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Abstract
Adipose tissue influences tumor development in two major ways. First, obese individuals have a
higher risk of developing certain cancers (endometrial, esophageal, and renal cell cancer).
However, the risk of developing other cancers (melanoma, rectal, and ovarian) is not altered by
body mass. In obesity, hypertrophied adipose tissue depots are characterized by a state of low
grade inflammation. In this activated state, adipocytes and inflammatory cells secrete adipokines
and cytokines which are known to promote tumor development. In addition, the adipocyte
mediated conversion of androgens to estrogen specifically contributes to the development of
endometrial cancer, which shows the greatest relative risk (6.3-fold) increase between lean and
obese individuals. Second, many tumor types (gastric, breast, colon, renal, and ovarian) grow in
the anatomical vicinity of adipose tissue. During their interaction with cancer cells, adipocytes
dedifferentiate into pre-adipocytes or are reprogrammed into cancer-associated adipocytes (CAA).
CAA secrete adipokines which stimulate the adhesion, migration, and invasion of tumor cells.
Cancer cells and CAA also undergo a dynamic exchange of metabolites. Specifically, CAA
release fatty acids through lipolysis which are then transferred to cancer cells and used for energy
production through β-oxidation. The abundant availability of lipids from adipocytes in the tumor
microenvironment supports tumor progression and uncontrolled growth. Given that adipocytes are
a major source of adipokines and energy for the cancer cell, understanding the mechanisms of
metabolic symbiosis between cancer cells and adipocytes should reveal new therapeutic
possibilities.
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1 Introduction
The role of adipose tissue, and more specifically adipocytes, in tumor initiation, growth, and
metastasis, is a relatively new area of investigation. Intially, adipose tissue was regarded as
an insulating and mechanically supportive site of energy storage and mobilization for
peripheral organs during times of increased energy demand. However, after the discovery of
leptin in 1994, the traditional role of adipose tissue has evolved to a fully functioning
endocrine organ, capable of regulating systemic energy and metabolic homeostasis. A role
for adipose tissue in cancer is emerging based on two key observations: (i) epidemiologic
studies have demonstrated an association between obesity and some cancers (e.g. esophageal
and endometrial), and (ii) adipocytes constitute a major component of the tumor
microenvironment for breast and abdominally metastasizing cancers (e.g. gastric, colon, and
ovarian) promoting tumor growth.

Several similarities can be drawn between an adipose tissue-dominated tumor
microenvironment and the well-described function of adipose tissue in type 2 diabetes and
obesity (Figure 1). The two microenvironments share similar histologic features, including
the presence of inflammatory cells, especially macrophages which secrete inflammatory
cytokines. Adipocytes in both patients with obesity-associated type 2 diabetes and cancer,
secrete adipokines, sustaining the activated state of the tissues, and promoting the
progression of both diseases [1]. In patients with diabetes, adipokines sustain the activated
state of the adipose tissue environment and in patients with cancer adipokines support tumor
cell growth. Expanding the analogy between the activated inflammatory adipose tissue in
obesity and the cancer microenvironment, adipose tissue in obese patients is often
characterized by chronic inflammation, while the tumor microenvironment is characterized
by intratumoral inflammation which promotes progressive tumor growth and angiogenesis
as described by Virchow (1863, “lymporeticular infiltrate in cancer”) and Dvorak (1986,
“Tumors are wounds that do not heal”).

The expansion in cancer research from a cancer cell-centric approach to include adjacent
“normal” cells that make significant contributions to cancer initiation and progression, has
brought forth an exciting wave of research [2–5]. This review will summarize what is known
about how adipose tissue and adipocytes promote tumor development and progression. The
first part of the review will discuss adipose tissue physiology, pathology, and biochemistry
as they support the role of adipocytes in the tumor microenvironment. The latter part will
review data from cancer-specific epidemiologic and experimental studies on obesity and
adipocytes in carcinogenesis. Our goal is to provide a concise synopsis of the complex
reciprocal relationship between tumor cells and adipocytes, while highlighting interactions
that may serve as unique clinical targets for cancer treatment and prevention.

