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Metabolic reprogramming in prostate cancer
Fahim Ahmad 1,2, Murali Krishna Cherukuri2 and Peter L. Choyke1

Although low risk localised prostate cancer has an excellent prognosis owing to effective treatments, such as surgery, radiation,

cryosurgery and hormone therapy, metastatic prostate cancer remains incurable. Existing therapeutic regimens prolong life;

however, they are beset by problems of resistance, resulting in poor outcomes. Treatment resistance arises primarily from tumour

heterogeneity, altered genetic signatures and metabolic reprogramming, all of which enable the tumour to serially adapt to drugs

during the course of treatment. In this review, we focus on alterations in the metabolism of prostate cancer, including genetic

signatures and molecular pathways associated with metabolic reprogramming. Advances in our understanding of prostate cancer

metabolism might help to explain many of the adaptive responses that are induced by therapy, which might, in turn, lead to the

attainment of more durable therapeutic responses.

British Journal of Cancer (2021) 125:1185–1196; https://doi.org/10.1038/s41416-021-01435-5

BACKGROUND
Cellular metabolism involves complex biochemical processes
through which specific nutrients are consumed. Carbohydrates,
fatty acids and amino acids are the main source of nutrients for
energy homeostasis and macromolecular synthesis. They are the
main constituent of core metabolic pathways that can be
classified as anabolic, catabolic or waste producing (Fig. 1) and
that mediate processes such as glycolysis, oxidative phosphoryla-
tion via the tricarboxylic acid (TCA) cycle, glycogenolysis,
lipogenesis and the urea cycle.
Unlike normal cells, cancer cells rewire their cellular metabolism

to promote growth and survival and thus have different
nutritional requirements, and many different cancer types exhibit
similar metabolic alterations.1,2 The Warburg effect, for example, is
a change in the metabolism of most cancer cells that enables
them to convert glucose into lactate, even in the presence of
abundant oxygen—in a process known as aerobic glycolysis.3 This
change was originally thought to be due to defective oxidation
caused by mitochondrial dysfunction, but has now been partly
explained biologically4,5: the rapid uptake and metabolism of
glucose allows cells to feed several non-mitochondrial pathways,
such as the pentose phosphate pathway, which produces ribose
for nucleotides and NADPH for reductive biosynthesis, and the
hexosamine pathway, which is required for protein glycosylation
and glycerol synthesis for production of complex lipids. The
Warburg effect might support anabolic metabolism indirectly
while maintaining large pools of glycolytic intermediates that
favour engagement of the pentose phosphate pathway and other
biosynthetic pathways inside the cell.6 Although the exact
mechanism(s) of altered metabolism and its effect on cancer
behaviour is unknown, an increased awareness of the dependen-
cies of cancer cells on specific metabolic pathways and the
potential for therapeutically exploiting these dependencies have
led to an interest in better understanding the underlying
processes.7

Several tools have been designed to assess metabolism without
disturbing the system. Advances in nuclear magnetic resonance
and mass spectroscopy have helped to quantify the carbon influx
of the central metabolic pathways (e.g. TCA cycle, glycolysis and
pentose phosphate pathway) in mammalian systems, and this
approach has been instrumental in demonstrating that the
metabolism of a tumour depends on factors such as the tissue
of origin, the tumour microenvironment (TME), the level of
hypoxia, and so on. Furthermore, tumour cells appear to turn on
different programs of metabolic pathways to generate ATP,
proteins, nucleotides and lipids for cellular proliferation compared
with normal cells.8

This review will explore important conceptual and technological
advances in cancer metabolism with the goal of motivating the
ongoing research in tumour metabolism. It further emphasises the
critical roles of nutrient availability, oxygen concentration, genetic
signatures, tissue origin and the TME in determining the metabolic
reprogramming that is necessary to sustain tumour growth.
Focussing on prostate cancer, the unique metabolic program
driven by the androgen receptor (AR) and the role of this program
in fuelling oncogenic growth of prostate cancer are also described.
Finally, we highlight possible future avenues of research needed
to close current knowledge gaps.

FACTORS AFFECTING METABOLISM IN CANCER CELLS
Cancer cells exhibit an altered metabolism to fulfil the demands of
increased growth and proliferation. This alteration is, in part,
orchestrated by the genetic changes that govern tumorigenesis,2

such as the activation of oncogenes and/or the loss of tumour
suppressor genes, and is further shaped by environmental factors,
such as nutrient availability and oxygen concentration.9 Tumours
predominantly exhibit heterogenous metabolic reprogramming
and different tumours employ a varied array of metabolic
pathways to aid anabolic requirements during growth and
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proliferation. Thus, a detailed understanding of metabolic rewiring
is essential to explain the fundamental mechanisms of
tumorigenesis.

