an increase in the number and
size of adipocytes, which leads to damage and
the necrosis of these cells. Necrotic adipocytes
become encircled by M1-adipose tissue macro-
phages, forming crown-like structure. Meta-
bolic syndrome, typical of obesity, is associated
with hyperinsulinemia, the development of
chronic inflammation, and an enhanced flux of
circulating free fatty acids (FFA) to the liver,
which induces a higher accumulation of tri-
glycerides and increased hepatic synthesis of
large very low-density lipoproteins (VLDL) and
their conversion into small dense low-density
lipoprotein (sd-LDL). Excess oxidative stress
induces the formation of oxidized LDL (ox-LDL)
particles that bind to lectin-like oxidized LDL
receptor 1 (OLR1), resulting in cell proliferation
and migration. An abnormal accumulation of
extracellular matrix proteoglycans, particularly
biglycan, and alterations in the extracellular
matrix composition and density in the setting of
obesity promote the retention of LDL and its
uptake by cancer cells via LDL receptors (LDLr).
Extracellular fatty acid uptake via fatty acid
transport proteins (FATPs) and the cluster of
differentiation (CD) 36 and fatty acids mobi-
lized from lipid droplets are transported into
the mitochondria for carnitine palmitoyl-
transferase I (CPT1)-mediated fatty acid oxida-
tion (FAO), thereby supporting cellular energy
production and regulation of redox homeosta-

ox-LDL
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sis. The higher relative content of monounsaturated fatty acids (MUFA) versus saturated fatty acids (SFA) and polyunsaturated fatty acids (PUFA) in membrane lipids
reduces membrane fluidity and drug uptake. Furthermore, the conversion of LDL-derived cholesterol into 27-hydroxycholesterol (27-HC) induces multiple tumor-
igenic pathways. Prolonged hyperinsulinemia upregulates the growth hormone receptor (GHR), signaling the production of hepatic insulin growth factor-1 (IGF-1),
thereby stimulating cancer cell proliferation and migration. The enhanced production of estrogen in adipose tissue during obesity may also aggravate these
carcinogenic processes via estrogen receptor (ER). ATGL, adipose triglyceride lipase; CD, cluster of differentiation; CLS, crown-like structure; CPT, carnitine pal-
mitoyltransferase; ER, estrogen receptor; FAO, fatty acid p-oxidation; FATP, fatty acid transport proteins; FFA, free fatty acids; GHR, growth hormone receptor; HC,
hydroxycholesterol; HSL, hormone-sensitive lipase; IGF-1, insulin growth factor-1; LDL, low-density lipoprotein; LDLr, LDL receptor; MUFA, monounsaturated fatty
acids; ox-LDL, oxidized LDL; OLR1, oxidized LDL receptor 1; PUFA, polyunsaturated fatty acids; sd-LDL, small dense LDL; SFA, saturated fatty acids; VLDL, very-low

density lipoproteins; WAT, white adipose tissue.

that are required for adipocyte growth, as displayed with the protumoral
actions of fatty acid-binding protein 5 in breast cancer cells [75].
Therefore, adipocyte FFA transfer to cancer cells stimulates intracellular
fatty acid metabolism and results in changes in the membrane compo-
sition that promote chemoresistance in the setting of obesity [76].

As mentioned above, ox-LDL levels are positively associated with an
increased risk of cancer in obesity and, moreover, ox-LDL leads to
increased cancer cell proliferation and migration via CD36 and lectin-
like oxidized LDL receptor 1 (OLR1) (Table 1, Fig. 1 and [51]). Intra-
cellular lipid droplets are crucial for tumor aggressiveness, chemo-
resistance, and metastasis, and cholesteryl ester-enriched lipid droplets
are strongly induced by aggregated LDL in pancreatic cancer cells,
supporting exacerbated cancer cell growth [77]. The overexpression of
LDL receptor-related protein 1, which plays a crucial role in the uptake
of aggregated LDL [78], has been associated with invasion and poor
prognosis in pancreatic ductal carcinoma [79]. However, whether
aggregated LDL is a driver of tumorigenic processes in the obese setting
is unknown. Finally, the VLDL receptor is also a key receptor for exog-
enous lipid acquisition in breast cancer cells [80], but its link with
obesity has not yet been disclosed.

Several epidemiological studies have shown an inverse correlation
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between high-density lipoproteins (HDL) and cancer risk [81]. Of note,
low levels of HDL characterize the dyslipidemia of obesity [44], thus
compromising key HDL antitumoral functions—e.g. their antioxidant
activity reducing oxidative stress and the formation of ox-LDL [51] and
the HDL-mediated cholesterol removal from cancer cells [82], which
may favor tumor development. However, HDL might provide choles-
terol and act as a signaling molecule via scavenger receptor type BI,
which is overexpressed in some types of cancer cells [81], resulting in a
increased cholesterol uptake and elevated signal transduction for
cellular proliferation and tumor formation [51]. Although the interplay
between the HDL pro- and anti-tumorigenic functions and cancer cells in
obese individuals has not been fully disclosed, some trials using syn-
thetic HDL and HDL-mimetic particles in cancer therapy suggest that
increasing HDL levels along with consequent improvement in the
function of HDL in the TME and the induction of intracellular cholesterol
efflux may be a promising tool in cancer therapy, particularly the
treatment of obese cancer patient [83-85].

