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Abstract
The global epidemic of obesity is closely linked to the development of serious co-morbidities,

including many forms of cancer. Epidemiological evidence consistently shows that obesity is

associated with a similar or mildly increased incidence of prostate cancer but, more

prominently, an increased risk for aggressive prostate cancer and prostate cancer-specific

mortality. Studies in mice demonstrate that obesity induced by high-fat feeding increases

prostate cancer progression; however, the mechanisms underpinning this relationship

remain incompletely understood. Adipose tissue expansion in obesity leads to local tissue

dysfunction and is associated with low-grade inflammation, alterations in endocrine

function and changes in lipolysis that result in increased delivery of fatty acids to tissues of

the body. The human prostate gland is covered anteriorly by the prominent peri-prostatic

adipose tissue and laterally by smaller adipose tissue depots that lie directly adjacent to the

prostatic surface. We discuss how the close association between dysfunctional adipose tissue

and prostate epithelial cells might result in bi-directional communication to cause increased

prostate cancer aggressiveness and progression. However, the literature indicates that

several ‘mainstream’ hypotheses regarding obesity-related drivers of prostate cancer

progression are not yet supported by a solid evidence base and, in particular, are not

supported by experiments using human tissue. Understanding the links between obesity and

prostate cancer will have major implications for the health policy for men with prostate

cancer and the development of new therapeutic or preventative strategies.
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Epidemiology of prostate cancer and obesity

Prostate cancer

Prostate cancer is an androgen-dependent malignancy

that affects the aging male population, with the mean age

at diagnosis being 66 years (1). Over the past decade, the

incidence of prostate cancer has risen to be the second

most commonly diagnosed cancer for males, representing

15% of male cancer diagnosis and 8% of all cancer cases

(1, 2). Prostate cancer incidence varies more than 25-fold

worldwide; the rates are highest in Australia/New Zealand
and Northern America and in Western and Northern

Europe (2). This is largely because of the increased

availability of screening for prostate-specific antigen

(PSA) in men without symptoms of the disease.

At diagnosis, most men present with early stage

localised disease and commonly undergo radical prosta-

tectomy surgery or external-beam radiotherapy. This

therapy is curative for some men. However, for approxi-

mately one-third of cases, local recurrent and/or meta-

static disease ensues, although the slow growing nature of

prostate cancer means it often takes decades for this
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progression to become clinically relevant (3). Being a slow

growing cancer, the 5-year survival rate from prostate

cancer is a very high (w98.9% based on SEER 2005–2011

data) (1). This is in contrast to other more aggressive

cancers that have significantly lower 5-year survival rates

(e.g., 17.4 and 64.9% in lung and colorectal cancer

respectively) (1). Consequently, there are many men

who live with prostate cancer for a decade or more, posing

a significant burden on the healthcare system.

Despite the long latency of this disease progression,

prostate cancer still accounts for a significant number of

cancer deaths, being the fifth leading cause of death from

cancer in men (6.6% of the total deaths in men; average

age 80 years) (1, 2). There is less variation in mortality rates

worldwide than is observed for incidence rates, with the

number of deaths from prostate cancer being slightly

greater in less developed regions. Mortality rates are

generally high in predominantly black populations, very

low in Asia and intermediate in the Americas and Oceania.
Obesity

Overweight and obesity are defined as the excessive

accumulation of adipose tissue and stratification in these

categories is often based on an individual’s BMI, calculated

as weight in kilograms divided by height in meters squared

(kg/m2). Individuals with a BMI ranging from 18.5 to 24.9

are considered as having normal weight, those with a BMI

25–29.9 are considered overweight, and those with a BMI

O30 are considered obese. Excess adiposity is an epidemic

in developed countries, with two in three men now

defined as overweight or obese (4). Compounding this

upward trend is the increasing prevalence of obesity in

children (5), leading to the prediction that by 2030 one-

half of the world’s population will be overweight or

obese (6). In developed nations such as Australia, over-

weight and obesity is predicted to increase by between 0.4

and 0.8% per year, such that by 2025, 83% of males aged

20 years and older will be overweight or obese (7).
Linking prostate cancer prevalence and severity to obesity

Obesity is a major risk factor for many diseases, including

cancer, accounting for approximately one-third of cancer-

related deaths in 2012 (8). Obesity contributes to both the

increased incidence and/or progression of many cancers

including endometrial, bowel, (postmenopausal) breast and

prostate cancer (9). While there is an association between

adulthood obesity and similar (10, 11, 12) or increased risk

(8, 13) of developing prostate cancer, the stronger and more
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compelling epidemiological evidence shows that obese men

have a significantly higher risk of being diagnosed with

aggressive, high-grade prostate cancer, compared to men of

a healthy weight (10, 11, 14, 15, 16, 17). In contrast, obese

men are less likely to be diagnosed with low-risk or localised

prostate cancer (17, 18).