2 Adipose tissue and adipocyte physiology and pathology
Adipose tissue is largely composed of adipocytes, but also contains a stromal vascular
fraction made up of pericytes, endothelial cells, monocytes, macrophages, and pluripotent
stem cells [6;7]. Interestingly, adipocytes from different adipose tissue sites have unique
metabolic functions, replicative and developmental potentials, cytokine production, and
responses to external stimuli [8;9]. For example, a proteomic analysis comparing human
omental (i.e. visceral) and subcutaneous adipose depots found omental adipose tissue
expressed higher levels of proteins involved in lipid and glucose metabolism and
consistently overexpressed epithelial cytokeratins (CK) such as CK7, CK-8/18, and CK-19
[10]. Differences in gene expression and lipolytic activity have also been reported in
subcutaneous tissue from different anatomic regions of the body (abdomen versus hip) [11].
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White adipocytes are considered the dominant adipocyte subtype in adult humans. The main
depots of white adipose tissue in humans are found in subcutaneous and visceral (omental
and bowel mesentery) sites. Alternative sites of white adipocytes include the perirenal fat
pad, postmenopausal breast, and perivascular fat pads. Differentiated white adipocytes
specialize in the storage of lipids, primarily in the form of triacylglycerol, which are released
as free fatty acids (FFA). Brown adipocytes produce heat following cold exposure by
expressing high levels of uncoupling protein 1 (UCP1), although very few are present in
adults. A third type of adipocyte, the beige adipocyte, has recently been identified which has
characteristics of both white and brown adipocytes. Like white adipocytes, basal UCP1
expression is low in beige adipocytes. However like brown adipocytes, beige adipocytes
respond to cyclic AMP (cAMP) stimulation with increased UCP1 expression [12]. Brown
and white adipocytes arise from a similar mesenchymal stem cell which is driven by brown
or white adipocyte-specific transcription factors to differentiate towards white and brown
adipogenesis in early development [13]. In contrast, beige adipocytes further differentiate
along the white adipocyte lineage [13;14]. A critical step in white adipocyte physiology is
the terminal differentiation of preadipocytes in to adipocytes which allows increased storage
of fatty acids, in the form of triacylglycerol (adipogenesis). The nuclear transcription factor,
peroxisome proliferator-activated receptor (PPAR-γ), is a central regulator of this
differentiation process. PPAR-γ activates transcription through binding to the PPAR
response element after heterodimerizing with the retinoid X receptor (RXR). The PPAR-γ
activated transcriptional program regulates expression of hormone sensitive lipase (HSL),
adiponectin, and fatty acid binding protein (FABP)-4, all of which participate in the
interaction between tumor cells and adipocytes.

Once terminally differentiated, the white adipocytes maintain energy homeostasis by storing
and mobilizing lipids (Figure 2). In acute positive energy balance (such as after a meal)
adipocytes increase the storage of triacylglycerol by inducing the expression of enzymes
(e.g. acetyl CoA carboxylase, ACC) involved in triglyceride synthesis and adipogenesis
[15;16]. To further reduce peripheral lipid levels, adipocytes promote β-oxidation in non-
adipose tissue (e.g. liver) [17] and secrete the adipokine, leptin, to reduce caloric intake.

Due to the robust endocrine function of adipose tissue, numerous pathologies result when
adipocytes become dysfunctional. For example, the excess fatty acids produced by
dysfunctional adipocytes, disrupt the cell membranes of adjacent cells, resulting in
endoplasmic reticulum stress and mitochondrial damage [17]. To attenuate the toxicity, free
fatty acids are esterified to glycerol, yielding inert triacylglycerol. With increasing energy
imbalance in the direction of surplus, excess triglyceride accumulation results in adipocyte
hypertrophy and ultimately obesity. Obesity, particularly visceral obesity, is considered a
major risk factor for metabolic disease including type 2 diabetes, cardiovascular disease, and
cancer [18]. The combination of type 2 diabetes/hyperglycemia, insulin insensitivity,
hypertension, central obesity, and dyslipidemia is termed “the metabolic syndrome”.

When the state of excess energy is chronic (obesity, metabolic syndrome), the ability of
adipose tissue to function as an endocrine organ deteriorates. In particular, hypertrophied
adipocytes secrete increasing amounts of pro-inflammatory adipokines, including monocyte
chemoattractant protein (MCP) −1, tumor necrosis factor (TNF)-α, IL-6, IL-8, PAI-1, and
leptin [9]. Increased secretion of inflammatory peptides results in the infiltration of
lymphocytes, macrophages, and stromal cells; significantly altering the adipose tissue
microenvironment. In fact, macrophages and inflammatory cells may comprise up to 50% of
the adipose tissue cellular content in obese subjects, compared to 5–10% in lean subjects
[19]. The massive infiltration of macrophages into adipose tissue leads to chronic
inflammation that not only modifies local metabolism, but also influences systemic energy
homeostasis [20–22]. Activated macrophages in adipose tissue are an essential contributor
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of pro-inflammatory cytokines. Consistent with the central role of inflammation in cytokine
secretion, it has been shown that deletion or inhibition of the pro-inflammatory adipokine
MCP-1, reduces macrophage accumulation and insulin resistance in mice [21]. These
cytokine mediators, synergistically secreted by both dysfunctional adipocytes and newly
recruited macrophages [23], led to increased lipolysis and reduced triglyceride synthesis in
the adipocytes which elevated circulating free fatty acids [24] and negatively affected
metabolic homeostasis. The liberated free fatty acids accumulate in non-adipose tissue,
predominantly in the liver, skeletal muscle, β-cells of the pancreas, and the endothelium,
resulting in organ steatosis, insulin resistance, and ultimately type 2 diabetes [17].

3 Adipocyte Biochemistry
Adipocytes tightly control energy storage and utilization. Excess energy is stored in the form
of triacylglycerol and the hydrolysis of triacylglycerol occurs during times of increased
energy demands. The cycle of fatty acid storage and release is regulated, at least in part, by
insulin. Insulin induces fatty acid uptake into adipocytes, inhibits lipolysis, and stimulates
lipogenesis of triacylglycerol.

Triglyceride synthesis and storage occurs in lipid droplets through the glycerol-phosphate
pathway (reviewed in [25]). In this process two molecules of fatty acyl CoA are formed
from free fatty acids by acyl CoA synthetase. The fatty acyl CoA molecules are acylated to
glycerol 3-phosphate yielding phosphatidate, which is dephosphorylated to form
diacylglycerol. The final step of triglyceride synthesis occurs through diacylgycerol
acyltransferase, which joins a third fatty acyl CoA to the glycerol backbone [26]. The major
rate limiting enzyme for fatty acid synthesis is ACC.

