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Abstract

Obesity is a leading modifiable risk factor for the development of several
epithelial malignancies. In addition to increasing risk, obesity also confers
worse prognosis for many cancers. Obesity represents an overall state of
energy imbalance frequently associated with systemic effects including in-
sulin resistance, altered hormone signaling, and high circulating levels of
proinflammatory mediators. In addition to its systemic effects, obesity causes
subclinical white adipose inflammation including increased tissue levels of
proinflammatory mediators. Both local and systemic effects are likely to
contribute to the development and progression of cancer. An understand-
ing of the interplay between local and systemic alterations involved in the
obesity–cancer link provides the basis for developing interventions aimed at
mitigating the protumorigenic effects.
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WAT: white adipose
tissue

INTRODUCTION

Obesity rates are rising worldwide, and population data link obesity to the increased incidence
of several common cancers. We can expect an epidemiologic shift from previously known mod-
ifiable risk factors, such as smoking and alcohol consumption, toward obesity as a risk factor for
malignancy. Obesity is defined conventionally as a body mass index (BMI) ≥ 30 kg/m2 [(weight
in kg)/(height in m)2]. Rates of obesity are predicted to exceed 60% in some parts of the United
States unless current trends abate (1). Already, more than two-thirds of the adult population in
the United States is overweight or obese (2).

Among its many health consequences, obesity is increasingly recognized as a risk factor for
numerous malignancies (3, 4). Obesity also portends worse cancer-specific outcomes after diag-
nosis in several tumor types including those of the breast, esophagus, colon, prostate, kidney,
ovary, uterus, liver, tongue, and others (5–8). Additionally, obesity is a poor prognostic factor for
both adenocarcinoma and squamous cell carcinoma histologies (9, 10). The precise mechanisms
underlying this obesity–cancer link are not yet well understood. However, emerging data suggest
that both systemic and local tissue-specific effects are important. The identification of high-risk
individuals based on pathophysiology rather than anthropometric measures should facilitate the
development of clinical trials that ultimately yield mechanism-based strategies to reduce the cancer
burden.

The primary function of white adipose tissue (WAT) is to store energy as lipid and to maintain
energy homeostasis. Unchecked hyperadiposity as a result of excess caloric intake or reduced
caloric expenditure leads to expansion of adipose compartments via hyperplasia and/or adipocyte
hypertrophy. Under these conditions, WAT is altered, resulting in changes in production of
steroid hormones and adipokines, metabolic disorders, and chronic subclinical inflammation (11,
12). These alterations have been implicated in carcinogenesis, tumor progression, and metastasis
(12).

Dysfunctional adipose biology does not occur only in the obese, nor does it develop in all obese
individuals. Metabolically healthy obese individuals (a minority with the phenotype) have been
reported to have smaller adipocytes and fewer metabolic complications than the majority of obese
individuals (13–15). Moreover, insulin resistance and WAT inflammation have been reported to
occur in subsets of lean individuals (16, 17). These observations are partly explained by the lim-
itations of BMI as a reflection of overall health or specifically the quality of adipose tissue. For
example, the different adipose depots (i.e., subcutaneous versus visceral or truncal versus appen-
dicular) in a single individual may be subjected to different physiologic conditions (18). Adipose
tissue heterogeneity among patients may account for some of the conflicting epidemiologic data
regarding obesity, defined by BMI, and cancer progression (19). If the phenotype (obesity) does
not always accurately predict the physiology, then understanding the mechanistic relationship
between obesity and cancer in the context of adipose dysfunction may provide a more informa-
tive approach toward developing effective prevention and treatment strategies for a well-defined,
high-risk population. Below, we review both the local and systemic consequences of adipose tissue
dysfunction in the context of carcinogenesis and tumor progression.