The impact of obesity on prostate cancer is illustrated

in a meta-analysis of 17 studies encompassing 3 569 926

prostate cancer patients. Although the findings of the

individual studies contributing to these meta-analyses

differed dramatically, overall, obesity was not significantly

correlated with the incidence of prostate cancer (relative

risk (RR): 1.0; 95% CI, 0.95–1.06). However, obesity corre-

lated with an increased risk of aggressive prostate cancer

(RR: 1.14; 95% CI, 1.04–1.25) and risk of prostate cancer-

associated mortality (RR: 1.24; 95% CI: 1.15–2.33) (12).

This small, but statistically significant, result is mean-

ingful considering the many millions of men affected by

prostate cancer. Thus, obese men are more likely to die

from prostate cancer-specific causes compared to men of a

healthy weight. There is also evidence that obesity is an

independent predictor of an increased risk of biochemical

failure following radical prostatectomy and external-beam

radiotherapy (14, 15). A separate meta-analysis of prostate

cancer patients after primary treatment showed that a

5 kg/m2 increase in BMI (or 16 kg weight gain for a man of

1.8 m height) was associated with a 16% increase in

biochemical recurrence (relapse of PSA) (19). Thus, obesity

is a significant risk factor for aggressive prostate cancer,

disease recurrence and prostate cancer-specific mortality.

In light of the continuing increase in obesity prevalence,

coupled with the worsening of prostate cancer outcome

for obesity patients, this is an area of intense clinical

significance.

An important consideration when assessing the

epidemiology linking obesity to prostate cancer patho-

genesis is the growing recognition that obesity is a

heterogeneous condition. Among US adults, for example,

w30% of individuals who are obese are considered

‘metabolically healthy,’ while w23% of normal-weight

adults are defined as ‘metabolically unhealthy’(20). Thus,

the body weight that is predictive of cancer progression

and mortality is likely to be influenced by many

co-variants including genetics, aerobic fitness and daily

physical activity, age and an individual’s metabolic and

endocrine profile. The assessment of such phenotypic

traits will be important in providing insights into the

causal role of obesity-related metabolic abnormalities on

prostate cancer progression.
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Obesity and prostate cancer progression in
rodent models

Studies in animals generally support a link between

obesity and prostate cancer progression. The experimental

approach mostly employed in such studies is to compare

prostate tumour progression in mice fed a low-fat diet

(LFD, w10% of energy derived from fat) with mice fed a

hypercaloric, high-fat diet (HFD, w40–60% of energy

derived from fat) for a period of 6–30 weeks. This high-fat

feeding regime induces obesity and many of its associated

metabolic and endocrine co-morbidities including

increased visceral adipose tissue deposition, glucose

intolerance, mild hyperinsulinemia, dyslipidemia and

subclinical inflammation.

Xenograft studies that involve subcutaneous injection

of immortalised human cancer cells into immune-

deficient mice have generally shown, although not

unanimously (21), that tumour mass and/or volume is

increased in mice fed a HFD compared with mice fed a

LFD (Table 1) (22, 23, 24, 25). Examination of transgenic

mouse lines of accelerated prostate cancer including

transgenic adenocarcinoma of mouse prostate (TRAMP)

mice (24, 25, 26, 27), mice expressing human c-Myc in the

prostate (Hi-Myc) (28, 29) and phosphatase and tensin

homolog (Pten) haploinsufficient mice (30) have also

demonstrated an increased rate of neoplastic progression

toward adenocarcinoma with aggressive stromal invasion

in HFD mice (Table 1). In contrast, calorie restriction in

Hi-Myc mice fed a HFD prevented body weight gain and

reduced the incidence and severity of invasive adenocar-

cinomas (28). Although equivalent transgenic models are

not available in rats, two studies demonstrate that rats

rendered obese by high-fat feeding have proliferative and

hyperplastic changes in prostate morphology, which was

associated with increased vasculature and extracellular

matrix deposition (31, 32). Together, these findings of

similar incidence of hyperplasia and low-grade prostatic

intraepithelial neoplasia, but progression toward more

aggressive prostate cancer in rodent obesity, reflect the

general view in humans that obesity increases the risk of

more aggressive disease in humans (see ‘Epidemiology

prostate cancer and obesity’ above).
Changes in adipose tissue with obesity: links
with prostate cancer progression

Despite the persuasive epidemiological evidence and

proof-of-concept experiments in mice (Table 1), the

biological mechanisms and associated cellular signalling
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pathways linking obesity and prostate cancer remain

incompletely understood. Evidently, such mechanistic

insight is important for the development of preventative

or therapeutic strategies aimed at reducing prostate cancer

burden in obesity.