Lipolysis is the process by which energy is mobilized from adipocytes and is required for
the release of free fatty acids. In this process triacylglycerol are hydrolyzed to free fatty
acids and glycerol. This requires the activity of three critical enzymes, each removing one
fatty acid from the glycerol moiety (Fig 2). The first enzyme, adipose triglyceride lipase
(ATGL), converts the triglyceride to a diacyglycerol. The second step involves HSL,
resulting in monacylglycerol, and the final hydrolysis reaction occurs through the activity of
monacylglycerol lipase (MAGL, Figure 2) [27;28]. Although, it has been suggested that
more than 95% of triglyceride hydrolysis in murine adipocytes occurs through ATGL and
HSL [29]. Aggressive epithelial tumor cell lines and primary tumors reportedly overexpress
MAGL which contributes to the production of pro-tumorigenic fatty acid products [30].
When MAGL is overexpressed, it induces invasion and migration of ovarian and prostate
cancer cells. MAGL expressing cancer cell lines are more aggressive, undergo epithelial-
mesenchymal transition, and express stem cell markers [31]. These findings suggest that
MAGL may be an attractive treatment target.

The control of adipocyte energy stores is tightly regulated by both hormonal and
sympathetic signals. Of these, insulin and catecholamine signaling are the most thoroughly
investigated. During fasting, catecholamines (e.g., epinephrine and norepinephrine) bind to
β-adrenergic receptors on the surface of the adipocyte. Receptor-binding activates a G-
protein coupled cascade, including the second messenger cAMP and protein kinase A
(PKA), and ultimately results in the activation/phosphorylation of HSL [32]. In addition,
glucocorticoids are released during fasting which encourages lipolysis by increasing
transcription of ATGL. In contrast, postprandial insulin release stimulates the esterification
of free fatty acids to glycerol (triacylglycerol synthesis) by preventing the accumulation of
cAMP and activation of PKA. In addition to these systemic forms of energy regulation,
there are equally important forms of local regulation of lipolysis both by secreted factors

Nieman et al. Page 4

Biochim Biophys Acta. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



from adipocytes themselves (autocrine) and adjacent resident cells of the adipose tissue
(paracrine). These secreted factors include cytokines and prostaglandins.

4 The role of obesity in tumorigenesis and cancer progression
Several epidemiological studies suggest an association between obesity and both cancer
incidence and mortality [33;34]. Not all cancers are associated with obesity and the relative
risk (RR) seems to vary among cancer sites. In epidemiologic studies cancer risk is often
quantified as the proportional change in risk per 5 kg/m2 increase in body mass index
(BMI), a measure of adiposity. Using this formula, the cancers most strongly associated with
obesity are endometrial cancer (RR 1.52), esophageal cancer in men (RR 1.59) and renal
cancer (RR 1.24 in men and RR 1.34 in women). Some studies have reported a RR for
endometrial cancer as high as 6.3 in obese individuals [35]. In addition, both metabolic
syndrome and insulin resistance are associated with higher risk of endometrial cancer [36].
For most other cancers (e.g. melanoma, rectum, gallbladder, leukemia) the RR per 5 kg/m2

is less than 1.17 or insignificant (pancreas, prostate, gastric, and ovarian cancer) [33].
Therefore, compared to smoking, which increases an individual’s risk for lung cancer by 10
to 20-fold [37], the increase in cancer risk associated with obesity is modest. The only
exception is endometrial cancer.

Obesity may not only affect the risk of developing cancer but also impact cancer survival.
Overall, obesity is associated with a 52% and 88% increase in cancer mortality rate among
men and women, respectively [35]. This increase is not solely obesity related. Patients who
are obese often have co-morbidities, including stroke, cardiovascular disease, renal disease,
and/or metabolic syndrome, which may contribute to higher mortality in this cohort. Given
the low overall risk of all cancers with obesity, it is unlikely that obesity causes cancer, but
should instead be considered as a tumor promoter. There are currently three wide spread
hypotheses that explain how obesity might contribute to cancer development and growth.
All involve the endocrine and metabolic functions of adipose tissue [38] and are outlined
below:

The unopposed estrogen cancer hypothesis
Adipose tissue is the predominant source of aromatase, an enzyme which converts the
androgen, androstendione, to estrone, leading to excess estrogen production. This
phenomenon is highly relevant in endometrial cancer because given that epithelial
endometrial cells express estrogen receptors they are very hormone responsive. In obesity,
continuous stimulation of the endometrial lining by adipocyte-generated estrone is an
important risk factor for the development of well-differentiated endometrial cancer. The
unopposed estrogen hypothesis largely explains the increased risk of endometrial cancer in
obese women [39].