3.3. Adipose tumor microenvironment tends to be hypoxic

Tumor cells can modify and adapt lipid metabolism to fit their own
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benefit and overcome adverse conditions. This adaptation can come
from genetic and epigenetic alterations and/or be driven by adverse
conditions in the adipose TME, such as hypoxia and acidity generated by
an enhanced glycolytic metabolism [86,87]. Furthermore, the increase
in the hyaluronic content during fibrotic ECM remodeling elevates the
osmotic pressure within the interstitial space, thereby impairing the
blood supply and further promoting hypoxia in the TME [88]. The
exposure of tumor-associated macrophages (TAMs), vascular cells, and
cancer-associated fibroblasts (CAF) to different lipids and growth factors
is critical in promoting TAM phenotype changes, angiogenesis, and CAF
expansion, which regulate different steps of tumor formation, progres-
sion, metastasis, and drug resistance [89]. There is significant hetero-
geneity within the TME, mainly as a consequence of the variation in the
flow of blood-derived nutrients and oxygen into the various TMEs.
Therefore, oxygen and lipid concentrations may form steep gradients,
resulting in zones heavily depleted of these circulating-derived factors,
particularly in those distant from the vasculature where the extracellular
fluid also turns acidic, and also may prevent the penetration of and
response to nano-sized drug delivery systems for tumor treatment
[90-92].

Under hypoxic conditions, the contribution of glucose-derived
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carbon to maintain the tricarboxylic acid cycle is compromised and,
thus, de novo lipogenesis is essential to promote cell survival [93]. For
example, hypoxia shifts glutamine metabolism from oxidation to
reductive carboxylation in cancer cells via hypoxia-inducible factor
(HIF) 1o activation, thereby generating acetyl CoA for de novo fatty acid
synthesis [94]. The saturated fatty acids are elongated and desaturated
by fatty acid elongases and stearoyl-CoA desaturase, respectively, to
form a pool of non-essential fatty acids, including monounsaturated
fatty acids [95]. The importance of desaturation is critical for the sur-
vival of cancer cells since the relative abundance of monounsaturated
fatty acids in the membranes prevents the induction of endoplasmic
reticulum stress and mitochondrial dysfunction under oxygen-deprived
and nutrient-deprived conditions [95]. Furthermore, low perfusion in
some tumor zones activates the receptor-mediated scavenging of albu-
min and macropinocytotic consumption of TME components, thereby
providing lipids for cancer cell proliferation [96].

It is well known that there are reciprocal and deregulated in-
teractions between cancer and stromal cells, which chronically modify
the obese adipose TME. These interactions can also affect the lipid
profile of cancer cells, as is schematized in Fig. 2. The contributions of
cancer-associated host cells to tumorigenic mechanisms in the different
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obesity-related cancer cells are described in detail in the following
sections and summarized in Table 2.

3.4. Obesity and intracellular lipid metabolism in cancer cells

As referred to above, CAAs located in the adipose TME may offer an
accessible reservoir of lipids for the high-energy requirements of cancer
cells [97]. There is direct evidence that the increased bioavailability of
CAA-derived FFA affects intracellular cancer cell metabolism (Table 2).
Indeed, primary human adipocytes promote not only the homing,
migration, and invasion of ovarian cancer cells but also the direct
transfer of FFA to ovarian cancer cells and the enhancement of the FAO
via upregulating CPT1 and acyl-CoA oxidase 1 [98]. Interestingly,
ovarian cancer cells also induced lipolysis in adipocytes by inducing the
phosphorylation of hormone-sensitive lipase and perilipin A, suggesting
a mutual adaptation that allows cancer cells to thrive on
adipocyte-derived FFA [98]. The enhanced FAO also contributes to the
EMT in breast cancer cells through their contact with adipocytes [99].
This process is also fueled by adipose triglyceride lipase- and
hormone-sensitive lipase lipolytic-dependent pathways, which ensure
the release of FFA from the lipid droplets and so enable their availability
for FAO [75,99]. However, whether these co-culture models are physi-
ologically representative of an obese setting is questionable. In this
context, the most remarkable findings are that adipocytes obtained from
lipid-loaded human cultured lines or primary adipocytes from obese
mice also transferred FFA to breast cancer and melanoma cells and
enhanced FAO and lipid storage, leading to higher proliferation and
migration rates when compared with the effects mediated by lean adi-
pocytes [100,101]. Furthermore, monoacylglycerol lipase seems to be
another critical enzyme regulating the release of fatty acids from neutral
lipid stores in aggressive melanoma, ovarian, and breast cancer cells
[102]. Consistent with these findings, exogenous sources of saturated
fatty acids from obesogenic diets also contribute to malignancy in these
cancers in vivo [102].