SYSTEMIC EFFECTS OF DYSFUNCTIONAL ADIPOSE TISSUE

Adipose tissue dysfunction, which commonly occurs in association with the obese state, leads to a
number of systemic changes that increase one’s risk of developing cancer. These alterations include
changes in circulating levels of several hormones, adipokines, and inflammatory mediators, which
are discussed below (Figure 1).
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Figure 1
Local and systemic consequences of white adipose tissue dysfunction. CLS, crown-like structure; COX-2, cyclooxygenase-2; CRP,
C-reactive protein; FFAs, free fatty acids; IGF-1, insulin-like growth factor-1; IL-1β, interleukin-1β; IL-6, interleukin-6; MCP-1,
monocyte chemoattractant protein-1; PGE2, prostaglandin E2; SHBG, steroid hormone-binding globulin; TNF-α, tumor necrosis
factor-α.

Effects of Adipose Tissue on Insulin Signaling and Lipid Metabolism

Insulin resistance, characterized by hyperinsulinemia, occurs in most obese people. Diabetes has
been associated with an increased incidence of several malignancies, including breast, endometrial,
colorectal, pancreatic, and hepatocellular cancers (20, 21). After diagnosis, insulin resistance is
associated with worse prognosis in several cancers, including malignancies of the breast and others
(22–24). There are many potential mechanisms that can explain these associations. Insulin can
stimulate the synthesis of insulin-like growth factor-1 (IGF-1), which has multiple effects that have
been linked to tumor progression. For example, both insulin and IGF-1 have potent mitogenic
effects on tumor cells. Specifically, insulin and IGF-1 bind to their respective cell surface receptors
and activate the PI3K/Akt/mTOR and Ras/Raf/MAPK pathways (21, 25, 26).
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ER: estrogen receptor

AR: androgen
receptor

FFA: free fatty acid

Both IGF-1 and insulin interact with estrogen signaling pathways to promote hormone-
dependent breast cancers. Aromatase activity is stimulated by IGF-1 in adipose stromal cells
(27). Along with IGF-1-mediated upregulation of aromatase, insulin inhibits hepatic synthesis of
steroid-hormone-binding globulin (SHBG) (4). SHBG binds steroid hormones (e.g., estradiol,
testosterone, dihydrotestosterone) in a biologically inactive state. Increased free estradiol and an-
drogens, as a result of lowered SHBG levels, are then available to stimulate the growth of estrogen
receptor (ER)– and androgen receptor (AR)–expressing breast and prostate cancers.

In addition to its central role in signaling cascades that are employed by the cancer cell to pro-
mote proliferation and invasion, insulin suppresses lipolysis under normal physiologic conditions.
However, this latter function is impaired in the obese state (28). Increased lipolysis also occurs in
the setting of inflamed WAT (6). Both mechanisms result in increased release of free fatty acids
(FFAs) into the circulation, providing additional building blocks for tumor cell proliferation. Ad-
ditionally, increased circulating FFAs lead to ectopic lipid accumulation in other organs such as the
liver, pancreas, and kidneys, which further promotes insulin resistance, hyperglycemia/diabetes,
dyslipidemia, and hypertension (29). This group of conditions, collectively known as the metabolic
syndrome, has been associated with central obesity and the development of cardiovascular disease
(30). It is not surprising, then, that the metabolic syndrome, which incorporates multiple mech-
anisms that promote tumor progression as discussed above, has recently been implicated in the
etiology and progression of several cancers, including breast, colon, and others (31–34).

Effect of Adipose Tissue on Circulating Steroid Hormones

Estrogen. The differential effects of menopause on cancer incidence observed in epidemiologic
studies point to the potential role of estrogen in the development and progression of these malig-
nancies. Obesity is a well-known risk factor for the development of breast cancers that express the
estrogen and progesterone receptors in postmenopausal women (35). Similarly, elevated BMI in-
creases the risk of developing endometrial cancer in postmenopausal women (36). Obesity appears
to have different effects in younger patients. For example, obesity appears to increase the risks
of colorectal cancer and possibly malignant melanoma in premenopausal women (36). Prior to
menopause, estrogen is predominantly produced in the ovary. After cessation of ovarian function
with menopause, estrogen production continues to a much lesser degree via peripheral conver-
sion, primarily in the adipose tissue, of androgens by the cytochrome P450 enzyme aromatase.
Paradoxically, the incidence of ER-positive breast cancers increases with age despite the drop in
circulating estradiol levels after menopause (37). Increasing adiposity with age has been suggested
to contribute to this phenomenon, as total and free circulating estrogen levels are known to be
increased in obese compared with normal-weight postmenopausal women (38). However, it is be-
coming increasingly apparent that crosstalk between estrogen, insulin and IGF-1, and adipokine
signaling pathways plays an important role. Furthermore, locally produced estrogens and ligand-
independent activation of ER-α have been associated with tumorigenesis (39). A key feature of
obesity, local adipose tissue inflammation, has been implicated in activation of estrogen signaling
(discussed in a later section). This may tie some of these observations together in a rational fashion.