The adipokine cancer hypothesis
Adipose tissue in obesity is in a state of low grade chronic inflammation, as evidenced by
the presence of inflammatory cells (lymphocytes, macrophages) which generate reactive
oxygen species (ROS). These ROS have mitogenic properties at low concentrations and
could thus be considered tumor promoters [40;41]. Furthermore these inflammatory cells,
together with adipocytes, secrete significant amounts of adipokines and other cytokines,
which have been implicated in the promotion of tumor growth through various mechanisms
[38]. Adipokines function not only as local paracrine signaling cytokines, but also have a
systemic effect through secretion in the serum and communication with distant sites. In fact,
several adipokines secreted by adipose tissue including TNF-α, IL-6, IL-8, MCP-1 (CCL2)
have been implicated in tumor progression [42–44]. In a genetic mouse model of pancreatic
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cancer driven by pancreatic specific activation of K-ras a high fat diet induced obesity and
secretion of TNF-α and IL-6. Compared to lean, the obese mice showed a higher rate of β-
oxidation and early tumor growth which could be blocked by crossing the K-ras mice with
TNF receptor 1 knock-out mice thereby inhibiting TNF signaling [45].

The Framingham Heart Study also provides a possible explanation for the higher risk of
cancer development and mortality in obese patients. In this study, the volume of visceral and
subcutaneous adipose tissue was quantified and correlated with serum levels of pro-
inflammatory cytokines. Greater adipose tissue mass/volume correlated with C-reactive
protein, MCP-1 and, IL-6 serum levels, while subcutaneous fat volume correlated with
fibrinogen levels [46]. This chronically increased systemic secretion of pro-inflammatory
cytokines and ROS in obesity likely promotes tumorigenesis. In contrast, adiponectin, an
adipokine which increases the sensitivity of cells to insulin and is elevated in lean
individuals, may protect against cancer. In endometrial cancer, an inverse association was
found between circulating adiponectin levels and the occurrence of endometrial cancer in
young patients (<65 years). This effect was independent of the patient’s BMI [47].

The insulin cancer hypothesis
There is accumulating evidence that the metabolic effects of obesity through insulin
resistance are risk factors for cancer development. This evidence is derived from
epidemiologic studies indicating patients with metabolic syndrome have a higher incidence
of cancer [38]. In patients with insulin resistance, the reduced sensitivity of tissues to insulin
results in elevated blood glucose and insulin levels. Chronic hyperinsulinaemia promotes
secretion of IGF-1 and reduces production of IGF binding proteins, which in turn further
increases circulating levels of IGF. Through the IGF receptor, IGF activates downstream
signaling pathways that promote mitogenic and proangiogenic pathways and inhibit
apoptosis [48]. Insulin itself is mitogenic and antiapoptotic. However, most of insulin’s
proliferative effects are mediated through IGF.

The insulin and adipokine cancer hypotheses overlap, since the insulin-resistant state is
mediated, at least in part, by cytokine-mediated inflammation. Simply, cytokines inhibit
insulin signaling promoting insulin resistance and activate adipose tissue environment,
creating a microenvironment of low grade inflammation which is tumor promoting (Figure
1).

Considering the uncertain association between obesity and most cancers, it is possible that
the effect of obesity in cancer is mediated by confounding factors such as type 2 diabetes, a
high fat diet (“western diet”), or factors that are currently unknown [49]. Alternatively, other
hypotheses may explain the tumor promoting role of obesity. Activated adipose tissue
releases reactive species (H2O2, NO) that are known to be tumor promoting. Moreover,
adipose tissue in obese individuals is characterized by chronic hypoxia, an environment that
is tumor-promoting through activation of hypoxia-inducible factor (HIF) pathways.
Activated adipose tissue is also a rich source of stromal cells. Stromal cells from adipose
tissue have been shown to travel hematogenously to distant tumor sites where they
differentiate in to vascular pericytes or intratumoral adipocytes [50]. Experimental evidence
suggests adipose-derived stromal cells and endothelial cells which originate from remote fat
depots, may promote cancer progression through the secretion of proangiogenic factors
[50;51]. These data indicate obesity-associated shedding of adipocytes to tumors sites
contributes to tumor cell survival, angiogenesis, and ultimately tumor growth [51].
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5 Adipocytes: Active contributors to the tumor microenvironment
Tumorigenesis involves constant communication between tumor cells and neighboring
normal cells. The tumor microenvironment, i.e. the normal cells that interact with
premalignant and malignant cells, has recently been credited with supporting the acquisition
of the necessary hallmark traits for tumorigenesis [49;52–54]. In fact, an understanding of
cancer is impossible without a comprehensive description of the tumor microenvironment.
Most studies of the tumor microenvironment focus on the tumor-promoting role of cancer-
associated fibroblasts (CAF) [2] and the transition of normal fibroblasts to CAFs [55]. The
biologic functions of CAFs may inform our understanding of adipocyte function as well,
since pre-adipocytes resemble fibroblasts and are derived from the same mesenchymal stem
cell lineage [13]. These insights led the Dirat group (University of Toulouse, France) to coin
the term “cancer-associated adipocytes” in 2010 [1]. As described in more detail below
several studies have shown that the putative cancer-associated adipocytes in the vicinity of
cancer cells promote tumor growth either through adipokines or direct contact.

Adipocytes are the predominant cell type in benign adipose tissue, but other cell types are
also present, i.e. vascular cells (including the endothelial cells lining vessels), macrophages,
fibroblasts, and adipose precursor cells. Given our understanding of the transition from a
benign fibroblast to a CAF, it is reasonable to speculate that all the elements of adipose
tissue may be recruited by cancer cells and used to promote tumor growth. Several reports
suggest that in the presence of cancer cells, adipocytes revert from mature, differentiated
adipocytes to pre-adipocytes by delipidation, a process during which adipocytes secrete their
lipids [56;57]. Moreover, adipocytes not only function in the local microenvironment, but
systemically as endocrine cells (Figure 1).