Adipose tissue is a complex organ that consists of

multiple cell types including adipocytes, adipocyte pro-

genitor cells, mesenchymal stem cells, endothelial cells

and various resident and infiltrating immune cells (33).

It is unlikely that adipose tissue expansion per se is

responsible for the development of obesity-associated

complications, but rather, complications become evident

when adipocyte hypertrophy occurs in the absence of

appropriate neovascularisation (34). Under these circum-

stances, some argue that this leads to an inadequate supply

of nutrients, growth factors and oxygen that in turn

initiates a sequela of events including localised hypoxia,

cellular death, inflammation, extracellular matrix remo-

delling and fibrosis and other stress responses (35).

Together, this process of aberrant adipose tissue expansion

is thought to cause the metabolic and endocrine dysregu-

lation associated with obesity.

In this regard, numerous metabolic, endocrine and

inflammatory changes that occur with obesity might

promote prostate cancer progression (13). These include

altered lipid metabolism and dyslipidemia, the develop-

ment of pre-diabetes that is characterised by insulin

resistance and mild hyperinsulinemia, altered secretion

of adipokines, development of a subclinical pro-

inflammatory state and alterations in several endocrine

cascades including the growth hormone/insulin-like

growth factor-1 axis, renin-angiotensin system and

steroid hormones (Fig. 1). Herein, we will discuss the

established and putative links between these obesity-

generated defects and cancer progression in the knowl-

edge that, in all likelihood, multiple hits from several

obesogenic factors are likely to converge to activate a

common set of signalling pathways to promote prostate

cancer growth. We have also added the following text on

p.8: ‘In our critical evaluation of the literature, we

highlight the problematic interpretation of some experi-

mental approaches and deficiencies in the field, which

segues to the Perspectives section at the conclusion of

the article.
Obesity-driven inflammation and prostate cancer

Adipose tissue becomes increasingly infiltrated with

macrophages, neutrophils, T- and B-cells, and mast cells

during the development of obesity (34). In this regard,
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Table 1 Effect of diet-induced obesity on prostate cancer progression in rodents

Model Diet Cancer progression Reference

Xenograft/Allograft models
PC3 cells xenograft into Swiss nu/nu

mice
LFD vs HFD for 20–22 weeks No difference in tumour mass

4–6 weeks after xenograft.
21

LNCaP cells xenograft into
BALB/c-nu/nu mice

LFD (9.5% fat) vs HFD (59% fat) Increase in tumour mass of HFD mice
14 weeks after xenograft.

22

LNCaP cells xenograft into nude mice LFD (10% fat) vs HFD (57% fat) Increased tumour volume and
plasma PSA levels in HFD mice after
12 weeks.

23

TRAMP-C2 cells allograft into
C57Bl/6 mice

LFD (10% fat) vs HFD (60% fat)
starting at 4 weeks for
20 weeks

Increase in tumour volume, prolifer-
ation, angiogenesis and lymphan-
giogenesis in HFD mice 11 weeks
after allograft.

25

TRAMP-C2 cells allograft into
C57Bl/6 mice

LFD (9.4% fat) vs HFD (33% fat)
starting at 6 weeks for 20 weeks

Increase in tumour mass and volume
(20% NS) in HFD mice 10 weeks
after allograft.

24

Transgenic mice models of prostate cancer
Pten haploinsufficient mice LFD (12% fat) vs HFD (45% fat)

starting at 4 weeks
Increased neoplastic progression,

angiogenesis, inflammation and
epithelial-mesenchymal transition
in HFD mice after 3–6 months

30

TRAMP mice LFD (9.4% fat) vs HFD (33% fat)
starting at 6 weeks

No effects on tumour development,
tumour differentiation, tumour
grade, age of tumour palpation
and age of death assessed after
36–40 weeks. Note, no difference
in body mass.

24

TRAMP mice LFD (16% fat) vs HFD (40% fat)
starting at 3 weeks

Increased tumour formation rate and
death rate in HFD mice after
28 weeks.