Estrogen may promote tumor development and progression through a number of complex
mechanisms. Direct effects of estrogens include stimulation of cellular proliferation and inhibition
of apoptosis via ER-α agonism as well as induction of vascular endothelial growth factor and
angiogenesis (40, 41). Furthermore, mutagenic effects of estrogen via genotoxic metabolites have
also been suggested to play a role in estrogen-mediated carcinogenesis (40). Therapeutic targeting
of ER with selective estrogen receptor modulators (SERMs) such as tamoxifen and raloxifene and
disruption of tumor supply of estrogen with aromatase inhibitors have demonstrated the clinically
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important role of estrogen in the development and progression of hormone receptor–positive
breast cancer.

Androgens. The relationships between obesity, androgens, and cancer are less clear. Although
obesity has not been consistently shown to correlate with overall prostate cancer risk, elevated
BMI has been associated with worse prognosis and more aggressive prostate tumors (42–44). The
mechanisms underlying these epidemiologic observations are not well elucidated. Interestingly,
inflammatory cytokines, e.g., interleukin-6 (IL-6), and IGF-1 have been shown to activate the
AR, thereby promoting prostate cancer cell survival and proliferation (45). Given that obesity
is associated with decreased circulating levels of androgens in men (46), androgen-independent
activation of the AR may underlie the connection between obesity and aggressive prostate cancers.
Accordingly, obesity-related inflammation, which is associated with upregulation of proinflam-
matory mediators both locally and systemically, may contribute to activation of the AR, thereby
promoting prostate cancer progression.

Effect of Adipose Tissue on Circulating Adipokines

Adipokines, including leptin and adiponectin, are adipocyte-derived hormones with pleiotropic
effects including regulation of caloric intake and metabolism, crosstalk with insulin signaling
and inflammatory pathways, and promotion of angiogenesis and cellular proliferation (12, 47).
Increased BMI is associated with elevated leptin levels, whereas adiponectin levels generally de-
crease with greater adiposity. Importantly, the overall metabolic health of the fat pad, in addition
to absolute adipose mass, is a key determinant of its secretory profile (47). The increased leptin-
to-adiponectin ratio associated with obesity has been implicated in neoplastic transformation and
tumor progression (48).

Adiponectin. Epidemiologic and preclinical studies point to a protective role of adiponectin
against tumorigenesis. In preclinical models, adiponectin inhibited the proliferation of colon,
prostate, endometrial, and breast cancer cells (49–52). Adiponectin has also been shown to induce
apoptosis in endometrial and hepatocellular cancer cells (51, 53). Adiponectin activates adenosine
monophosphate-activated protein kinase (AMPK), leading to upregulation of p21 and G1 cell
cycle arrest (54). In animal models, impaired adiponectin production has been shown to promote
mammary tumor development by upregulation of PI3K/AKT/mTOR signaling and downregula-
tion of phosphatase and tensin homolog (PTEN) (55). Consistently, epidemiologic data support
an antitumor effect associated with adiponectin. Higher circulating adiponectin levels have been
associated with decreased risk of postmenopausal breast cancer as well as better prognosis (56,
57). Conversely, decreased adiponectin levels are associated with increased breast cancer risk (58).
Higher adiponectin levels have been associated with decreased risk of other cancers including
those of the uterus and colon, although data are conflicting regarding prostate cancer (59–62).