Genetic changes
Major shifts are seen in amino acid, nucleotide and lipid metabolic
pathways as a result of changes in the genetic landscape in cancer
cells. The amplification and/or mutation of genes implicated in
growth factor signalling is relatively common in cancer cells. For
instance, the epidermal growth factor receptor (EGFR) tyrosine
kinase receptor activates downstream effectors including phos-
phatidylinositol 3-kinase (PI3K) and AKT signalling.10–14 Further
activation of the PI3K–AKT pathway reprogrammes cellular
metabolism by augmenting the activity of nutrient transporters
and metabolic enzymes, thereby supporting the anabolic
demands of aberrantly growing cells.10–14 Genes such as KRAS
and c-Myc are commonly amplified/mutated in tumours and
frequently influence nutrient uptake and utilisation. In some cases,
the same genetic alterations that regulate glycolysis can also co-
ordinately regulate other metabolic processes. For example, the
EGFR oncogenic variant EGFRvIII co-ordinately controls intratu-
mour cholesterol levels and regulates fatty acid synthesis.15–18 A
link between c-Myc and mTROC-1 and amino acid regulation and
nucleotide biosynthesis has also been observed.18–21 In other
cases, mutations often cause a loss of function, which promotes
the use of alternative metabolic pathways. Thus, genetic
signatures can strongly influence metabolism.

ENVIRONMENTAL FACTORS
Cancer cells alter the chemical composition of extracellular milieu,
which exerts pleiotropic effects on both the normal cells residing
in the vicinity of the tumour and also the extracellular matrix.22

Reciprocally, the microenvironment affects the metabolism and
signalling responses of cancer cells. Tumours are often faced with

limited nutrient and oxygen supply and develop various nutrient
scavenging strategies to circumvent this limitation. Furthermore,
hypoxia impedes the ability of cells to carry out oxidative
phosphorylation and other reactions that require oxygen, and
disrupts the redox balance, affecting cellular signalling and
transcriptional programs.2 Overall, the reciprocal interactions
between the tumour and their microenvironment impose a
selective pressure that further shapes the cellular metabolism.

Nutrient supply
During the early stage of tumorigenesis, tumour cells are in close
contact with the normal vasculature and are therefore supplied
with ample nutrients (and oxygen). However, once these cells
outgrow the normal vasculature, they must alter their metabolism
to adjust to lower nutrient concentrations.23 This process depends
on an intrinsic nutrient-sensing mechanism, which triggers
nutrient-responsive transcription factors and signalling pathways.
Hypoxia-inducible factor (HIFs), sterol regulatory-element binding
transcription factor (SREBFs) and activating transcription factor 4
(ATF4) are among the transcription factors that aid tumour cells in
adapting to fluctuations in nutrient availability. The induction of
HIF1-α and ATF4 in response to limiting nutrient conditions,
results in the upregulation of glucose and amino acid transporters,
which helps cancer cells to compete for various nutrients24; HIF1-α
also induces the expression of glycolytic enzymes, thereby
facilitating sustained ATP production.25 Oncogenic driver muta-
tions, such as those in c-Myc, can result in the aberrant activation
of mammalian target of rapamycin complex (mTORC)-1, which
promotes nutrient uptake and the anabolic conversion necessary
for cell growth and division.26

