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Abstract

Purpose of Review Adipocytes have adapted to store energy
in the form of lipid and also secrete circulating factors called
adipokines that signal to other tissues to coordinate energy
homeostasis. These functions are disrupted in the setting of
obesity, promoting the development of diseases such as dia-
betes, cardiovascular disease, and cancer.

Recent Findings Obesity is linked to an increased risk of
many types of cancer and increased cancer-related mortality.
The basis for the striking association between obesity and
cancer is not well understood.

Summary Here, we review the cellular and molecular path-
ways that appear to be involved in obesity-driven cancer. We
also describe possible therapeutic considerations and highlight
important unanswered questions in the field.
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Introduction

Obesity currently affects one third of adults in the USA [1].
Obesity develops when energy intake chronically exceeds en-
ergy expenditure and is defined by a body mass index (BMI)
greater than or equal to 30. In the USA, hospitalization and
health care costs attributable to obesity are estimated to be
$147B/year [2]. Overweight and obese individuals are at in-
creased risk of developing type 2 diabetes, hypertension, car-
diovascular disease, and non-alcoholic fatty liver disease [3].
Prospective studies and meta-analyses have also clearly dem-
onstrated that obesity is a risk factor for many types of cancers
and is associated with worsened prognosis [4, 5]. This review
briefly presents the epidemiological evidence linking obesity
to cancer and then focuses on the established and proposed
mechanisms underpinning the association between obesity
and cancer (Fig. 1).

Epidemiological Evidence

The association between obesity and cancer risk and mortality
was firmly established with a seminal study published in 2003
by Calle et al. [4]. This prospective study showed that cancer
patients with a BMI above 40 had mortality rates that were
52% higher for men and 62% higher for women. Since then,
many other epidemiological reports have shown a correlation
between obesity and cancer [6, 7¢¢]. The American Society of
Clinical Oncology recently noted that obesity is overtaking
tobacco use as the most significant preventable lifestyle risk
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Fig. 1 Schematic of biological
pathways involved in linking
obesity and cancer
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factor for cancer mortality [8]. The risk and mortality from
cancers of the thyroid, esophagus, liver, gallbladder, colon,
and kidney as well as non-Hodgkin’s lymphoma and multiple
myeloma are particularly associated with obesity in both sexes
[4, 5]. This trend is also strong for endometrial and postmen-
opausal breast cancer in women and for prostate cancer in
men. The mechanisms behind the connection between obesity
and cancer have not yet been fully elucidated.

The Obesity Syndrome

Obesity is defined by an excess of adipose tissue, which con-
sists of adipocytes or fat cells, as well as immune cells, stromal
cells, blood vessels, and neurons. Three distinct types of adi-
pocytes have been described in mammals: white, brown, and
beige. White adipose tissue (WAT) functions mainly to store
nutrients as lipid [9]. In contrast, brown adipose tissue (BAT)
has high levels of uncoupling protein 1 (UCP1), which uncou-
ples oxidative phosphorylation from ATP synthesis, thereby
dissipating energy as heat [10]. Beige adipose comes from a
distinct lineage to BAT, but can be activated to acquire a more
brown-like phenotype [11].

In the setting of obesity, WAT undergoes hypertrophy and
hyperplasia which results in physiologic changes. These in-
clude elevated levels of free fatty acids (FFA) and triglycer-
ides, increased blood glucose, and insulin resistance which
results in increased insulin production by the pancreas.
Insulin resistance can also lead to glucose intolerance and
hyperglycemia, providing an environment that can promote
cancer cell proliferation [12].

All adipose depots are involved in energy metabolism and
secrete factors called adipokines that can have whole body
endocrine effects. In the setting of obesity, these endocrine
functions become dysregulated. Leptin and adiponectin are
among the best characterized adipokines. Leptin expression
correlates positively with obesity, whereas adiponectin
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expression negatively correlates with adiposity. Obese WAT
also produces inflammatory cytokines such as tumor necrosis
factor alpha (TNF«), interleukin 6 (IL-6), interleukin 1 beta
(IL-1B), and transforming growth factor beta (TGFf3) [13].
The release of these cytokines attracts and activates mono-
cytes and macrophages which secrete inflammatory cytokines
and contribute to the development of insulin resistance. Over
time, the localized inflammation in the adipose tissue can have
systemic effects. Although all adipose depots can secrete pro-
inflammatory factors, obese visceral adipose is most strongly
associated with metabolic dysfunction and poor cancer out-
comes, suggesting distinct biological effects regulated by this
fat depot. This review explores how local and systemic dys-
regulation of adipose tissue caused by obesity is linked to
cancer.