A model in which cancer cells induce metabolic changes in adipocytes resulting in enhanced
lipolytic activity is also supported by findings in patients with cancer-associated cachexia.
Cachexia is common in cancer patients with advanced disease and typically results in
adipose tissue atrophy and both increased lipolysis and an inability to properly store
triacylglycerol in adipocytes [58]. High lipolytic enzyme activity as well as free fatty acid
and glycerol release is evident in adipose tissue of cachectic cancer patients [59]. One of the
mechanisms identified is increased HSL activity in adipocytes. Accordingly, mice lacking
the ATGL or HSL genes were protected from cancer-associated cachexia [58].

6 Adipocytes and cancer
A number of tumors grow in the vicinity of adipocytes (e.g. breast cancer) or metastasize to
the predominantly adipocyte-dominated host environment in the abdominal cavity (e.g.
gastric and ovarian cancers). Studies linking adipocytes to tumorigenesis have increased in
number over the last decade, most focused on breast, prostate, and colon cancer. A possible
role for adipocytes in tumor development was first suggested in the mid-1960’s with
pioneering work by Spector (NIH, Bethesda). Dr. Spector showed that while 40–50% of
the 14C-palmitate injected directly into the peritoneal fluid was incorporated into Ehrlich
ascites tumor cells, only 1 % of 14C-glucose was incorporated into cellular lipids [60]. A
later study examined mice harboring Ehrlich ascites tumors injected either intraperitoneally
or intravenously with tritiated palmitate. Intraperitoneally injected palmitate was rapidly
incorporated into tumor cell lipids. However, only minimal incorporation of external lipids
in the tumor resulted from intravenous injection of palmitate. The authors hypothesized that
rather than using external lipids from the plasma the tumors utilized fatty acids directly
transferred from the host intraperitoneal fluid [61].

In tumors growing in an adipose tissue-dominated microenvironment, adipocytes dissapear,
fibroblast-like cells accumulate, and a desmoplastic stroma ensues. As an example, in both
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ovarian cancer and renal cell cancer, tumor cells replace and invade the adipocytes
microenvironment and the adipocytes vanish (Figure 3). Histological studies of these and
other abdominally metastasizing cancers (colon, gastric, pancreatic) confirm that adipocytes
at the tumor invasive front become smaller and the number of fibroblast-like cells increases,
raising the interesting possibility that the fibroblast-like cells might be preadipocytes derived
from dedifferentiated mature adipocytes.

6.1 Adipocytes and breast cancer
Studies in cell culture using the differentiated murine preadipocyte cell line, 3T3-L1,
suggest adipocytes promote the growth, proliferation, and survival of human breast cancer
cell lines in serum-restricted conditions. Conditioned-medium from differentiated 3T3-L1
cells, initiated a transcriptional program that supported invasion of breast cancer cells
through AP-1 transcription factors and proliferation through NFκB and cyclin D1 [62].
Notably, both adipocytes and fibroblasts provided survival benefits for the breast cancer cell
lines. However, while the survival benefits were limited to a few days with fibroblasts, they
were sustained with adipocytes. Similarly, conditioned-medium from both adipocytes and
fibroblasts supported a survival transcriptional program, but the number of genes affected
and the magnitude of change induced by fibroblasts was far less than the changes induced by
adipocytes [62]. Conditioned-medium from primary human breast preadipocytes
differentiated in culture was also reported to increase motility of both normal breast and
invasive breast cancer cell lines [63]. However, it is unclear which factors in the conditioned
media mediate this effect (e.g., growth factors, fatty acids, and ROS).

Additional evidence establishing cross-talk between adipocytes and breast cancer cells was
reported in a very important study using differentiated murine 3T3-F442A preadipocytes.
The coculture of the adipocytes with both human and mouse breast cancer cell lines,
increased invasiveness of the cancer cells in vitro [57]. It is important to note that the cells
were cultured in a transwell system preventing direct contact between cancer cells and
adipocytes, indicating that adipocyte-secreted factors were likely responsible for the
increased invasion of breast cancer cells. In another study, mouse breast cancer cellscultured
with mature adipocytes and injected into the tail vein of mice, resulted in enhanced
metastatic tumor burden as compared to cancer cells that were not cultured with adipocytes.
The investigators in this study also indicated that phenotypic changes occured in the
adipocytes exposed to breast cancer cells, including delipidation, loss of terminal
differentiation markers (APN, resistin, and FABP4), and increased expression of
proinflammatory cytokines, including IL-6 and PAI-1 [57]. An additional example of cross-
talk between adipocytes and cancer cells is data indicating cancer cells induce the reversion
of adipocytes to a more fibroblast/preadipocyte phenotype. This is compatible with the
theory that adipocytes and fibroblasts originate from the same mesenchymal stem cell [64].
At least in breast cancer models, adipose-tissue mediated mitogenesis might be dependent
on estrogen and inhibited by progesterone [65].