Angiogenesis is another important adaptation that facilitates
greater nutrient delivery, but this is not always successful. When
tumour tissues require fuel (nutrients and oxygen), angiogenesis is
stimulated. However, upregulation of angiogenic activator is not
solely sufficient, negative inhibitors of vessel growth also need to
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Fig. 1 Core metabolic pathways. Catabolic pathways—for example glycolysis, oxidative phosphorylation via tricarboxylic acid cycle (TCA)
and lipogenesis—involve the breakdown of major nutrients (glucose, amino acids and fatty acids) to generate energy, which is either stored
for later use or released as heat. Anabolic pathways then build macromolecules out of the products of catabolism, which are building blocks
for cell structures and help to maintain the cell. Cells also produce lactate, ammonia, carbon dioxide and reactive oxygen species (ROS) as by-
products of the metabolic breakdown of sugars, fats and proteins. Emerging studies have revealed a functional role for many of these
metabolic by-products. For many years, lactate was seen as the metabolic waste product of glycolytic metabolism; however, new roles for
lactate in the tumour microenvironment as a metabolic fuel, modulator of extracellular pH or as a signalling molecule have emerged.
Ammonia, generated as a by-product of proteins that are broken into amino acids by amino acid lyases and nucleotide deaminases, is toxic at
high concentrations and, thus, gets further converted into urea. ROS, mainly generated through NADPH oxidase (NOX4) and through electron
leak from electron transport chain (ETC) complexes, are potent mitogens that promote proliferation, differentiation and migration.
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be down regulated for angiogenesis27 (Fig. 2). The uptake of
glucose, the primary energy source of cells, can be measured
using 18F-fluorodeoxyglucose (FDG, a radiolabelled glucose
analogue). Many primary tumours, including primary prostate
carcinoma, show little or no FDG uptake,28 which suggests that
metabolic substrates other than glucose might be required to
meet the anabolic demands. Clinical imaging studies clearly
demonstrate evidence of the uptake of exogenous acetate29 and
pyruvate30 in prostate cancers, both of which can be further
incorporated directly into the TCA cycle or directed to lipogenic
metabolism (Fig. 3).

Oxygen supply
Oxygen is crucial for supporting cellular bioenergetics and other
specific biochemical reactions. In 1977, Thomlinson and Gray
revealed that tumours display a gradient of oxygen concentration,
with the tumour core being the most oxygen-limited region.31

Whereas normal cells succumb to hypoxic conditions, cancer cells
can undergo transcriptomic changes that enable them to survive
and adapt to this hostile microenvironment. As their name suggests,
HIF proteins are induced in response to low oxygen concentrations,
and increased levels have been linked to malignancy and poor
prognosis in various cancers including prostate cancer.32 As well as
mediating an increase in the levels of glycolytic enzymes,33 the
major isoform, HIF1-α, induces angiogenesis by secreting factors
such as vascular endothelial growth factor (VEGF), which promotes
neovascularisation.34 Another adaptation to hypoxic conditions
involves the enhanced utilisation of glutamine, which sustains part
of the TCA cycle and promotes lipid synthesis.35 Hypoxia, therefore,
is an important factor in metabolic reprogramming.

Tissue origin and TME
Different tissues provide distinct environments for tumours, and
thus the context-dependent nutrients, extracellular matrix com-
ponents and interactions with stromal cells can differently
influence metabolic pathways. An analysis across 20 different
cancer types indicates that cancers undergo a tissue-specific
rewiring of metabolic genes.36 Activation of nucleotide synthesis
and inhibition of mitochondrial metabolism are the main features
of convergent metabolic landscape of cancer. Furthermore,
downregulation of oxidative phosphorylation correlates with poor
clinical outcome across several cancer types and it is associated
with the presence of epithelial-to-mesenchymal (EMT) signature.36

Hensley et al. also revealed the existence of regional differences in
tumour nutrient utilisation by using intraoperative 13C-glucose
infusions in human non-small cell lung cancer (NSCLC). The study
revealed that less-well-perfused regions of human NSCLC tumours
had elevated levels of glucose oxidation while highly perfused
regions used non-glucose nutrients for oxidation,37 highlighting
the importance of the microenvironment in metabolic depen-
dency and the role of metabolic flexibility both among patients
and within individual tumours. For metastatic tumours, the
metabolic dependency on glycolysis or oxidative phosphorylation
is often determined by the site of metastasis.38

Metabolic heterogeneity within a tumour is the result of
differential exposure of various regions to distinct microenviron-
ments. The clinical and morphological heterogeneity of prostate
cancer alongside a high level of genetic diversity makes this
cancer type a paradigm for genetic and metabolic heterogeneity
in research settings, and the remainder of the article will focus on
this cancer type.
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METABOLISM IN THE BENIGN PROSTATE GLAND
The primary function of the prostate gland is to produce and
secrete prostatic fluid, which lubricates, nourishes and protects
sperm. This secretory activity is mainly dependent on hormone
signalling mediated through the androgen receptor (AR), a nuclear
hormone receptor transcription factor.39,40 To better understand
metabolic alterations in prostate cancer cells, it is important to be
familiar with the metabolism of benign prostate cells (Fig. 3).
Metabolic pathways have been found to be well regulated and
highly specialised inside healthy prostate epithelial cells. Prostate
epithelial cells, of which there are three different types (luminal,
basal and neuroendocrine), comprise about 70% of the gland and
are the main functional component. Specialised acinar epithelial
cells, which line the prostate and give rise to the most common
type of prostate cancer, acinar adenocarcinoma, accumulate large
reservoirs of zinc. Zinc specifically inhibits the action of
mitochondrial aconitase (ACO2), the enzyme that catalyses the
oxidation of citrate,41 which ultimately prevents citrate from
entering and, thus disrupting, the TCA cycle; instead, citrate
(synthesised from aspartate and glucose) is secreted as an
important component of prostatic fluid. Consequently, to meet
the energy requirements for survival and propagation, the citrate-
producing prostate cells probably adopt alternative metabolic
pathways and restrict other nonessential activities. For instance,
studies suggest that citrate-producing prostate cells exhibit high
levels of aerobic glycolysis.39 Unfortunately, extensive knowledge
of these alternative and additional metabolic pathways in the
prostate is lacking and needs further investigation.