26

TRAMP mice LFD (10% fat) vs HFD (45% fat)
starting at 6 weeks

Lateral and dorsal PIN lesions worse
in HFD mice after 10 weeks, but
not 5 weeks.

27

TRAMP mice LFD (10% fat) vs HFD (60% fat)
starting at 4 weeks

Increased incidence of PDC, reduced
PIN and increased lung and liver
metastasis in HFD mice after
20 weeks

25

Hi-Myc mice LFD (10% fat) vs HFD (60% fat)
starting at 8 weeks

Similar incidence of hyperplasia and
low-grade prostatic intraepithelial
neoplasia in the ventral prostate at
3 and 6 months of age. Increased
incidence of adenocarcinoma with
aggressive stromal invasion in HFD
mice at 6 months.

28

Hi-Myc mice LFD (12% fat) vs HFD (42% fat)
starting at 3 weeks

Increased transition from PIN to
invasive adenocarcinoma in HFD
mice assessed at 7 months.

29

HFD, high-fat diet; Hi-Myc, mice express human c-Myc in the mouse prostate; LFD, low-fat diet; PDC, poorly differentiated carcinoma; PIN, prostatic
intraepithelial neoplasia; Pten, phosphatase and tensin homolog; TRAMP, transgenic adenocarcinoma mouse prostate.
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adipose tissue from obese mice and humans is infiltrated

and accumulated with a large number of macrophages,

which can ultimately comprise up to 40% of the cells in

obese adipose tissue (36). Other immune cells are also

recruited to the adipose tissue, especially lymphocytes,

and produce numerous pro-inflammatory cytokines and

chemokines including tumour necrosis factor (TNF)a,

interleukin (IL)-6, IL-1b and monocyte chemoattractant

protein (MCP)-1 (for review, see Olefsky and Glass (37)).
http://www.endocrineconnections.org
DOI: 10.1530/EC-15-0080

� 2015 The authors
Published by Bioscientifica Ltd.
It is important to note that this obesity-driven inflam-

matory state is characterised by small increases in blood

cytokine levels, somewhere in the order of 0.5–5 pg/ml

for TNFa and IL-6 respectively. Hence, low-grade or

subclinical chronic inflammation may provide a permiss-

ive- or pro-tumorigenic endocrine and/or paracrine

environment in obese individuals.

IL-6 is associated with prostate cancer progression (38)

with several studies reporting high serum IL-6 levels in
This work is licensed under a Creative Commons
Attribution-NonCommercial 4.0 International License.
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Steroid hormones Renin-angiotensin system

(   aromatase,    testosterone,    estrogens) (   Angll and AT1R, transactivation of RTKs)

Prostate cancer

Low-grade inflammation

Endocrine function

Lipid metabolism

(TNFα, IL6, IL1β)

(   leptin, adiponectin,

(   lipolysis,    lipogenesis)

PEDF)

Insulin resistance

GH/IGF1 axis

Hypertriglyceridemia

(   insulin, mild    glucose)

(GH,    IGF1)

(   VLD/LDL,    HDL)

Figure 1

Linking obesity to prostate cancer. Changes in endocrine and metabolic

function and the inflammatory milieu occur during the development of

obesity. Changes associated with alterations in adipose tissue function are

shown in the dark blue box and changes in the systemic metabolism and

endocrine function are shown in the light blue box. Arrows indicate the

direction of change in obese vs lean individuals. AngII, angiotensin II;

AT11R, angiotensin II type 1 receptor; PEDF, pigment epithelium-derived

factor; RTK, receptor tyrosine kinase
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patients with advanced castrate-resistant and metastatic

prostate cancer (39, 40, 41). It is possible that adipose

tissue is an important source of IL-6 as systemic levels of

IL-6 correlate positively with body weight and adipose-

derived IL-6 accounts for up to 35% of circulating IL-6 (13).

While historical data indicates that IL-6 is expressed in

most prostate cancer cell lines and clinical specimens (42),

a recent study showed that IL-6 production by prostate

cancer tissues is negligible and that the growth promoting

effects of IL-6 are paracrine (i.e., from adjacent adipose

tissues; see ‘Peri-prostatic adipose tissue and local para-

crine regulation of prostate cancer progression’) rather

than autocrine (43). In support of this concept, peri-

prostatic adipose tissue (PPAT) produces a significant

amount of IL-6, which is likely to be an important local

driver of prostate carcinogenesis (44).
http://www.endocrineconnections.org
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Other inflammatory cytokines have been identified as