27-hydroxycholesterol (27-HC) is closely associated with circulating
cholesterol levels and plays a key role in cancer development in the
setting of obesity (Fig. 1 and [103]. This cholesterol metabolite is
intracellularly generated by the action of sterol 27-hydroxylase
(CYP27A1) and catabolized by oxysterol 7-hydroxylase (CYP7B1),
forming bile acids [104]. 27-HC increased spontaneous breast cancer
tumor growth in an ER-dependent manner in the mouse mammary
tumor virus-polyoma virus middle T antigen (PyMT) transgenic mice fed
an obesogenic diet [103]. Furthermore, a lack of the CYP27A1 enzyme
attenuated the effects of this obesogenic diet on the growth of breast
cancer tumors in hypercholesterolemic mice [103]. 27-HC also accel-
erated cancer cell metastasis to the lungs in these mice, an effect that
implicated liver X receptor (LXR) activation [103]. The pro-metastatic
actions of 27-HC also required both polymorphonuclear-neutrophils
and y3-T cells together with an immune depletion of CD8" T cells in
obese and hypercholesterolemic mice, although the precise signaling
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events involved in this process are not yet known [105]. It should be
noted that 27-HC administration also increased xenografted ER-positive
breast cancer tumor growth in non-obese ovariectomized female
immunodeficient mice [106]. In the referred report, 27-HC was found to
be increased in ER+ human breast cancer tissues in close association
with CYP7B1 downregulation, whereas CYP27A1 remained unchanged
[106]. Moreover, another report demonstrated that 27-HC induces
angiogenesis by promoting the expression of vascular endothelial
growth factor (VEGF) in an ER-dependent manner in ER-positive breast
cancer cells or by activating STAT3 in an ER-independent manner [107].
27-HC also induces the EMT by downregulating E-cadherin and p-cat-
enin expression [108] as well as by upregulating the phosphorylation of
STAT3, which was found to promote matrix metalloproteinase-9
expression [109]. Overall, these findings clearly indicate that the con-
version of cholesterol to 27-HC could also be a key factor in explaining
the evidence that links 27-HC with other obesity-related cancers, such as
prostate [110], endometrial [111], thyroid [112], and ovarian [113]
malignancies. Of note, 25-HC is also catabolized by CYP7B1 and induces
the recruitment of protumoral monocytes in glioblastoma tumors [114].
Furthermore, 25-HC also stimulates growth in breast and ovarian cancer
cells in an ER-dependent manner [115].

4. Cancer-associated host cells in the obese setting

4.1. Adipose tissue macrophages, tumor-associated macrophages, and
tumor growth

Macrophages are highly plastic cells that can be polarized in vitro
towards a classical (M1 or pro-inflammatory) or alternative (M2 or anti-
inflammatory) activation state [116]. However, variable in vivo in-
flammatory conditions in the macrophage microenvironment can lead
to a vast array of activation phenotypes with distinct metabolic profiles
and can even produce phenotype shifts as a mechanism towards main-
taining metabolic homeostasis, as occurs during the onset of obesity and
cancer [117]. Whereas lean adipose tissue is enriched with permanently
resident immune cells— which are largely anti-inflammatory and pro-
mote normal metabolic homeostasis—in obese adipose tissue, proin-
flammatory immune cells are progressively recruited, which drives the
development of insulin resistance and systemic metabolic dysregulation
[118]. Whereas in lean adipose tissue, the adipose tissue macrophages
(ATMs) are interstitially spaced, they form clusters in the obese setting
(Fig. 1). The levels of MCP-1 in adipose tissue and plasma were found to
be increased in genetically obese diabetic leptin-receptor-deficient mice
and in wild-type mice fed a high-fat diet [119]. Thus, it follows that
ATMs must be continually recruited in obese adipose tissue under the
influence of MCP-1, a conclusion that is consistent with the data
showing that macrophages make up to 40% of all adipose tissue cells in
obese mice compared to 10% in lean mice [120].

The ATM content is higher in visceral than in subcutaneous adipose
tissue, which supports the concept that visceral fat plays a more

Table 2
Contribution of cancer-associated host cells in the TME to tumorigenic mechanisms in obesity-related cancer.
Host Cells Mechanisms Type of Cancer References
Cancer-associated Transfer lipids, mainly FFAs, to cancer cells Breast, colorectal, prostate, ovarian, and [74,98]
adipocytes pancreatic
Secretion of angiogenic and tumorigenic adipokines Breast and ovarian [74,164]
Tumor-associated Adopt protumoral M2-like immunosuppressive phenotype that secretes Breast [137]
macrophages tumorigenic cytokines
Cancer-associated Transfer lipids to cancer cells, mainly FFAs and lysophosphatidylcholines Breast, colorectal and pancreatic [145,146,
fibroblasts 148]
Endothelial cells Transfer lipids to cancer cells, mainly FFAs Breast [163]
CD8 " T cells Impaired CD8" T cell activation via fatty acid uptake Colorectal, breast and melanoma [172]