PROSTATE CANCER METABOLISM
The unique, citrate-orientated metabolism of normal prostate
tissue suggests that tumours arising from peripheral prostatic
epithelium might also exhibit unique metabolic properties (Fig. 3).
Primary prostate tumours seem to favour enhanced oxidative
phosphorylation but limited glycolysis. Lipogenesis in the form of
fatty acid synthesis also seems to be an early event in prostate
tumorigenesis and is associated with progression of the
disease.42,43 Increased glycolysis becomes a characteristic of
advanced castrate resistant prostate cancer. Amino acid metabo-
lism plays a crucial role in prostate cancer progression, including

maintaining the amino acid pool, which is required as a building
block, conversion to glucose, lipids and precursors of nitrogen
containing metabolites like purines and pyrimidines for nucleic
acid synthesis.44 Unlike other solid tumours the metabolism and
biosynthesis of amino acids in prostate cancer is focused
particularly on anaplerosis more than on energy production.
Several potentially useful deviation in amino acid patterns have
been discovered in malignant vs non-malignant prostate cancer
cell lines and in urine of prostate cancer patients.44 Although
considerable progress has been made, the molecular character-
isation of prostate tumour metabolism is incomplete, and is likely
to vary among tumours and even within individual lesions.

AR-driven prostate cancer metabolism
AR signalling is crucial for the unique metabolic program of the
prostatic epithelium and prostate adenocarcinoma. In healthy
prostatic epithelial tissue, testosterone in the blood is converted by
5α-reductase to dihydrotestosterone (DHT), which binds to ARs in
the cytoplasm of epithelial prostate cells. Once bound by DHT, AR
transfers to the nucleus, where it can act as a transcription factor
for numerous genes, such as KLK3 (PSA), KLK2 and NKX3-1.45

Testosterone also stimulates the production of citrate in prostate
epithelial cells and transcriptionally through AR regulates the
expression of the zinc transporter SLC39A146 and the aspartate
transporter SLC1A1,47 which facilitates citrate synthesis.
In prostate tumours, AR-mediated metabolic reprogramming is

responsible for a metabolic shift to oxidative phosphorylation
coupled with a loss of zinc transporter during oncogenic
transformation. Zinc-regulated, Iron-regulated transporter-like
(ZIP-1, 2, 3 and 4) proteins are suggested to be the major zinc
uptake transporter involved in extraction of zinc from the blood
and encoded by various subfamilies of SLC39 transporter. Studies
have shown a correlation between the expression of ZIP proteins
with changing intracellular zinc concentration.48,49 The depletion
of zinc prevents the inhibition of mitochondrial ACO2, thereby
restoring the TCA cycle; accordingly, the levels of citrate as well as
zinc are much lower in malignant prostate cancer cells than in
normal prostate tissue. Swinnen et al. and Audet-Walsh et al.
demonstrated that activation of AR drives lipogenesis and
oxidative phosphorylation, thereby supporting cellular
proliferation.50,51 AR also fuels proliferation via other central