Insulin and Insulin-Like Growth Factor Signaling

In the setting of obesity, systemic levels of insulin and insulin-
like growth factor 1 (IGF-1) are increased. These hormones
act both locally by stimulating receptors present on tumor cells
and globally by altering overall metabolism.
Hyperinsulinemia has been identified as an independent risk
factor for breast cancer development, and insulin-sensitizing
therapies can reduce metastatic burden in mice [14, 15].
Several cancer cell types express the insulin receptor, which
activates the phosphatidylinositol-4,5-bisphosphate 3-kinase
(PI3K) pathway, leading to proliferation and tumor progres-
sion [16]. In addition to promoting proliferation,
hyperinsulinemia via signaling in hepatocytes leads to in-
creased production of insulin-like growth factor 1 (IGF-1)
and repressed secretion of IGF-1 binding proteins, leading to
an increase in bioavailable IGF-1.

Stimulating the IGF-1 receptor on cancer cells activates the
mitogen-activated protein kinase (MAPK) pathway, promot-
ing many types of cancer, specifically skin and pancreatic
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cancer initiation and progression in vitro [17, 18]. When mice
susceptible to colorectal cancer are treated with an IGF-1 re-
ceptor inhibitor that disrupts downstream signaling, tumor
burden is significantly reduced [19+¢]. Colorectal cancer
growth is reduced upon orthotopic implantation into IGF-1
deficient mice [20]. This suggests an important role for insulin
and IGF-1 in the progression of obesity-driven cancers.

Adipokines and Cytokines

Adipokines produced by adipose tissue and cytokines pro-
duced by immune cells control a wide range of processes
including inflammation, feeding behavior, and cellular signal-
ing. Dysregulation of these circulating factors in the setting of
obesity can affect distant organs, like the liver and pancreas, as
well as the local microenvironment [21¢]. This section will
discuss the roles of key adipokines and cytokines, which are
altered in obesity and have been linked to cancer.

Leptin

Leptin is a hormone that coordinates energy homeostasis by
signaling from adipose to the hypothalamus [22]. In the set-
ting of obesity, serum leptin levels positively correlate with fat
mass. Patients with breast cancer that overexpresses the leptin
receptor have an unfavorable prognosis independent of other
risk factors [23]. When peripheral leptin signaling is disrupted
in a mouse model of spontaneous breast cancer, there is dra-
matically reduced tumor burden compared to mice with intact
leptin signaling [24].

Mechanistically, leptin can signal directly to cancer cells
through the OB-R leptin receptor and downstream activation
of the PI3K and MAPK pathways. Additionally, leptin pro-
motes angiogenesis through vascular endothelial growth fac-
tor (VEGF) signaling and hypoxia inducible factor 1 alpha
(HIF-1w) stabilization [21¢]. Furthermore, leptin overexpres-
sion promotes invasion of human pancreatic cancer cell lines
in vitro through the production of matrix metalloproteinase 13
(MMP-13) [21¢]. In vivo, pancreatic cancer cell lines that
overexpress the leptin receptor have accelerated growth and
metastasis. Furthermore, leptin receptor expression in tumors
is significantly higher in patients with lymph node metastases
and is positively correlated with MMP-13 expression [21°].
This suggests that in addition to systemic effects, leptin can
signal directly to some tumors to promote growth.