Leptin. The major physiologic role of leptin involves regulation of appetite and energy balance
via a negative feedback loop between the central nervous system and peripheral adipose tissue
(63). Hyperadiposity disrupts this balance and is associated with elevated leptin levels. As with
adiponectin, preclinical and epidemiologic studies suggest an important role of leptin in cancer
risk and progression. Both leptin and its functional receptor, OB-Rb, have been implicated in
a number of malignancies. Preclinical studies have demonstrated leptin-mediated increases in
cell proliferation and survival via OB-Rb in breast, endometrial, ovarian, colon, and androgen-
insensitive prostate cancer cells (64–67). However, epidemiologic data are conflicting regarding
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leptin levels and increased cancer risk. Elevated circulating leptin levels and increased expression
of OB-Rb have been associated with increased colon adenoma risk in men, but not in women
(68). Additionally, some studies have reported associations between elevated leptin levels and risk
of breast and endometrial cancers whereas others have not (12). These conflicting data suggest
that the leptin-adiponectin balance may be more directly related to cancer risk. For example,
leptin was shown to block the antiproliferative effects of adiponectin on prostate cancer cells (69),
and adiponectin has been shown to inhibit the proliferative effects of leptin on hepatocellular
carcinoma cells (53). All of this suggests that the leptin-to-adiponectin ratio may provide a more
accurate assessment of cancer risk related to adipose tissue health.

Adipose Tissue Dysfunction and Systemic Inflammation

It is well recognized that obesity is associated with chronic, subclinical inflammation characterized
by elevated levels of circulating proinflammatory mediators known to promote neoplasia and
tumor progression (4, 70, 71). Levels of C-reactive protein (CRP), a biomarker of inflammation,
are commonly increased in the blood of obese individuals (72). Elevated circulating levels of
TNF-α and IL-6 occur in obese women and have been associated with the development and
progression of breast tumors (12). Additionally, systemic inflammation characterized by elevated
levels of prostaglandin E2 (PGE2) metabolite in the urine is associated with increased risk of
developing postmenopausal breast cancer (73, 74). Thus, obesity-related systemic inflammation
has critical potential implications for tumor development, growth, and spread.

Circulating chemokines, including monocyte chemoattractant protein-1 (MCP-1), promote
the recruitment of monocytes to adipose tissue, where the cells differentiate and become
macrophages. In addition to playing a role in recruitment, MCP-1 was recently found to stimulate
macrophage proliferation in situ in adipose tissue (75). Inflamed adipose tissue may play a critical
role in the pathogenesis of several cancers, including organs with epithelium surrounded by or
adjacent to fat, such as breast, colon, pancreas, and kidney (76). However, other organ sites are
not shielded from the effects of adipose tissue inflammation, given its systemic consequences such
as insulin resistance. This systemic inflammation establishes a feed-forward loop through which
local WAT inflammation is perpetuated (i.e., via effects of MCP-1), thus creating an enhanced
inflammatory milieu within the obese fat pad.

DYSFUNCTIONAL ADIPOSE TISSUE: LOCAL EFFECTS
AND THE TUMOR MICROENVIRONMENT

As noted above, obesity is associated with both systemic and local WAT inflammation. The
microenvironment of tumors has been described to closely resemble that of wounds, including
an influx of activated immune cells with local production of proinflammatory mediators (77).
Similarly, WAT from obese patients is infiltrated by leukocytes, including macrophages and T
lymphocytes (28), which may create a microenvironment that favors tumor growth and metastasis
(78).

Adipocyte Interactions

Inflammation of WAT is now recognized as an important component of obesity-related disorders
that comprise the metabolic syndrome, such as diabetes mellitus and cardiovascular diseases (28).
However, an emerging understanding of the complex interactions between adipocytes and immune
cells within the WAT stromal vascular fraction points to a key role of adipose inflammation in
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CLS: crown-like
structures