The cross-talk between adipocytes and cancer cells may represent a novel target for cancer
prevention. Adipocyte-secreted factors, TGF-β and TNF-α, and the upregulation of matrix
metalloproteinase (MMP)-11 in the adipocytes, are likely partially responsible for the
tumor-promoting effect of preadipocytes. Specifically, MMP-11 is induced in adipocytes in
proximity to invading cancer cells by those cancer cells. Activated adipocytes
dedifferentiate in the presence of MMP-11, into preadipocyte/fibroblast like cells, which in
turn sustain cancer cell invasion [42;56]. If this dedifferentiation of normal adipocytes could
be blocked, the early steps of carcinogenesis might be prevented.

Adipocyte-secreted extracellular matrix (ECM) proteins participate in the adaptive response
to obesity and cancer which was shown in several elegant studies from the Scherer
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laboratory (University of Texas Southwestern Medical Center, Dallas) [63;66–68]. In
activated adipose tissue collagen VI, an adipocyte-secreted ECM protein, was enriched and
contributed to fibrosis. The deletion of collagen VI prolonged adipocyte survival and
improved metabolism. Indeed, collagen VI, was responsible for the promotion of early
growth and survival of breast cancer cells [63;66;67]. Using a collagen VI-deficient mouse
on the background of a mammary cancer model, tumor growth was reduced as compared to
wild-type littermates. Similarly, the tumor size in nude mice was reduced when breast
cancer cells were subcutaneously injected with adipocytes isolated from collagen VI-
deficient mice as compared to adipocytes from wild-type mice [63;66]. The collagen VI α-
chain cleavage product, known as endotrophin, reportedly mediated the mammary tumor
growth, which is a critical mediator of angiogenesis and inflammation through macrophage
recruitment [68]. Taken together, these studies outline a role for adipocytes and adipocyte-
secreted factors in both breast cancer tumorigenesis and metastasis.

6.2 Adipocytes and prostate cancer
Adipocytes also play an important role in prostate cancer progression. Accordingly, the
extracapsular extension of prostate cancer cells into periprostatic adipose tissue is an adverse
prognostic factor. Primary murine adipocytes support colony formation in several prostate
cancer cell lines, although this effect varies depending on androgen-dependence. Adipocytes
did not stimulate proliferation or the PI3-kinase pathway in androgen-independent cell lines
[69]. These data suggest that the tumor-promoting effect of adipocytes is most significant in
highly differentiated, hormone-dependent cancer cells. Poorly differentiated cancer cells are
more autonomous and less dependent on the adipocyte microenvironment. Periprostatic and
visceral adipose tissue has also been implicated in the support of prostate cancer cell growth
and motility through the secretion of the MMP-9 [70]. Periprostatic adipose tissue was
collected from patients undergoing prostatectomies and used to prepare conditioned-
medium. Cytokines secreted into the conditioned-medium were compared to corresponding
patient serum. IL-6, a multifunctional cytokine involved in cell proliferation, angiogenesis
and tumor progression, was excreted at high levels from adipose tissue and correlated with
pathological grade of the tumor, compared to patient-matched serum [70;71]. Adipocytes
may also provide lipid mediators to support prostate tumorigenesis, as evidenced by
translocation of lipids from adipocytes to prostate cancer cells visualized by FTIR
spectroscopy [72]. It is interesting to point out that in prostate cancer cells β-oxidation is a
major source of energy [73] and glucose utilization is low, limiting the utility of F18-2DG
PET imaging in well-differentiated tumors [74].

6.3 Adipocytes in colon, ovarian, and other cancer types
Two additional studies in colon and ovarian cancer warrant review, since they provide
mechanistic insight in the relationship between cancer and adipocytes. In the first study,
several colon cancer cell lines were cultured with adipose tissue, adipocytes, or
preadipocytes from leptin-deficient (ob/ob) or wild-type mice in a three dimensional culture
system containing collagen. All conditions supported the proliferation of colon cancer cells.
However, the proliferative effect provided by the adipocytes was found to be leptin-
dependent. The mature adipocytes from leptin-deficient mice did not induce cancer cell
proliferation, but could be rescued by exogenous leptin administration [75].

The biology of ovarian cancer is different from breast, colon, and prostate cancer, since
distant metastasis is rare and often confined to the peritoneal cavity [76]. The most common
site of metastasis is the human omentum, a large fat pad (20x20x10 cm), which extends to
the pelvis and is positioned in front of the small bowel. In an effort to understand why
ovarian cancer metastasizes to the omentum we showed that primary human omental
adipocytes induce breast, colon, and ovarian cancer cell proliferation and invasion in vitro
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and ovarian cancer growth in vivo [77]. It became apparent that adipocyte-secreted
cytokines (IL-8 and IL-6) attract ovarian cancer cells to the omentum when the cytokine
receptors responsible for binding IL-6 and IL-8 were blocked and fewer cancer cells homed
to the omentum. These data showed that cytokines secreted by adipocytes attract cancer
cells. Once the ovarian cancer cells interact with the adipocytes they initiate HSL-mediated
lipolysis in the adipocyte, releasing fatty acids which are then taken up by the ovarian cancer
cells for energy production. This was observed as an increase in β-oxidation which was
inhibited by the carnitine-palmitoyltransferase 1 (CPT-1) inhibitor, etomoxir (Figure 2).
These data are direct evidence for high-energy lipids provided by the adipocytes stimulating
mitochondrial metabolism in the cancer cells, supporting fast tumor growth. Lipid
accumulation was also evident in breast and colon cancer cells cultured with adipocytes and
metastatic human ovarian cancer tissue sections [77]. Furthermore, there is evidence that an
abundant adipocyte protein, fatty acid binding protein 4 (FABP4, aP2, or A-FABP), may
support tumor growth. Metastatic tumor burden was drastically reduced in a FABP4-
deficient mouse model of ovarian cancer, compared to wild-type controls [77].