Adiponectin

Adiponectin is secreted by adipocytes and can act on other
tissues to increase insulin sensitivity [25]. It also has anti-
inflammatory properties [26]. In contrast to leptin,
adiponectin has been shown to attenuate tumor

progression. Serum adiponectin levels are reduced in the
obese state and are inversely correlated with the progres-
sion of several cancers, including breast cancer, pancreatic
cancer, and colorectal cancer [27-29]. Furthermore,
adiponectin directly signals to cancer cells which express
the adiponectin receptor, reducing cellular proliferation
and inducing apoptosis [30]. Adiponectin signals through
several pathways, including the AMP-activated protein ki-
nase (AMPK), mammalian target of rapamycin (mTOR),
and nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) pathways [31, 32].

Other Candidate Adipokines

Nicotinamide phosphoribosyltransferase (NAMPT) is a ubig-
uitous enzyme that catalyzes the rate-limiting step in NAD
synthesis. NAMPT can also be secreted and has been referred
to in this context as visfatin. Serum visfatin levels are posi-
tively correlated with visceral adiposity [33]. Elevated circu-
lating levels of visfatin have been implicated in the progres-
sion of gastric cancer, colorectal carcinoma, and several other
cancer types [34-36]. Breast cancer patients with higher
visfatin levels have poorer disease free and overall survival.
In vitro, visfatin promotes breast cancer cell viability through
the activation of abelson murine leukemia viral oncogene ho-
molog 1 (C-ABL) and signal transducer and activator of tran-
scription 3 (STAT3). High visfatin levels are associated with
tumor stage and lymph node metastasis [37]. Furthermore,
serum levels of visfatin are positively associated with inflam-
mation, lymph node metastasis, and anemia in colorectal can-
cer patients [38]. It remains unclear whether visfatin has a role
in cancer risk or a causal role in obesity-driven cancer pro-
gression. Moreover, the exact mechanism of action of visfatin
in tumorigenesis is still vague [39].

Omentin-1 is an anti-inflammatory adipokine produced by
visceral adipose [40, 41]. Omentin-1 enhances insulin stimu-
lated glucose uptake in vitro, and serum levels of omentin-1
are reduced in patients with type 2 diabetes mellitus (T2DM)
[40]. Furthermore, omentin-1 levels are lower in the setting of
obesity and other insulin-resistant states [42]. Serum omentin-
1 levels are dramatically reduced in patients with renal cell
carcinoma [43]. The mechanism by which omentin-1 can af-
fect cancer progression is not well established. However, treat-
ment with omentin-1 can induce apoptosis of hepatocellular
carcinoma (HCC) cells in vitro and enhance the stability of the
tumor suppressor, pS3 [44, 45].

Inflammatory Cytokines
TNF« and IL-6 are associated with insulin resistance as well

as changes in the inflammatory tumor microenvironment [46].
While TNFx and IL-6 are expressed in adipose tissue, these
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cytokines are mainly secreted from adipose resident immune
cells [47]. TNFx activates NF-kb, which is important in the
development of many cancers. Specifically, different subunits
of NF-kb are necessary for the development of colitis and
colonic epithelial cell turnover in colitis-associated carcino-
genesis [48]. Recently, TNFo has been shown to activate in-
hibitor of nuclear factor kappa-B kinase subunit beta (IKK-B),
which stabilizes X-box binding protein 1 (XBP1) to improve
glucose homeostasis in lean mice. In obese mice, however, the
normal activation of IKKB does not occur, disrupting down-
stream signaling, and leading to insulin resistance [49¢].
IL-6 is a pro-inflammatory cytokine which activates
STAT3, an oncogene involved in cancer progression [50].
STAT3 is activated by TNFx and IL-6 in HCC and colitis-
associated cancer (CAC) [51, 52]. Interestingly, in the context
of thyroid cancer, STAT3 is a negative regulator of tumor
growth [53]. IL-6 also regulates the inflammatory tumor mi-
croenvironment in pancreatic cancer. IL-6 has been shown to
have paracrine effects on early HCC and autocrine effects on
the malignant progression of both HCC progenitor cells and
breast cancer [54, 55]. Obesity is associated with the produc-
tion of pro-inflammatory cytokines, but their specific role in
obesity driven cancer progression has not been fully clarified.