Cytoplasm

G
lu

ta
m

in
e

Glucose
Glucose

Cytoplasm

Glucose

PPP

Glucose

Glycolysis

PyruvateAspartate

Acetate

L
ip

id
s

L
a
c
ta

te

A
S

C
T

2

Lipogenesis

Normal prostate epithelial cells Transformed prostate epithelial cells

S
L

C
1
A

1
S

L
C

3
9
A

1

S
L

C
2
5
A

1
G

L
U

T
s

G
L

U
T

s

C
itra

te

M
C

T
s

M
C

T
s

G6P

Ac-CoA Ac-CoA

Pyruvate
Glutamateαα-KG

Citrate
Citrate

Amino

acids

α-KG

Mitochondria Mitochondria

lsocitrate

OAA OAA

OXPHOS

α-K
G

Aconitase

Zn2+

Zn2+

ATP Glycolysis

Pyruvate

Pyruvate

PyruvateProteins

Nucleotide

G6P

ATP

ATP

Nucleotides

Fig. 3 Metabolism of normal versus transformed prostate epithelial cells. Normal prostate epithelial cells assimilate glucose and aspartate
to synthesise and secrete citrate. Androgen-receptor (AR)-mediated metabolic reprogramming drives enhanced oxidative phosphorylation
and lipogenesis inside the transformed prostate epithelium. Normal prostate epithelial cells produce most of their ATP via glycolysis, whereas
oxidative phosphorylation remains the main source of ATP generation in early prostate adenocarcinoma. Highlighted red and green arrows
represent metabolic pathways that are important in normal and transformed prostate epithelial cells. Solid arrows represent single metabolic
steps and dashed arrows represent simplified multistep processes. SCL39A1, SLC25A1, SLC1A1, GLUTs and MCTs represent zinc, citrate,
aspartate, glucose, pyruvate and lactate transporters, respectively.

Metabolic reprogramming in prostate cancer

F Ahmad et al.

1188



metabolic pathways, including glycolysis (through the induction
of the glucose transporter GLUT1, hexokinase 1, 2 (HK1) and HK2),
and the pentose phosphate pathway through glucose-6-
phosphate dehydrogenase (G6PD)). Mechanistic evaluation in
prostate cancer cell line models suggests that AR-mediated
regulation of the pentose phosphate pathway occurs through
upregulation of G6PD in response to mTOR,52 resulting in the
production of nucleotide precursors for DNA synthesis and
NADPH to sustain lipogenesis.53

The complexity of AR-dependent metabolic changes has made
it difficult to completely molecular characterise prostate cancer
metabolism. Later in the disease course, prostate cancer cells can
become androgen independent and, eventually, even AR inde-
pendent. The withdrawal of androgens in androgen-dependent
prostate cancer results in a rapid and dramatic regression of
prostate adenocarcinoma through apoptosis, indicating the critical
role played by AR in sustaining cancer cells in this context.54

However, various lesions of prostate adenocarcinoma can with-
stand hormone withdrawal and are able to reactivate AR-driven
signalling and metabolism even in the absence of androgens.
Reactivation results in prostate adenocarcinoma hypermetabo-
lism, growth and metastatic dissemination,55 eventually leading to
androgen independence (also referred to as castration-resistant
disease and de-differentiated prostate cancer).

Neuroendocrine prostate cancer metabolism
Neuroendocrine prostate cancer (NEPC) comprises an aggressive
form of the disease that can arise de novo but more often forms as
a consequence of the selective pressure of androgen deprivation;
NEPC tumours are notable for their diminished AR signalling,
increased expression of neuroendocrine lineage markers including
chromogranin-A, neuron-specific enolase and synaptophysin, and
their pure/mixed small cell histology.56 Genetic alterations, such as
the loss of RB1 and TP53 and amplification of MYCN and AURKA,
are more prevalent in NEPC compared with prostate adenocarci-
noma. Functional loss of RB1 and TP53 facilitated the activation of
pluripotency networks through de-repression of the pluripotency
transcription factor SOX2 as well as the epigenetic modifier,
enhancer of zeste-homolog 2 (EZH2).57,58 Further, modulation of
the epigenome is tightly coupled to metabolic reprogramming;
several chemical modifiers of DNA and histones are intermediates
of cellular metabolic pathways.59 For example, glycolysis gener-
ates pyruvate, which is the main substrate for acetyl-CoA—that
plays the central role in coordinating the activity of histone

acetyltransferase (HAT) enzymes. Elevated expression of histone
lysine demethylase KDM8 in treatment induced NEPC tumours
functions to reprogram metabolism towards aerobic glycolysis.60