Tumorigenic mechanisms attributed to cancer-associated host cells in the tumor microenvironment. CD, cluster of differentiation; FFA, free fatty acids; TME, tumor

microenvironment.
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prominent role in insulin resistance [121]. Indeed, the presence of CLSs
in WAT was found to correlate with metabolic dysfunction even in
women with normal BMI [122]. Moreover, the presence of CLSs was
associated with elevated levels of aromatase and an increased risk of
breast cancer in women with a history of benign breast disease [123].
CLSs have also been found in the tongues of patients with early-stage
squamous cell carcinoma [124], which suggests their multifactorial
involvement in cancer development. The formation of CLSs was found to
create hypoxic areas, which partially induces ATM transition towards
the proinflammatory M1 phenotype via HIF-1a-dependent mechanisms
[125]. Remarkably, hypoxia is one of the common processes driven by
both ATMs and TAMs [22].

ATMs that populate obese adipose tissue are phenotypically het-
erogeneous [126]. While most of the macrophages in the adipose tissue
of lean mice resemble the alternatively activated M2-like subtype, the
majority of ATMs in the adipose tissue of diet-induced obese mice
display the M1-like phenotype [127]. Thus, initially, the inflammation
of the adipose tissue and the accompanying hyperinsulinemia may allow
for the development of insulin-resistant macrophages, which have a
reduced capacity to respond to inflammatory stimuli and possess a
distinct M2-like phenotype [128]. However, diet-induced obesity in
mice was actually shown to cause a shift in the activation state of ATMs
in lean animals from an M2-polarized anti-inflammatory state to an
M1-polarized proinflammatory state [129,130].

Abundant TAM populations are also found in the stroma of solid
tumors and play critical roles in all stages of tumor progression. Multiple
distinct phenotypical and functional features have been demonstrated in
both ATMs and TAMs, which cohabitate in the adipose TME. TAMs
become polarized upon receiving signals from the particular TME in
which they reside, and, overall, TAM populations consist of tumor-
promoting M2 subtype and a small fraction of antitumor M1 cells
(Table 2 and [131]). It has been reported that cancer cells, by scavenging
membrane cholesterol from TAMs, induce the reprogramming of TAMs
toward the immunosuppressive and tumor-promoting M2 phenotype
(Fig. 2 and [132]. However, the interactions of TAMs with cancer cells
and other components of the TME are still poorly defined, and multiple
populations of TAMs have been detected in multiple tumor settings.
Interestingly, although obesity is classically considered a
pro-carcinogenic state, conflicting evidence suggests that being over-
weight and/or obese induces a protective status against certain stages
and types of cancer [133] and increases the efficacy of cancer immu-
notherapy [134]. Such a paradoxical effect has been associated with the
leptin-induced repolarization of TAMs from the protumoral M2-like
immunosuppressive phenotype to the antitumoral M1-like TAM sub-
type. Thus, an increase in the leptin level was sufficient to enhance
M1-like macrophage polarization in both obese and leptin-treated lean
mice, thus reducing tumor growth [135]. This example illustrates the
complex and dynamic interactions between the internal metabolic
environment of an expanded adipose tissue and the growth and devel-
opment of a malignant tumor in the adipose TME.

Whether the development of obesity can induce a phenotypic and
functional transformation of ATMs into TAMs is not known. Interest-
ingly, it was found that ATMs isolated from obese human subjects, but
not human monocyte-derived macrophages isolated from the same pa-
tients, resemble TAMs isolated from solid tumors regarding their global
gene expression profiles, with the most significant pathways shared
between ATMs and TAMs being cancer-related pathways [136]. In line
with this finding, it was further reported that obese breast adipose tissue
contained increased M2-biased ATMs and that, in comparison with
breast tissue macrophages from lean women, they more closely resem-
bled TAMs [137].

4.2. Tumorigenic cancer-associated fibroblast

A major component of the TME is the population of CAFs, which
have also been described as promoters of tumor invasion and metastasis
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[138,139]. There is a consensus statement defining what a CAF is: Cells
from tissue biopsy samples with an elongated morphology, lacking the
mutations found within cancer cells, and are negative for epithelial,
endothelial, and leukocyte markers [139]. However, since there is no
specific and unique marker expressed only in CAFs, their identification
is not easy. Adipose tissue-derived mesenchymal stromal/stem cells
(ASCs) have been shown to de-differentiate into different major sub-
populations of CAFs in mice, demonstrating that ASCs are also suscep-
tible to gaining malignant phenotypes in vivo [140]. Notably, obesity
seems to fuel this de-differentiation process, since ASCs from obese pa-
tients co-cultured with cancer cell lines were shown to express higher
levels of CAF markers and promote breast cancer cell proliferation and
invasion [141]. ASCs can modulate the metabolism of breast cancer cells
by stimulating the upregulation of CD36, increasing the number of lipid
droplets [142]. CAFs also originate from endothelial cells through the
endothelial-to-mesenchymal transition, which is negatively regulated
by FAO [143].