potential mediators of inflammation and prostate cancer

(for review, see Sfanos and De Marzo (45)). For example,

increased circulating levels of macrophage inhibitory

cytokine 1 (MIC-1), a member of the transforming growth

factor-b (TGF-b) superfamily, predicts poor prostate cancer

prognosis (46) by mediating the interaction between

macrophages and prostate cancer development (47). In

addition, other pro-inflammatory cytokines such as IL-8

(48, 49) and TNFa(50) correlate with prostate cancer

aggressiveness and bone metastasis. It remains uncertain

whether obesity is required for, or even associated with,

pro-inflammatory cytokine/chemokine promotion of

prostate tumourigenesis, because these interactions are

seldom studied in the context of obesity. It is also unclear

whether the major source of these elevated cytokine levels
This work is licensed under a Creative Commons
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is the expanded adipose tissue or the prostate gland itself,

and by extension, whether the effects on tumourigenesis

are autocrine, paracrine or systemic.

It has long been recognised that inflammation is a

predisposing factor for cancer initiation and progression,

and indeed, chronic inflammation is now regarded as an

enabling characteristic of human cancer (51). Chronic

inflammation in the prostate gland can be induced by

infections, dietary factors, hormonal changes and/or other

unknown environmental exposures, leading to path-

ologies such as prostatitis and proliferative inflammatory

atrophy (PIA) (52). These two chronic pathologies, mainly

comprised of lymphocytes and macrophages (compared to

neutrophils for acute inflammation), are associated with

an increased risk of human prostate cancer development

(53, 54). The impact of obesity on chronic or acute

prostate cancer-associated inflammation in patients is

unexplored. However, studies in mice have indicated a

strong link between obesity, inflammation and increased

cytokine production. For example, prostatic inflammation

was observed in obese Hi-Myc mice, with a significant

increase in T-lymphocytes and macrophages in the ventral

prostate (28). This prostatic inflammation led to enhanced

inflammatory (NFkB and cytokines) and growth factor

(Akt/mTORC1 and STAT3) signalling, which in turn

fuelled tumour progression (28). TRAMP mice also showed

significant increases in serum IL-1a, IL-1b, IL-6 and TNF-a

when fed a HFD vs LFD that was associated with

accelerated tumourigenesis (26). However, the latter

study did not determine whether the chronic inflam-

mation underpinning the elevated cytokine secretion

originated from the expanded adipose tissue, and/or

extended to the prostate itself. Collectively, these data

indicate that the inflamed adipose tissue of obese

individuals provides a source of pro-inflammatory cyto-

kines and possibly immune cells that infiltrate the prostate

gland, although this concept is unexplored.
Adipokines and prostate cancer

Adipocytes are active endocrine cells responsible for the

biosynthesis and secretion of a large number of hormones

and cytokines that have a variety of biological functions

(55). Screening studies in our laboratory have identified

w170 adipokines including adiponectin, leptin, retinol

binding protein (RBP)4, pigment-epithelium derived

factor, visfatin, vascular endothelial growth factor

(VEGF), TGF-b and various acute phase reactants (56).

Protein secretion from adipocytes is modulated by a

variety of processes including transcription, translation,
http://www.endocrineconnections.org
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post-translational modifications and secretion through

classical and various non-classical pathways (57). Dysfunc-

tion of the expanded adipose tissue is postulated to

significantly alter the adipokine secretion profile in

obesity, in turn altering endocrine and paracrine/auto-

crine signalling that is postulated to impact both the

systemic circulation and/or local tumour microenviron-

ment in obese patients. However, studies in mice are not

supportive of this hypothesis, (58) and a comprehensive

examination of the adipocyte secretome in human obesity

is not described. Nevertheless, it is well documented that

some adipokines are differentially secreted in obesity;

most prominently leptin secretion is increased and

adiponectin decreased. Given that leptin stimulates pros-

tate cancer cell growth and proliferation (59) and adipo-

nectin is growth inhibitory (60), the concurrent changes in

adipokine secretion support prostate cancer progression.

A full interrogation of the adipokines produced by specific

adipose tissue depots in obese vs lean men, including those

with prostate cancer, is warranted.
Sex steroids, obesity and prostate cancer

Adiposity influences the synthesis and bioavailability of

sex hormones. This is highly relevant in obese men with

prostate cancer because it is a hormone-dependent cancer.

Androgens are the major driver of prostate cancer growth

and progression, and thus androgen-deprivation therapy is

the standard of care for advanced disease. In addition to

androgens, the prostate is also an estrogen-regulated organ

and there is a body of evidence that estrogens induce major

adverse and beneficial effects in the prostate gland through

estrogen receptors ERa and ERb respectively (61, 62).