Inflammation and Immune Cells

Inflammation and expansion of the adipose tissue in the
setting of obesity mimics chronic tissue injury, with an
influx of immune cells, such as macrophages, T cells, and
NK cells [56-58], production of pro-inflammatory media-
tors, tissue remodeling, and angiogenesis [56]. Some tu-
mors such as breast, prostate, and gynecologic cancers de-
velop within adipose tissue. Thus, the microenvironment
of these types of cancer contains immune cells and adipo-
cytes. Obese mice also have increased fibrosis and inflam-
mation of the mammary adipose, which promotes breast
tumorigenesis [59].

As adipose tissue expands in obesity, it becomes hypoxic,
leading to adipose cell death. These dying adipocytes are
surrounded by rings of macrophages, which are known as
crown-like structures (CLS). Elevated numbers of CLS in
mammary adipose tissue are associated with a worse progno-
sis in patients with early breast cancer [60]. Interestingly, mice
which were formerly obese (FOb) have fewer CLS than obese
mice, though still more than lean controls [61¢]. Despite this
decrease in CLS, there was no decrease in mammary tumor
burden between obese and FOb animals. Additionally, FOb
mice had elevated levels of IL-6, TNF«&, matrix
metalloprotease 9 (MMP-9), and IL-1{3, similar to obese mice
and both significantly higher than lean mice. This suggests
that CLS density is related to more rapid cancer progression,
but may not be the only factor. In early stage squamous cell
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carcinoma of the tongue, a retrospective study indicates that
increased CLS density in the local white adipose is associated
with worse disease-specific survival and overall survival in
patients [62]. CLS can be used as a prognostic factor, but the
mechanism by which these macrophages may increase tumor
initiation and progression remains unclear.

It had long been believed that obesity drives activation
of adipose tissue macrophages (ATMs) [63]. ATMs activat-
ed by obesity secrete IL-1f3, an inflammatory cytokine that
has been shown to promote breast cancer progression
[64¢¢]. In this study, the authors hypothesize that the obese
tumor microenvironment recruits macrophages which have
an activated NLRC4 inflammasome. This leads to in-
creased IL-13, which drives breast cancer progression
through vascular endothelial growth factor A (VEGFA)
expression and angiogenesis. It has also been shown that
a class Ila histone deacetylase (HDAC) inhibitor, TMP195,
can stimulate macrophages to have an anti-tumor pheno-
type. This inhibitor reduces tumor burden and pulmonary
metastases in a macrophage-dependent mouse model of
breast cancer [65].

Recently, a subset of ATMs has been described that are
phenotypically distinct from classically activated M1 or
anti-inflammatory M2 macrophages. These macrophages
are known as metabolically activated macrophages
(MMe) and express specific markers such as Perilipin 2
(PLIN2) and ATP Binding Cassette Subfamily A Member
1 (ABCA1) [66]. Furthermore, ATMs respond to obesity
by activating the lysosomal metabolism of lipids [67]. This
does not occur with traditional M1 activation. The in-
creased metabolism of lipids affects adipose tissue secre-
tion of nonesterified fatty acids. From this data, it is clear
that metabolic ATM activation is distinct from classical M1
activation. This new subset of macrophages has not yet
been studied in the context of cancer, but may play a key
role in the tumor microenvironment.

Exosomes

Most cell types secrete exosomes, which are nanovesicles that
contain proteins and/or nucleic acids [68]. Adipose tissue se-
cretes exosomes that can interact with cancer cells. Lazar et al.
showed that adipose exosomes contain proteins related to fatty
acid oxidation (FAO), which travel to nearby melanoma cells
and reprogram FAO metabolism of the cancer cell [69¢].
Furthermore, exosomes reprogramming FAO are increased
in obesity and potentiate tumor cell migration. There is also
evidence that microRNAs (miRNAs) are present in exosomes
and can regulate gene expression in distant tissues [70¢¢]. This
suggests that exosomes from adipose tissue may be able to
alter gene expression in distant tumor cells.
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The Role of Obesity in Metastasis

Metastasis accounts for over 90% of cancer deaths [71].
Obese patients have an increased risk of metastasis as well
as decreased disease-free and overall survival. Successful es-
tablishment of macroscopic metastases involves: invasion into
surrounding tissues, intravasation into the circulatory system,
extravasation into the metastatic site, and establishment and
expansion of micrometastasic foci [72¢]. Pre-clinical studies
have clearly demonstrated that obesity enhances metastasis in
models of melanoma and lung cancer, but the mechanism is
unclear [73].