CAFs transfer lipids and proteins to cancer cells through cargo ves-
icles supporting tumor growth [144]. CAFs also serve as a hub of lipids,
acting as fatty acid suppliers to support the metabolic needs of breast
and colorectal cancer cells (Table 2 and [145,146]). The CAF population
derives in part from tissue-resident pancreatic stellate cells in the TME of
pancreatic ductal adenocarcinoma [147]. The differentiation to CAF
induces a significant shift in lipid metabolism, secreting abundant
lysophosphatidylcholines that support phospholipid synthesis for
pancreatic ductal adenocarcinoma cell growth and the facilitation of the
production of LPA (Fig. 2 and [148].

4.3. Endothelial cells and angiogenesis

Glucose deprivation or acidosis in the TME promotes endothelial cell
proliferation via activating FAO through CPT1 [149,150]. Leptin also
has the ability to promote FAO in endothelial cells [151]. Furthermore,
endothelial cells respond rapidly to changing environmental situations
in the TME because their expression patterns in metabolic-related genes
seem to not be homogeneous in different tissues [152]. The proliferation
of endothelial cells can be caused by a rise in glycolysis under patho-
logical angiogenic conditions when 6-phosphofructo-2-kinase/fruc-
tose-2,6-biphosphatase 3, an essential target of growth factor
signaling, is upregulated [153]. However, proliferative endothelial cells
have shown an increase in fatty acid uptake [154], and VEGFB plays a
role in this process [155]. Lastly, endothelial migration is also regulated
by de novo fatty acid synthesis via acetyl-CoA carboxylase [156], and,
moreover, fatty acid synthase (FAS) is required for angiogenesis [157].

Strong evidence indicates that cholesterol levels regulate angiogenic
processes (Fig. 2). Ezetimibe, a cholesterol absorption inhibitor, showed
anti-angiogenic effects in mice fed an obesogenic diet [158,159].
Moreover, cholesterol efflux from endothelial cells to HDL reduces lipid
rafts, interferes with VEGF receptor 2 (VEGFR2) signaling, and inhibits
angiogenesis [160]. In line with these findings, the activation of endo-
thelial LXRs upregulates cholesterol efflux mechanisms and reduces
tumor angiogenesis by impairing the compartmentation of VEGFR2
[161]. VEGFB also causes impairment in LDL receptor recycling and
thereby reduces cholesterol uptake by endothelial cells [162]. However,
its role in the adipose TME is unknown.

CD36 is also presented in endothelial cells and, together with CAA
and CAF, controls the bioavailability of long-chain fatty acids in the
adipose TME (Table 2 and [163]). Indeed, these systemically mobilized
fatty acids are used for breast cancer cell growth in mice [163].

Hypoxia also induces pro-angiogenic signals to support tumor
growth, vascular leakiness, and extracellular matrix remodeling. In
comparison to the quiescent state of endothelial cells in healthy tissues,
the angiogenic features of tumor vessels require a proliferative and
migratory state of endothelial cells. The most important players in these
processes are VEGFA and angiopoietin-like 4 (ANGPTL4), both secreted
as a result of the expansion of the adipose tissue in the context of obesity
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[164]. VEGFA acts chiefly on endothelial cells by interacting with
VEGFR2, the main mediator of the cellular reaction to the growth factor
[165]. The expression of ANGPTL4 disrupts vascular endothelial junc-
tions, increases vessel permeability, and reshapes the transendothelial
barriers, ultimately facilitating cancer-cell motility and metastasis
[166]. Indeed, the expansion of adipose tissue is coordinated with its
vascularization, and adipocytes secrete multiple other proangiogenic
factors. For example, leptin and IL-6 produced by obese adipocytes
induced the activation, proliferation, and migration of endothelial cells
through the upregulation of VEGF and VEGFR-2 [167,168]. Leptin also
activates the migration and invasion of gastric cancer cells via AKT and
extracellular signal-regulated kinases signaling pathways and upregu-
lating VEGF [169]. The accumulation of LPA in the TME can stimulate
the production of IL-8 and prostaglandin E2, which in turn enhances the
production of VEGF [170]. Finally, IGF-1/IGF-1R signaling increases
alarmin S100A7 production, so activating the Receptor for Advanced
Glycation End Products signaling in vascular endothelial cells, ulti-
mately causing an increase in angiogenesis [171].

4.4. CD8" cytotoxic T cells

Obesity causes opposing lipid metabolic changes in CD8" T cells
versus colorectal, breast adenocarcinoma, and melanoma cancer cells,
revealing a new mechanism by which cancer cells change the TME
conditions in obesity [172]. This study also reported that cancer and
local immune cells compete for fatty acids, and the enhanced fatty acid
uptake and FAO in cancer cells blocked fatty acid metabolism in T cells,
leading to impaired antitumor immunity (Table 2 and [172]. Impor-
tantly, prolyl hydroxylase 3 overexpression impaired cancer cell FAO
and improved antitumor immune function in tumor-bearing obese mice
[172]. However, obesity-mediated tumor development in the PyMT
transgenic mice impaired CD8" T cell function by reducing glycolysis
while promoting FAO via leptin-induced STAT3 activation [173]. These
divergent effects of FAO on CD8" T cell antitumor functions could be
related to the lipid-rich environment of the mammary glands [173].
Furthermore, the higher amount of ox-LDL in the obese setting could
further impair the intratumoral CD8™ T cell function [174].