When adipocytes are predominant in the tumor microenvironment, as in ovarian or gastric
cancers, the tumor promoting role of adipocytes is a local effect mediated by direct contact
and paracrine factors; likely independent of obesity or diabetes. Consequently, only a weak,
[35] if any, [33] association has been reported between obesity and ovarian cancer, which
almost always metastasizes to the omentum. In fact, ovarian cancer patients with a BMI
below 25, still present with omental metastases (EL, unpublished observations).

The studies reviewed above suggest that tumorigenesis is supported by the metabolic
reprogramming of adipocytes in the microenvironment. In addition, a 2010 study suggests
adipocytes may contribute to chemotherapy resistance. Behan et al., [78] reported
adipocytes impaired the antitumor effect of vincristine, daunorubicin, and dexamethasone,
contributing to the leukemia cell survival. The mechanisms elucidated included a decrease in
leukemia cell apoptosis in the presence of adipocytes and an induction of the cell cycle in
the presence of chemotherapy drugs.

7 Metabolic symbiosis in cancer
Cancer cells do not reside in plastic tissue culture dishes as solitary cell types where they are
typically studied, or as Greenstein put it in 1954, “the tumor does not develop in a vacuum”.
Tumor cells are part of a complex tissue environment which defines their metabolism. As
the tumor grows, regions evolve specific metabolic functions due to changes in their
microenvironement. Dewhirst and colleagues (Duke University, Durham) first demonstrated
that hypoxic regions of the tumor generate large amounts of lactate, which is converted to
pyruvate and utilized in the mitochondria by the better oxygenated tumor cells. They named
this process, metabolic symbiosis and further showed that blocking the monocarboxylate
transporter causes death of the hypoxic region of the tumor [79]. In addition, the tissue
microenvironment can greatly influence the growth of tumor cells. This is exemplified by
the, ground-breaking work of the Lisanti group (Thomas Jefferson University, Philadelphia)
which showed that metabolites from CAF are transferred and utilized by cancer cells,
promoting tumor growth and metastasis [53;80]. They coined this phenomenon, the
“Reverse Warburg effect”, in which CAFs perform aerobic glycolysis, providing lactate to
cancer cells which then convert lactate to pyruvate for use in the mitochondria to generate
energy. These studies suggest that tumor cells have a high degree of metabolic flexibility
and given ample oxygen supply, utilize mitochondria to generate energy and important
metabolic intermediates [3]. Cancer cells that grow in the presence of stromal cells including
fibroblasts or adipocytes will adapt their metabolism (oxidative phosphorylation and β-
oxidation) to take full advantage of the metabolites (lactate, ketones, glutamine, fatty acids)
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provided by the local host cells [54]. The role of mitochondrial oxidative phosphorylation in
metastatic melanoma has been recently been examined. Surprisingly, cells freshly isolated
from metastatic melanoma showed high levels of oxidative phosphorylation and tissue
microarrays showed high levels of complex V in metastatic melanoma [81]. These data
suggest mitochondrial function is important in metastasis and consistent with the idea that
fatty acids could help fuel this bioenergetic demand. The metabolic interactions between
adipocytes and cancer cells ([77] discussed in [54]), are consistent with the “metabolic
symbiosis” [3] between cancer cells and host stromal cells. These studies also strongly
suggest that tumor cells growing in an adipocyte-dominated microenvironment are highly
reliant on mitochondrial β-oxidation for ATP production.

8 Conclusions and future areas of research
In summary, the current evidence clearly supports a model in which cancer cells reprogram
adipocytes to CAA. Reprogrammed adipocytes produce growth promoting cytokines and
provide lipids and other metabolites to cancer cells, promoting uncontrolled tumor growth.

The tumor promoting functions of adipocytes are a result of both the systemic actions of
hormones involved in lipid hemostasis and local effects of adipocytes in the tumor
microenvironment. Alterations in lipid metabolism during carcinogenesis may represent
unique targets for cancer prevention and treatment. In fact, a commonly used diabetic
medication, metformin, targets several of the pathways discussed. Prospective clinical trials
are underway to test the efficacy of metformin as an adjuvant treatment in breast cancer
[82]. Inhibition of enzymes regulating lipolysis, such as HSL or MAGL, may prove to be
additional targets [27–29].

While our understanding of the role of adipocytes in cancer biology has increased
dramatically over the last several years; many important questions remain. Future
investigations should focus on determining whether adipocytes play a role in tumor
initiation or progression. The literature supports a role in metastasis and tumor growth but
do adipocytes play a role in tumor initiation and promotion during the early stages of
tumorigenesis? The answer to this question will be critically important in understanding
whether obesity and adipocytes are viable targets for the primary prevention or adjuvant
treatment of cancer. A second novel area of investigation is understanding how cancer cells
reprogram adipose and stromal cells in the tumor microenvironment. What are the paracrine
signals sent by cancer cells which reprogram adipocytes into CAA? What is the relative
contribution of mitochondrial β-oxidation, as compared to glycolysis of tumor and stromal
cells? A third area of study is to understand if there is a difference in the interaction of tumor
cells with adipocytes in lean as compared to obese individuals? In other words, does
activated adipose tissue in obesity, with its high content of inflammatory cells and increased
cytokine secretion, affect the interaction of adipocytes with tumor cells?