The earliest step in metastasis involves epithelial-to-
mesenchymal transition (EMT). This process is characterized
by increased migration and invasion, reduced apoptosis, and
augmented expression of extracellular matrix proteins in tu-
mor cells [74]. A prospective study of estrogen-receptor
(ER)+ breast cancer patients showed that obesity promotes
metastasis and an upregulation of EMT genes [75].
Moreover, co-culturing obese adipocyte stem cells with breast
cancer cells increases expression of EMT genes in the cancer
cells [76]. Heterotypic signals from the tumor microenviron-
ment presumably stimulate the acquisition of EMT traits in
cancer cells. For instance, the secretion of inflammatory cyto-
kines IL-6 and TGFf3 from both adipocytes and adipose stro-
mal cells promotes EMT of breast cancer cells [77, 78].
Additionally, leptin has been shown to induce the expression
of EMT-related genes in breast cancer models [79]. The find-
ings outlined above clearly illustrate that obesity can promote
EMT traits, although the pathways underpinning this effect
are unclear.

Intravasation of cancer cells into the circulatory system and
establishment of microscopic foci in distant tissues are other
essential steps in metastasis which may be affected by obesity.
In ovarian cancer as well as a number of other abdominal and
pelvic malignancies, the omental visceral fat depot is a fa-
vored site of metastatic dissemination [80¢]. Interestingly,
ovarian cancer cells generally seed the omental adipose tissue
but only marginally disseminate into other adipose depots.
This suggests that metastasis of cancer cells to adipose tissue
may depend on the nature of the fat depot. Fat droplets from
the omental adipose provide metabolic energy to ovarian can-
cer cells, driving tumor growth and invasion to the omental
depot. The acquisition of these traits is lost upon deletion of
fatty acid binding protein 4 (Fabp4), suggesting that Fabp4 is
required for invasion [80¢]. In vitro breast, gastric, and colon
cancer cells show invasion toward primary omental adipo-
cytes compared to serum-free control media, suggesting a
similar mechanism among different cancer types. Another
pathway linking obesity and metastasis is hyperinsulinemia.
In a mouse model of breast cancer, the number of lung metas-
tases was increased in the setting of hyperinsulinemia, which
is dependent on vimentin expression [81e¢]. The pro-

inflammatory environment in obesity may also potentiate ex-
travasation and dissemination of breast cancer cells into met-
astatic niches. In pulmonary metastasis, inflammatory mono-
cytes are recruited and activated by the chemokine (C-C
motif) ligand 2 (CCL2) pathway [82]. Blocking this pathway
abrogates extravasation and dissemination of breast cancer
cells in the lungs. These studies were performed in lean mice,
but given that recruitment of monocytes by CCL2 and meta-
static dissemination are both promoted in obesity, it is con-
ceivable that this pathway might be relevant in the setting of
obesity. Together, few studies have investigated the mecha-
nism of cancer cell intravasation, extravasation, and seeding
of distant tissues in the setting of obesity and it remains un-
clear which pathways are key in metastasis in obesity.

Repurposing Diabetes and Cholesterol-Lowering
Drugs for Cancer Treatment in Obesity

As the correlation between obesity and increased cancer mor-
tality has become clear, there is an increased interest in
repurposing diabetes and cholesterol lowering drugs, com-
monly used by patients with obesity and metabolic syndrome,
for cancer therapy.