5. Potential therapeutic strategies
5.1. Nutritional interventions

Nutritional interventions may provide systemic responses affecting
the immune system’s antitumoral response as well as a reduction in low-
grade chronic inflammation, dyslipidemia, insulin resistance, and/or
obesity. In particular, weight loss has been linked to a lower risk of
cancer, specifically breast and endometrial cancers in postmenopausal
women [175]. This is particularly true for interventions that result in
significant and long-term weight loss, such as bariatric surgery [176].
The relation between body weight and breast cancer risk appears to be
highly dependent on menopausal status since obesity appears to be
protective in premenopausal women [177]. Similarly, the efficacy of
fasting cycles or fasting-mimicking diets in slowing tumor development
has already been established in experimental models [178,179], and
other dietary approaches for cancer therapy are expected to follow.
Saturated fat intake has previously been shown to increase the expres-
sion of genes associated with inflammation, insulin resistance, hepatic
steatosis, and/or cancer risk, whereas certain PUFAs have anticancer
properties [180-183]. The two primary PUFA categories, the omega-3
and omega-6 fatty acids, need to be consumed as part of a healthy
diet. Epidemiological studies have investigated the function of omega-3
and omega-6 PUFAs in cancer risk, and it was found that consuming a
Western diet poor in PUFAs is related to an increased risk of various
cancer types [184]. Particularly, an increased intake of omega-3 as well
as a greater dietary intake ratio of omega-3: omega-6 PUFAs were
associated with a lower risk of breast cancer in obese women but not in
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overweight or normal-weight women [185], revealing a relationship
between obesity, omega-3-PUFA intake, and the risk of breast cancer.
Several mechanisms have been proposed to explain the anticarcinogenic
effects of omega-3 PUFAs, including changes in the cell plasma mem-
brane composition, the inhibition of the arachidonic acid-derived syn-
thesis of inflammatory eicosanoids, and the altered expression of genes
involved in cell proliferation and apoptosis [186]. In line with these
findings, the consumption of a Mediterranean diet reduces the expres-
sion of genes associated with oxidative stress, inflammation, and/or
insulin signaling [187]. Also, a ketogenic diet (a diet low in carbs and
high in fat but with the same caloric intake) has been demonstrated to
enhance the antitumor efficacy of phosphatidylinositol-3-kinase in-
hibitors in a preclinical pancreatic ductal adenocarcinomas model
[188]. A ketogenic diet has also been proven to reduce the growth of
patient-derived xenografts in preclinical models of glioblastoma [189].
Combining a calorie-restricted and ketogenic diet similarly reduced
glioblastoma growth, with a significant increase in antitumor activity
when paired with the glutamine antagonist 6-diazo-5-oxo-L-norleucine
[190]. Mechanistically, energy-restricted diets supplemented with
eicosapentaenoic acid and lipoic acid increase the expression of genes
involved in FAO while decreasing the expression of genes associated
with de novo lipogenesis and inflammation [191]. However, the poten-
tial of these diets to prevent carcinogenic processes in the setting of
obesity remains poorly understood.

A recent review collected data on bioactive compounds from natural
sources, including polyphenols (flavonoids, stilbenes, curcuminoids,
and phenolic acids) and terpenoids, that could potentially have anti-
tumorigenic activities in the setting of obesity [192]. Precisely, poly-
phenols assist in the prevention of obesity by modulating genes involved
in adipogenesis, lipolysis, and FAO [193]. Natural-source dietary in-
gredients and nutrients such as epigallocatechin-3-gallate, curcumin,
sulforaphane, and genistein have been shown to have anticancer prop-
erties, mainly by regulating the expression of lipogenic and FAO genes
[192]. It should be noted that oroxylin A, one of the main bioactive
flavonoids of the medicinal plant Scutellaria baicalensis Georgi, inacti-
vated HIF1a and enhanced FAO, thereby downregulating intracellular
fatty acid levels, which leads to the suppression of cell growth and the
development of colon cancer [194]. Oroxylin also delayed the progress
of primary colon cancer in mice fed an obesogenic diet [194]. Finally, it
has also been reported that colorectal cancer is linked to intestinal
dysbiosis, and evidence suggests that microbial-derived short-chain
fatty acids control inflammation and regulatory T-cell populations
[195]. Furthermore, microbial dysbiosis also plays a critical role in the
etiology of the colon, gastric, esophageal, pancreatic, laryngeal, breast,
and gallbladder carcinomas in close association with host inflammation
[196]. Since obese subjects show an altered gut microbiota and a dis-
rupted intestinal epithelium Dbarrier, the development of
microbiota-targeting therapies is now considered a potential clinical
strategy to prevent obesity-related cancers.