Understanding the biology of adipocytes in the microenvironment will identify metabolic
targets and allow us to introduce a new class of compounds for the treatment of cancer. To
this end, weight loss and exercise could be considered as a strategy for cancer prevention
and improving survival, particularly for breast and colorectal cancer [83;84]. Further,
restoring metabolic and endocrine function in cancer-associated adipocytes may prove to be
a worthy direction of study for cancer prevention and treatment.
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Highlights

• We discuss the role of adipocytes and adipose tissue in tumor progression.

• Cancer cells recruit adipocytes and use their lipids for rapid tumor growth.

• Understanding the interactions between cancer cells and adipocytes should
reveal new targets
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Figure 1. Adipocytes in metabolic disease and cancer
Striking similarities exist between the involvement of adipocytes in both tumorigenesis and
obesity/type 2 diabetes. These disease states result in the recruitment of immune cells
including macrophages and lymphocytes. Cytokine secretion from adipocytes (e.g., leptin,
IL-6, IL-8, and TNF-α) are also involved in both disease states. Activated adipocytes in
obesity/diabetes and/or cancer are delipidated and potentially dedifferentiate to fibroblast-
like cells. Expelled nutrients (e.g. FFA) can be taken up by both cancer cells as well as other
non-adipose cells (e.g., myocytes, macrophages, and vascular endothelial cells) resulting in
metabolic dysfunction.
Abbreviations: CAA, cancer-associated adipocytes; FFA, free-fatty acid(s); IGF-1, insulin-
like growth factor protein-1; IL; interleukin; MCP-1, monocyte chemoattractant protein-1;
ROS, reactive oxygen species; TNF-α, tumor necrosis factor-α.
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Figure 2. An overview of adipocyte lipid metabolism
Lipogenesis occurs in the cytoplasm of the cell and requires acetyl CoA which can be
generated from citrate, through the activity of ACLY. The irreversible formation of malonyl
CoA from acetyl CoA initiates lipogenesis and requires the activity of ACC. AMPK
phosphorylates and inactivates ACC. Cytokines (e.g., leptin, IL-6, IL-8, MCP1, and TNF-α)
can trigger both ROS production and AMPK activation. Lipogenesis proceeds in a repeating
reaction sequence which involves the addition of two carbon units to a growing fatty acid
chain, through the activity FASN. Accumulation of malonyl CoA during energy surplus
results in allosteric inhibition of CPT-1, the rate-limiting enzyme involved in shuttling
acylated free fatty acids (via FACS) into the mitochondria for β-oxidation. Etomoxir
prevents β-oxidation by inhibiting CPT-1. In contrast, under the condition of energy deficit,
citrate becomes limited and malonyl CoA concentrations decrease within the cell, lifting the
allosteric regulation of CPT-1 and allowing ATP generation through β-oxidation. To prevent
lipotoxicity, fatty acids bound to glycerol are stored in lipid droplets, primarily as TAG.
TAG can be mobilized by β-AR agonists (e.g., epinephrine and norepinephrine) which
initiate a G-protein coupled cascade leading to the phosphoryation of HSL and PLIN.
Phosphorylation results in a conformational change in PLIN, allowing HSL access to the
lipid droplet. Triacylglycerols are completely hydrolyzed by the activity of (i) ATGL which
removes one fatty acid forming DAG, (ii) HSL which remove another fatty acid from DAG
resulting in MAG, and (iii) MAGL which removes the final fatty acid from the glycerol
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backbone. FFA can be exported and imported through fatty acid receptors such as CD36 and
FATPs. FABP4 chaperones free fatty acid within the cell.
Abbreviations: ACC, acetyl CoA carboxylase; ACSL, acyl CoA synthetase lyase; ACLY,
ATP citrate lyase; AMPK, AMP kinase; AR, adrenergic; ATGL, adipose triglyceride lipase;
CPT-1, carnitine-palmitoyltransferase 1; DAG, diacylglycerol(s); ETC, electron transport
chain; FABP4, fatty acid binding protein 4; FACS, fatty acyl CoA synthetase; FASN, fatty
acid synthase; FATP, fatty acid transport proteins; FFA, free-fatty acids; HSL, hormone-
sensitive lipase; MAG, monacylglycerol(s); MAGL, monacylglycerol lipase; MCP-1,
monocyte chemoattractant protein-1; P, phosphorylation; PKA, protein kinase A; PLIN,
perilipin; TAG, triacylglycerol(s); TCA; tricarboxylic acid; TNF-α, tumor necrosis factor-α.
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Figure 3. Breast and renal cell cancer invading adipose tissue
Similar to ovarian cancer, breast and renal cancers both invade and devour neighboring
adipose tissue. (A) Ductal breast cancer in a postmenopausal patient infiltrating the adjacent
breast adipose tissue. The adipocytes farther away from the tumor are of normal size, while
those in close proximity are much smaller. This observation suggests dedifferentiation and
delipidation of mature adipocytes to pre-adipocytes (400x). (B) Renal cell cancer invading
the perirenal fat pad (100x).
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