Metformin

Type 2 diabetes mellitus (T2DM) is a common co-morbidity
associated with obesity and is an independent predictor of risk,
relapse, and mortality for many types of cancers [83].
Metformin improves glycemic control and insulin resistance
and is a safe and effective drug for the management of T2DM
[84]. Its mechanism of action involves a decrease in hepatic
gluconeogenesis involving the AMPK, PI3K/Akt, and mTOR
pathways [85]. In vitro evidence suggests that metformin di-
rectly inhibits cancer cell growth and induces apoptosis [86].
Furthermore, metformin decreases cancer recurrence by di-
rectly inducing cancer stem cell death [87]. Meta-analyses
indicate that metformin is associated with decreased cancer
risk and mortality [88, 89]. Thus, metformin may decrease
cancer progression indirectly through improvement of insulin
sensitivity in the host as well as by directly acting on cancer
cells.

Thiazolidinediones

Thiazolidinediones (TZDs) are a family of pharmacological
agents functioning as peroxisome proliferator-activated recep-
tor gamma (PPARY) agonists and have been prescribed to
treat T2DM in the past. Retrospective investigations suggest
that TZD treatment is associated with a meaningful decrease
in lung cancer risk among patients diagnosed with diabetes
[90]. In addition, meta-analyses indicate that TZD use is
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associated with increased survival in diabetic women with
breast cancer [91]. TZDs can improve dyslipidemia and hy-
perglycemia by enhancing insulin sensitivity through activa-
tion of PPARYy target genes. TZDs can induce cancer cell
cycle arrest by stimulating the induction of phosphatase and
tensin homolog (PTEN), and TZDs can sensitize cancer cells
to TNF-related apoptosis-inducing ligand (TRAIL)-induced
death by repressing cyclin D3 expression in a PPARy-
independent manner [92, 93]. TZD treatment causes cell
growth arrest and apoptosis of non-small cell lung carcinoma
cells by a mechanism involving growth arrest and DNA-
damage inducible protein (GADD153) [94].

Statins

Statins are the most widely prescribed class of medication for
hypercholesterolemia. There is evidence suggesting that cancer
patients taking statins have improved survival. Meta-analyses
have suggested that statin use is associated with a decreased
risk of hepatocellular and colorectal carcinoma, as well as de-
creased cancer-specific mortality, independent of cancer type
[95]. In breast cancer, retrospective reports suggest that statin
use decreases the risk of recurrence [96]. Statins inhibit the rate-
limiting enzyme of the cholesterol biosynthesis pathway, which
in turn reduces blood cholesterol. Cholesterol can be found in
the circulation as low density lipoprotein (LDL) and this bio-
chemical species can be taken up in cells by the low-density
lipoprotein receptor (LDLR). Increased LDL levels can pro-
mote mitosis of breast and prostate cancer cells. Moreover, high
LDLR expression in breast cancer patients has been positively
associated with relapse and poor outcomes [97]. Upon cellular
uptake of LDL, a negative feedback pathway involving sterol
regulatory element-binding protein-2 (SREBP-2) represses
LDLR expression [98]. For unclear reasons, this feedback
mechanism is broken in some cancer cells and thus cellular
uptake of cholesterol never halts. In addition, LDL can poten-
tiate PI3K/Akt signaling in breast cancer cells resulting in en-
hanced cell proliferation [99]. Interestingly, breast cancer
growth and metastasis are potentiated by the actions of cyto-
chrome P450 oxidase CYP27A1 which oxidizes cholesterol
into 27-hydroxycholesterol [100].

Conclusion

The alarming association between obesity and cancer poses a
significant public health risk. A growing body of basic, trans-
lational, and clinical investigators has been exploring the un-
derlying basis for this connection. Several important questions
remain unanswered. First, while obesity per se appears to in-
crease cancer risk and progression, it is not yet clear whether
specific phenotypes of adipose tissue play a role. For example,
subcutaneous and visceral adiposity almost certainly confer
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different levels of risk, and this may differ across cancer types
and individuals. Second, the full spectrum of local and sys-
temic signals by which obesity promotes oncogenesis remains
to be defined. As additional factors are identified, dissecting
their biological functions will provide new insights into the
basic biology linking obesity to cancer. Finally, ongoing and
future studies will be important in clarifying the effect of in-
terventions such as weight loss and exercise. Understanding
the impact and mechanism of action of these and other treat-
ment interventions will be required if we are to disrupt the
deleterious association between obesity and cancer.
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