5.2. Drugs targeted to regulate fatty acid metabolism

The inhibition of lipid metabolic enzymes may cause tumor regres-
sion, decrease metastatic spread, and/or prevent drug resistance [197],
and this could be particularly relevant in the setting of obesity.
Regarding lipogenic enzymes, the inhibition of two enzymes, FAS and
acetyl-CoA carboxylase, was investigated in early breast cancer models
to demonstrate their relevance in the prevention of tumor growth [198].
As such, a first-in-class FAS inhibitor is now in phase II clinical trials due
to its anticancer potential [199]. A favorable safety profile and clinical
activity were presented in patients with KRAS™" non-small cell lung,
breast, and ovarian cancer [199]. As mentioned above, another line of
therapy should be focused on FAO reprogramming. Indeed,
myeloid-derived suppressor cells, which promote tumor growth by
inhibiting T-cell immunity, also prefer FAO over glycolysis, and, thus,
therapy with FAO inhibitors might enhance antitumor immunity [200].
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In line with these findings, it has been demonstrated that the pharma-
cological suppression of FAO significantly reduces energy metabolism
and, thus, triple-negative breast cancer development in an
MYC-dependent manner in experimental models [201].

Concerning lipid uptake, it has been described that the inactivation
of CD36 delayed cancer progression in a phosphatase and tensin
homolog-deficient murine prostate cancer model, and therapy with a
CD36-targeting antibody reduced tumor growth in patient-derived xe-
nografts [202]. Furthermore, metastasis-initiating subpopulations of
oral squamous carcinoma cells exhibit elevated CD36 expression and an
enhanced propensity to absorb and metabolize fatty acids [203]. Mice
fed an obesogenic diet and injected with this group of cells had a greater
prevalence of lymph-node metastases [203]. Exposing cancer cells to
palmitate before implantation could result in a similar phenotype.
Importantly, mice treated with the monoclonal antibody JC63.1, which
inhibits CD36 transport activity, had less metastatic formation [203]. It
has also been demonstrated that oleate has a proliferative effect on
breast cancer cells that is dependent on CD36 since the suppression of
CD36 expression has been shown to greatly reduce exogenous fatty acid
uptake [204]. Steroyl-CoA desaturase inhibition also yielded pro-
nounced growth inhibition in breast cancer cells [204]. This metabolic
reliance could be used therapeutically and be more effective in obese
patients.

5.3. Statins

Hypercholesterolemia, an obesity-related co-morbidity, affects
roughly 20% of the total adult population in developed countries [205].
Considering the vital and prooncogenic functions of cholesterol in can-
cer, impeding either cholesterol synthesis or lipoprotein-mediated
cholesterol uptake can be a feasible anti-carcinogenesis strategy.
Moreover, the significance of cholesterol as a precursor for endogenous
sex steroid production suggests that it may be important in both breast
and prostate cancer, two hormone-dependent tumor forms. According to
several studies, inhibiting the synthesis of cholesterol reduces the
growth and transformation of cancer cells [51]. Statin use has been
linked to lower total cancer risk [206] and cancer-specific mortality
[207] through a variety of potential mechanisms, including the inhibi-
tion of the mevalonate pathway that downregulates cholesterol
biosynthesis and intermediates that interfere with the post-translational
modification and activation of small nucleotide guanosine triphosphate
hydrolases and their downstream signaling [208]. Because statins have a
limited bioavailability in blood [209], their cholesterol-lowering prop-
erties may be the most relevant regarding breast and prostate malig-
nancies. Although several large clinical trials have indicated that statins
may reduce the incidence of breast, prostate, pancreatic, and ovarian
cancer, these findings could not be reproduced in all studies [51]. The
role of hypolipidemic drugs, notably statins, in the prevention and/or
therapy of various forms of human cancer is still debatable, and addi-
tional properly planned clinical research is required before a more
definitive judgment about their ability to lower the risk or recurrence of
sex steroid-dependent cancer forms can be made.

5.4. Oral antidiabetic drugs

Oral antidiabetic therapy includes a range of diverse drugs such as
biguanides (with metformin as the main exponent) and sodium-glucose
transport protein 2 inhibitors (SGLT2i). Epidemiological studies
observed a decreased cancer risk in patients treated with metformin,
specifically in terms of breast, colorectal, esophageal, liver and
pancreatic cancer [210,211]. Metformin was also able to inhibit tumor
growth in obese mice models of endometrial cancer [212] and in
estrogen-receptor positive breast cancer [213]. The proposed mecha-
nism by which metformin causes tumor suppression is AMP-activated
protein kinase (AMPK) activation, which could regulate phospholipid
metabolism and inhibit lipogenesis [214,215]. However, not all studies
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have found a significant reduction in cancer among metformin users
[216]. Furthermore, randomized clinical trials only indicate a small
benefit [217] or no improvements [218] when metformin is used as
adjuvant therapy. The use of SGLT2i was first associated with an
increased risk of bladder and breast cancer. Posterior animal and
better-powered human studies have not detected this increased risk of
cancer [219]. Indeed, SGLT2 inhibition may be an effective way of
attenuating liver cancer [220] and increase the sensitivity to chemo-
therapy in breast cancer cells [221]. SGLT2 inhibitors were able to
reduce tumor growth in a mouse model of obesity-associated breast and
colon cancer [222]. The mechanisms involved specifically in these
findings are complex and still not fully understood; SGLT2i induce
AMPK activation and SREBP1 suppression. This results in the suppres-
sion of the production of MUFAs and PUFAs and enhanced lipid per-
oxidation [223].