tumor growth and development. Specifically, infiltrating macrophages can account for up to 40%
of the cellular content of the obese fat pad and are an important source of inflammatory mediators
that significantly impair insulin sensitivity—both locally and systemically (79). The adipocyte–
macrophage interaction is emerging as a central theme linking adipose tissue inflammation and
the protumorigenic microenvironment. Adipocyte hypertrophy and death are associated with in-
creased production of TNF-α, IL-6, MCP-1, and myeloid cell recruitment (80). Macrophages
infiltrate adipose tissue and surround the dead or dying adipocyte in a histologically characteristic
pattern known as crown-like structures (CLS) (81). These inflammatory foci were first observed
in visceral and subcutaneous fat in association with the metabolic syndrome and have more re-
cently been found to occur in the mammary gland of obese mice and the WAT of the human
breast (termed CLS-B) (82, 83). The presence of CLS-B was associated with activation of NF-
κB and increased levels of TNF-α, IL-1β, IL-6, and cyclooxygenase-2 (COX-2)–derived PGE2.
Consistent with these findings, gene expression analyses have identified selective enrichment of
macrophage markers in breast tissue from obese women (84). As described above, several of these
proinflammatory mediators were found to circulate at increased levels in obese women with breast
cancer and are also associated with inferior outcomes. For example, higher serum levels of IL-
6 have been associated with diminished survival in patients with metastatic hormone-refractory
breast cancer (85).

A critical consequence of CLS-B and the associated increase in tissue levels of proinflammatory
mediators is increased transcription of the CYP19 gene encoding aromatase, the rate-limiting
enzyme in estrogen biosynthesis (86). Several of the proinflammatory mediators associated with
CLS-B, including TNF-α, IL-1β, IL-6, and PGE2, are known to induce aromatase expression
(86–88). Estrogen biosynthesis and upregulation of the progesterone receptor, an ER-α-regulated
gene, are stimulated by increased aromatase activity. This enhanced estrogen signaling, a direct
consequence of WAT inflammation, has critical clinical implications as a potentially targetable
mediator of obesity-associated breast cancer. Indeed, targeting of estrogen and ER signaling by
ovarian ablation and by use of SERMs and aromatase inhibitors has proven to be an effective
approach in the prevention and treatment of hormone-dependent breast carcinomas, the most
common subtype of breast cancer (40). Thus, WAT inflammation directly promotes local ER
signaling and provides a key link between obesity and the development of postmenopausal breast
cancer. It may be that locally produced estrogens, as a result of obesity-related WAT inflammation,
are the key drivers of hormone-dependent breast cancer development in postmenopausal women.
Notably, ligand-independent activation of ER signaling may also be increased in inflamed tissue.
These effects could help explain the clinical paradox that the incidence of estrogen-driven breast
cancers peaks more than a decade after ovarian production diminishes to near zero.

It is important to note that the density of CLS in breast and other inflamed adipose depots
generally correlates with BMI (80, 81, 83). However, a minority of lean women have been found to
harbor CLS-B and ∼10% of obese women do not (83). In addition, aromatase activity correlates
more strongly with the severity of WAT inflammation than with BMI (83). Thus, inflammation
specifically, rather than obesity alone, is an important determinant of aromatase activity in the
breast and may represent the more meaningful target for intervention. The presence and severity of
CLS-B are not merely surrogates of BMI, although they are closely associated with it. Consistently,
some obese individuals, as defined by BMI, are in fact metabolically healthy (13–15). This point
is of high clinical relevance regarding the accurate selection of at-risk populations for prevention
and therapeutic clinical trials. In other words, selection of patients via assessment of adipose
tissue biology rather than anthropometric methods will likely be critical in developing successful
interventions.
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Local Inflammation and Metabolic Dysfunction

Increased BMI is associated with larger adipocyte size and adipocyte death (83). Macrophages
within the CLS phagocytose the dead adipocyte and become foam cells (89). Macrophage-
mediated clearance of the dead adipocyte may be associated with an inflammatory response (90).
Toll-like receptors (TLR) are a family of highly conserved transmembrane proteins that are cen-
trally involved in the recognition of microbial pathogens as well as endogenous threats typically
related to tissue damage. Stimulation of TLR4 prototypically occurs via binding of lipopolysac-
charide, a component of the cell wall of gram-negative bacteria, leading to activation of the
innate immune response. Changes in bowel wall permeability and perturbations of intestinal
microbiota related to high-fat diet consumption have also been suggested to promote a TLR4-
mediated inflammatory response (91). Similarly, FFAs have been suggested to engage TLR4 on
the macrophage cell membrane leading to increased NF-κB-dependent expression of proinflam-
matory genes that encode TNF-α, IL-1β, and COX-2 (92). Cytokines such as TNF-α stimulate
lipolysis, leading to further release of FFAs and thus establishing an inflammatory feed-forward
loop.