In adult men, total testosterone levels have been

reported to be inversely correlated with the BMI and

subcutaneous and visceral fat content (63, 64). Further-

more, adipose-derived cytokines (such as TNFa and IL-6)

inhibit the production of testosterone by negatively

feeding back to the hypothalamus (65). The reduction in

total testosterone levels in obese men is further com-

pounded by the suppressed synthesis of sex-hormone

binding globulin (SHBG) (66), a carrier protein that

specifically binds circulating testosterone and reduces its

bioavailability to peripheral tissues. Thus, both total and

bioavailable testosterone is reduced in obese men. Despite

the suppression of this hormone, which is the major driver

of prostate cancer growth and development, a study of

obese men with prostate cancer showed that increased

adiposity, but not low testosterone, was associated with

advanced disease and poor differentiation of prostate
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cancer (67). Thus, while obesity-associated changes in

systemic testosterone availability are consistently observed,

they may not be as important as local or adipose-derived

factors in driving prostate cancer progression.

A second major endocrine change in obesity is an

increase in estrogen production because adipose tissue

expresses the estrogen metabolising enzyme, aromatase.

Low testosterone in aging males is typically combined

with higher estrogen levels, comparable to the level

detected in postmenopausal women (68). Estradiol levels

(and aromatase activity) are positively correlated with

body fat mass and, more specifically, to subcutaneous

abdominal fat, but not to visceral fat (69), such that serum

estrone (E1) and 17b-estradiol (E2) were reported twofold

elevated in a group of morbidly obese men (64). However,

serum estrogen levels do not always correlate with tissue

levels, and the changes in steroid biosynthesis and steroid

receptor activity within the malignant prostate gland

and/or the adjacent PPAT of obese men remain unknown.
Increased fatty acid availability and metabolic

reprogramming as a driver of prostate cancer

All cells require the metabolic substrate to fuel adenosine

triphosphate production to support cellular functions, to

drive growth and permit proliferation. Distinct regulatory

mechanisms have evolved to control cellular metabolism

in proliferating vs non-proliferating cells. The Warburg

effect describes how most solid tumours undergo meta-

bolic reprogramming that results in increased glucose

uptake, glycolysis and lactate production, even in the

presence of sufficient oxygen (70). Prostate cancer is a

slowly proliferating tumour and the rates of glucose

uptake and glycolysis are relatively low, indicating distinct

metabolic programming in this disease (57). This is due, at

least in part, to a low abundance of the primary glucose

transporter GLUT1 (71). In addition, the prostate uniquely

produces and accumulates extraordinarily high citrate

levels (10–50 000 nmol/g in prostate vs w200 nmol/g in

muscle (72, 73)), and citrate is a powerful allosteric

inhibitor of phosphofructokinase, a rate-limiting and

regulatory enzyme of glycolysis (Fig. 2). Exemplifying

this point is the poor utility of 2-deoxy-2-(18F)fluoro-D-

glucose and positron emission tomography for prostate

cancer detection or staging (74).

Fatty acids are essential to support cancer cells,

impacting directly on cell growth, proliferation, differen-

tiation and motility (57, 75). Fatty acids impact these

functions by meeting the bioenergetic requirements for cell

proliferation; providing precursors for triglyceride synthesis,
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which are an important intracellular energy storage depot;

providing the building blocks for phospholipid and sterol

production that are incorporated into membranes to

facilitate cell proliferation and growth; and acting as

signalling molecules to impact a range of biochemical

pathways in cancer proliferation and metastases (Fig. 2).

Fatty acids can be derived from triglycerides contained

in circulating very low density lipoproteins and chylomi-

crons, fatty acids derived from adipose tissue lipolysis or

de novo lipogenesis, which is the production of fatty acids

from acetyl CoA that is mainly derived from glucose

breakdown in the mitochondria. Lipogenic gene

expression is increased in prostate cancer and targeted

disruption of lipogenic proteins (e.g., ACLY, ACC, FASN or

SCD1) can reduce prostate cancer progression (57, 75),

highlighting the importance of fatty acids in prostate

cancer progression.

Obesity is associated with increased systemic and local

fatty acid availability owing largely to an increased fat

mass and metabolic reprogramming. Adipose tissue

lipolysis is the process of triglyceride breakdown to

produce fatty acids and is increased under basal and

postprandial conditions in overweight and obese men

(76), resulting in excess fatty acid release relative to tissue

needs. Obesity is also associated with increased fatty acid

uptake by peripheral tissues, which results in excessive

lipid storage in almost all tissues (77, 78). Thus, it is

possible that increased fatty acid delivery contributes to

more aggressive prostate cancer in obesity.