A detailed list of all potential therapies that could potentially prevent
tumorigenic processes associated with lipid metabolic alterations in the
obese host macroenvironment and the adipose TME are shown in
Table 3. The effectiveness of these therapies will be significantly
enhanced if body weight, body composition, and other circulating
macroenvironmental factors are systematically considered while
developing and assessing cancer data. Overall, gaining a greater un-
derstanding of the complex interplay between tumor genetics, pheno-
type, and targeted therapeutic efficacy will allow for the creation of
more efficient and customized therapies in obesity-induced lipid alter-
ations in cancer.

6. Concluding remarks

Research on lipid metabolic dysregulation affecting cancer devel-
opment in the obese setting has attracted great interest in the past
decade. Multiple experimental and epidemiological pieces of evidence
indicate that obesity worsens the risk and cancer-related mortality of
multiple types of cancers. Visceral WAT expansion changes the host
macroenvironment and promotes cancer cell growth and invasion by
inducing proinflammatory processes, hyperinsulinemia, and dyslipide-
mia, and increasing the availability of various growth factors (Table 1
and Fig. 1). Indeed, a high BMI is considered to be a modifiable risk
factor for cancer. Lipids participate in heterotypic cellular interactions
within the adipose TME, shaping the functions of both cancer and non-
cancer cells. Importantly, by providing an additional source of fuel, the
FFAs released by CAAs facilitate cancer cells’ attainment of their high-
energy requirements (Table 2 and Fig. 2). Therefore, the molecules
engaged in crucial processes that lie at the nexus of obesity and cancer
represent potential therapeutic targets for upcoming clinical applica-
tions. Nutritional interventions, drugs targeting lipid metabolism, and
oral antidiabetic drugs appear to be potential therapeutic approaches to
prevent the complex cancer-associated metabolic dysregulations in the
obese setting.
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Table 3
Potential therapeutic strategies in obesity-related cancers.
Intervention Treatment Mechanisms Type of Cancer References
Nutritional interventions Weight loss | low-grade chronic inflammation Breast and endometrial cancers in [175,176,
| dyslipidemia postmenopausal women 178]
Bariatric Surgery | insulin resistance
| obesity
Fasting 1 immune system’s antitumoral response
Omega-3 fatty acid consumption ~ Changes in cell plasma membrane composition Breast cancer in obese women [182-186]
Inhibition of arachidonic-derived synthesis of
inflammatory eicosanoids
Altered expression of genes involved in cell
proliferation and apoptosis
Ketogenic diet Enhanced efficacy of PI3K inhibitors Preclinical model of pancreatic ductal [188,189]
| the growth of patient-derived xenografts adenocarcinoma
Preclinical model of glioblastoma
Ketogenic diet + calorie Glioblastoma [190]
restricted diet + 6-diazo-5-0xo-
L-norleucina
Energy-restricted diet + EPA 1 expression of genes involved in FAO Not specified [191]
+ lipoic acid | expression of genes associated with de novo
lipogenesis and inflammation
Polyphenols and terpenoids Modulation of genes involved in adipogenesis, Not specified [192,193]
lipolysis and FAO
Microbiota targeting therapies Control inflammation and regulatory T-cell Colon, gastric, esophageal, pancreatic, [195,196]
populations laryngeal, breast, and gallbladder
carcinomas
Therapeutic drugs Inhibition of FAS and acetyl-CoA  Tumor growth prevention Breast, lung and ovarian cancer [198,199]
targeting fatty acid carboxylase
metabolism Inhibition of FAO [200,201]
Enhanced T-cell immunity Breast cancer
Inhibition of CD36 | exogenous fatty acid uptake Murine prostate cancer model and [202,204]
breast cancer cells
Lipid metabolism Statins Inhibition of cholesterol biosynthesis Breast, prostate, pancreatic and ovarian [51,
| serum cholesterol levels cancer 206-208]
| inflammation and angiogenesis
Antidiabetic drugs Metformin Activation of AMPK inhibits fatty acid synthesisand ~ Not specified [214,215]
enhances FAO
SGLT2i |MUFA and PUFA production as well as enhanced Not specified [223]

lipid peroxidation due to SREBP1 suppression via

AMPK activation

Potential dietary and pharmacological interventions targeting obesity-induced alterations for cancer treatment and prevention. AMPK, AMP-activated protein kinase;
CD36, cluster of differentiation 36; EPA, eicosapentaenoic acid; FAO, fatty acid f-oxidation; FAS, fatty acid synthase; MUFA, monounsaturated fatty acids; PI3K,
phosphoinositide 3-kinase; PUFA, polyunsaturated fatty acids; SGLT2i, sodium-glucose transport protein 2 inhibitors; SREBP1, sterol regulatory element binding
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