Taken together, the data reviewed thus far establish an obesity → inflammation → aromatase
signaling axis that is active in the human breast and likely in other adipose depots (Figure 1). This
places inflammation at the center of estrogen-dependent breast cancer pathogenesis for many pa-
tients. In addition, inflammation is a key contributor to carcinogenesis via estrogen-independent
mechanisms. The other negative effects of inflammation arise in part because increased production
of proinflammatory mediators in dysfunctional adipose tissue can directly stimulate tumor devel-
opment and progression. This has critical potential implications for sites anatomically neighboring
adipose tissue depots. Furthermore, tumorigenesis and metastasis may also be promoted at distant
sites as a result of endocrine and systemic consequences of adipose tissue dysfunction. Finally,
proinflammatory feed-forward loops are simultaneously established both locally and systemically,
and they sustain and amplify a state of chronic inflammation with proneoplastic propensity. Inter-
rupting this harmful state of chronic inflammation will require efficient and accurate identification
of at-risk populations and interventions that target the pleiotropic consequences of dysfunctional
adipose tissue.

INTERVENTIONAL APPROACHES AND FUTURE DIRECTIONS

Elucidating the systemic and local mechanisms involved in the obesity–cancer link and the ways in
which these processes interface provides a framework for the development of rational strategies to
prevent cancers or improve postdiagnosis outcomes. A detailed discussion of strategies that have
shown promise in the preclinical and clinical trial settings is beyond the scope of this review, but
potential approaches may be generally categorized as (a) preventing or reversing the obese state,
(b) targeting metabolic derangements associated with adipose tissue dysfunction, and (c) targeting
WAT inflammation. Weight reduction, exercise, and bariatric surgery have shown promise in
interrupting both systemic and local mechanisms underlying the obesity–cancer link (93–96).
However, it can be difficult to maintain an improved state of energy balance. Several widely used
medications, including nonsteroidal anti-inflammatory drugs (NSAIDs), metformin, and statins,
may be helpful in attenuating metabolic dysfunction or WAT inflammation. As with other targeted
therapies, it is important to identify the at-risk population to maximize the potential benefit of these
medications (97–100). Inclusion of unselected populations may explain, in part, the conflicting
epidemiologic support for these agents in cancer prevention. Therefore, the development of
clinically feasible tools, such as blood-based biomarkers of risk, is a critical research goal. As in
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other diseases, development of a reliable surrogate that provides lead time before the manifestation
of disease may be critical to changing public health.

The need for noninvasive, blood-based biomarkers that predict the presence of dysfunctional
and/or inflamed WAT is underscored by the observation that not all obese individuals harbor
unhealthy adipose tissue and that some lean individuals do (28). Therefore, reliance on BMI alone
in developing intervention strategies is likely to prove suboptimal. This makes the identification of
biomarker signatures of adipose dysfunction that predict favorable response to interventions a high
priority because they would be more clinically valuable than conventional risk assessment alone.
Given the multiple molecular derangements associated with altered adipose biology (Figure 1),
a number of candidate biomarkers have been identified. Studies involving paired serum/plasma
and WAT samples are currently under way to develop an algorithm that incorporates several
molecules to accurately predict the presence of WAT inflammation. Such a biomarker signature
could be used to identify eligible patients for clinical trials and to assess treatment response once
enrolled.

As we continue to identify molecular alterations that mediate the relationships between obe-
sity, adipose dysfunction, and cancer, it will be important to understand the complex crosstalk
between these local and systemic mechanisms in order to develop comprehensive, effective in-
terventions. In the near term, noninvasive biomarker signatures of WAT dysfunction are needed
to accurately select high-risk patients who are most likely to benefit from interventions aimed at
adipose tissue biology. A number of interventions have proven effective for managing obesity-
related comorbidities such as cardiovascular disease and diabetes. Prospective clinical trials aimed
at improving energy balance and tempering the protumorigenic microenvironment engendered
by dysfunctional and inflamed adipose tissue are urgently needed as we continue to see acceleration
in obesity rates worldwide.
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