Although prostate cancer is proposed to be associated

with a high dependence on fatty acid metabolism (57, 79),

direct evidence supporting this claim was lacking until

recently. Fatty acid oxidation is reported to be higher in

immortalised prostate cancer cells (LNCaP, VCaP and PC3)

compared with non-cancerous prostate epithelial cells

(BPH-1 and WPMY-1) (80). The pharmacological blockade

of either fatty acid oxidation (Etomoxir, carnitine palmi-

toyltransferase 1 inhibitor) or intracellular triglyceride

hydrolysis (Orlistat, a lipase inhibitor) decreased prolifer-

ation and viability in immortalised and patient-derived

prostate cancer cells (81), and treating mice with Etomoxir

decreased xenograft growth, demonstrating the import-

ance of fatty acid oxidation for cancer progression (81).

Studies in both solid tumours and haematopoietic cells

have provided evidence for the dependence of cancer cells

on fatty acid oxidation and, in turn, unveiled exciting

therapeutic opportunities (82). The understanding of

metabolism in prostate cancer is less advanced, and

deciphering the changes in transcriptional regulation and

cellular signalling that directs metabolic reprogramming
This work is licensed under a Creative Commons
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Figure 2

Schematic outlining fatty acid metabolism in the prostate. Fatty acids

derived from the systemic circulation and the resident peri-prostatic

adipose tissue are transported into the prostate epithelial cell where they

undergo several fates including (1) oxidation in the mitochondria, (2) bulk

storage as triglycerides contained within lipid droplets, (3) incorporation

into phospholipids and sterol lipids to facilitate membrane production and

(4) conversion to signalling molecules. Fatty acids can inhibit glucose

metabolism through several mechanisms. Fatty acids inhibit the activity of

hexokinase, and products of fatty acid oxidation, including acetyl CoA and

citrate, are powerful allosteric feedback signals that suppress the activity of

rate-limiting enzymes of glucose metabolism. ATP, adenosine triphosphate;

CD36, fatty acid translocate/CD36; G-6-P, glucose-6-phosphate;

HK, hexokinase; PFK, phosphfructokinase.
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in prostate cancer tumours will provide the requisite

information to develop specific therapeutic interventions.

Based on the current knowledge, and the evidence that

fatty acid availability is increased in obesity (76), strategies

aimed at reducing fatty acid uptake into prostate tumours

may provide a novel therapeutic avenue for prostate cancer

treatment.
Peri-prostatic adipose tissue and local paracrine

regulation of prostate cancer progression

Although obesity-driven systemic effects are likely to be

important in promoting prostate cancer, it is important
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to also consider the local prostatic milieu, because the

microenvironment is a major determinant in directing

local cancer growth, invasion and distant metastasis

(51, 83). Adipocytes affect tumour characteristics in

other cancers, most notably breast cancer, where adipo-

cytes exist within tissue and bi-directional paracrine

signalling can occur (84). The prostate may be subjected to

similar regulation because it is covered anteriorly by PPAT,

although distinct to breast, PPAT is located outside of the

prostate gland (85). Clinical studies evaluating the

prognostic value of PPAT report that PPAT quantity is

increased in obesity and is a risk factor for both the

diagnosis of prostate cancer and high-grade disease (86).
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Figure 3

(A) Hematoxylin and eosin stain (H&E) image showing that human prostate

tissue is physically separated from adjacent adipocytes by a concentric rim

of condensed fibromuscular stroma at the periphery of the prostate.

Adipocytes are located in the extra-prostatic region and not within the

prostate gland itself. (B) H&E image showing evidence of prostate cancer

cells infiltrating extra-prostatic tissue. Arrow indicates direct cell–cell

contact between cancer cells and adipocytes. Asterisks indicate regions

of chronic inflammation associated with the cancer cell infiltrate.

Scale Z400 mm (A) and 200 mm (B).
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In a study of 932 patients undergoing external radio-

therapy or brachytherapy, PPAT quantity measured by

computed tomography was associated with more aggres-

sive (PSA O20 or Gleason score R8 or T3) disease (87). This

finding was confirmed in pre-diagnosis populations where

PPAT thickness was identified as a risk factor for prostate

cancer detection upon biopsy and an independent

predictive factor for high-grade prostate cancer (88).

In light of these associations, several studies have

evaluated the tumour promoting potential of PPAT-

secreted factors in vitro (89, 90). Immortalised prostate

cancer cells were grown in the presence of PPAT-secreted

factors collected in culture medium. The PPAT-secreted

factors resulted in significantly increased proliferation (89)

and motility (90) of the PC3 prostate cancer cell line, and

these effects were exacerbated in cells treated from PPAT

from obese vs lean men (89). Interestingly, the secreted

products from the cells of the stromal vascular fraction

(i.e., cells other than adipocytes) were less pro-tumori-

genic than the whole PPAT secretome, indicating that

factors from adipocytes and other cells act cooperatively in

promoting a pro-tumorigenic environment (90). Another

important insight from this work was that proliferation

induced from PPAT conditioned medium was significantly

increased over conditioned medium from either sub-

cutaneous or visceral adipose tissue depots (89, 90),

indicating that PPAT secretes a unique subset of molecules

that promotes tumour aggressiveness. The composition of

this secretome remains unresolved. Together, these

studies indicate that PPAT secretes factors that are capable

of altering the microenvironment of prostate tissue to

promote tumour cell proliferation, survival and motility

and that this secretome is more tumorigenic in obesity.

Based on the in vitro models described above, it

appears that PPAT secretes factors to contribute to the

prostate cancer microenvironment (85, 89, 91). However,

direct support for this hypothesis is dependent on the

demonstration of direct portal communication between

these tissues. In addition to PPAT, there are adipocytes

directly adjacent to the prostate gland itself (Fig. 3A), and

it is tempting to speculate that these adipocytes signal in

a paracrine manner to cancer foci. More importantly, in

aggressive prostate cancer involving extra-prostatic exten-

sion, prostate cancer cells come into direct contact with

adjacent adipocytes, increasing the likelihood of bi-direc-

tional paracrine interaction (Fig. 3B). It is also possible that

once extension beyond the prostate occurs, signals

produced by prostate cancer cells may alter adipocyte

metabolism and endocrine function and promote inflam-

mation (90). The pro-inflammatory milieu induced by the
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localised immune response to the presence of cancer,

which often occurs in extra-prostatic tissues (Fig. 3B and

C), would promote lipolysis in the adjacent adipocytes

and in turn provide fatty acid substrate for tumour

progression (see ‘Increased fatty acid availability and

metabolic reprogramming as a driver of prostate cancer’).
Perspectives

Despite the persuasive epidemiological evidence that

obesity is associated with more prevalent high-grade
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prostate cancer and increased cancer-specific mortality,

the biological mechanisms and associated cellular signal-

ling pathways linking obesity and prostate cancer remain

incompletely understood. The literature indicates that

several mainstream hypotheses regarding obesity-related

drivers of prostate cancer progression are not yet supported

by a solid evidence base and, in particular, are not

supported by experiments using human tissue. In this

regard, many studies have been conducted in experimental

models that bear limited relevance to human disease

progression. For example, co-culturing of isolated adipo-

cytes and immortalized prostate cancer cells does not

faithfully reproduce the anatomical relationship between

adipose tissue and the prostatic tumour (Fig. 3). In human

studies, there is a need to define the obesity co-morbidities

that most closely associate with prostate cancer aggres-

siveness, in the knowledge that obesity itself is unlikely to

promote prostate cancer. Other outstanding issues remain,

including an understanding of whether locally produced

factors from PPAT impacts prostate cancer progression

and, if so, what the major PPAT-secreted factors are. In

addition, the relationship between lipid metabolism and

cancer progression is in its infancy, and a thorough

understanding of metabolism in human prostate malig-

nancy is required before we advance to identifying new

therapeutic and/or public health strategies (e.g., exercise

or diet). Next, whether adipose-derived inflammation is

pronounced enough to drive prostate cancer progression is

unclear, as is the role of most inflammatory molecules

in prostate cancer per se. Finally, altered sex steroid

production, specifically reduced testosterone and elevated

estrogen levels, has long been assumed to be a major driver

of prostate cancer progression in obesity, but the evidence

in humans is inconsistent. It is critical to determine the

intra-tissue levels of steroid production to address this

unresolved question.

In conclusion, while there is a gathering body of

research in this field, our knowledge of the inter-

relationship between obesity and prostate cancer develop-

ment and/or progression is limited and less advanced than

for other solid tumour types. Understanding the endo-

crine and metabolic pathways that play roles in disease

progression and malignancy is important for identifying

potential therapeutic avenues to slow prostate growth and

metastasis.
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