Also, MYCN, that is involved in neuroendocrine lineage repro-
gramming leads to elevated histone acetylation and DNA
accessibility by increasing the mitochondrial export of acetyl
groups and also by upregulating the HAT-GCN5. The NEPC-specific
upregulation of the metabolic enzyme phosphoglycerate dehy-
drogenase (PHGDH) was identified in 2019 while profiling
adenocarcinoma and NEPC tumours.61 Upregulation of PHGDH
is the first and rate-limiting step in the serine, glycine, one-carbon
pathway (SGOCP). Increased SGOCP activity in prostate carcinoma
is mainly fuelled by the loss of atypical protein kinase C (PKC) λ/ι,
and promotes the biosynthesis of serine, which, in turn, sustains
increased proliferation and epigenetic demands (e.g. methylation
through increased intracellular S-adenosyl methionine) to favour
cancer cell plasticity and NEPC.61 In NEPC, increased glycolysis
along with enhanced glutamine uptake can further increase the
production of pyruvate and acetyl-CoA.62 Furthermore, elevated
glycolysis coupled with MCT-4-mediated lactic acid production/
secretion is the most distinguishing and clinically relevant
metabolic feature in NEPC.63 Together, these studies suggest that
NEPC differentiation depends on metabolic reprogramming to
fuel the epigenetic changes that are required for this lineage
conversion. The identification of metabolic, and other, non-
oncogenic, dependencies might reveal vulnerabilities that could
potentially open therapeutic avenues for the treatment of this
highly aggressive treatment-resistant cancer.

OXIDATIVE PHOSPHORYLATION
In prostate cancer, AR signalling promotes TCA cycle functions,
including amino acid production, oxidative phosphorylation and
lipogenesis.39,64 Broad molecular characterisation studies invol-
ving high-throughput mass spectrometry found that prostate
tumours had increased levels of ACO2, citrate synthase,
fumarate hydratase, malate dehydrogenase-2 and oxoglutarate
dehydrogenase,65 and metabolite analysis coupled with tran-
scriptomic data revealed elevated levels of TCA cycle inter-
mediates, such as malate, fumarate and succinate, in prostate
tumours compared with adjacent normal tissues.66 These results
indicate that prostate adenocarcinoma, at least in the initial
stages, is more reliant on oxidative phosphorylation than
aerobic glycolysis.67

Table. 1. List of metabolic inhibitors targeting prostate cancer.

S. NO Drug Target Mechanism of action

1 Metformin AMPK, mTORC1, ETC
complex 1

Inhibits tumour proliferation, confers survival benefit in retrospective prostate tumour
cohort135–137

2 MSDC-0160 Mitochondrial pyruvate
carrier

Decreases mitochondrial oxygen consumption, depletes TCA cycle intermediates in
hormone-responsive and castration-resistant AR+ models of prostate cancer39

3 IACS-010759 ETC complex-I Inhibits proliferation, depletes macromolecule pools and induces apoptosis in PTEN-null
mouse models of prostate cancer138

4 Fatostatin SREBP–SCAP Inhibits lipogenesis, blocks tumour growth and metastatic spread in metastatic and
non-metastatic autochthonous models of mouse prostate cancer93

5. MT 63-78 AMPK Inhibits cell proliferation, induces mitotic arrest and apoptosis; activates AMPK and
suppresses lipogenesis in hormone-responsive and castration-resistant AR+ and AR–

models of prostate cancer139

6 IPI-9119 FASN FASN inhibition through IP-9119 leads to reduced protein expression and decreased
transcriptional activity of full-length AR as well as splice variant AR V7. Thus, antagonises
growth through metabolic reprogramming in hormone-responsive and castration-
resistant AR+ models of prostate cancer.86

AMPK 5’ AMP-activated protein kinase, AR androgen receptor, ETC electron transport chain,mTORCmammalian target of rapamycin complex, SREBP–SCAP sterol

regulatory-element binding protein–SREBP cleavage-activating protein.
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Targeting oxidative phosphorylation in prostate cancer cells
Oxidative phosphorylation fuels cellular proliferation as, beyond
the production of ATP, it is also required for aspartate
production, which, in turn, regulates nucleotide biosynthesis.
Unlike other cells, however, prostate epithelial cells can
efficiently import exogenous aspartate, which is converted to
oxaloacetate before condensation with acetyl-CoA to synthesise
citrate under normal conditions. Therefore, although prostate
cancer might be reliant on oxidative phosphorylation,68 phar-
macological inhibition might prove challenging if cells can
circumvent this requirement by importing aspartate. Oxidative
phosphorylation can also be compromised by restricting the
supply of reducing equivalent in the electron transport chain
(ETC) by disrupting the production of NADH, or by directly
targeting components of the ETC. Targeting TCA cycle metabo-
lism by compromising mitochondrial substrate trafficking might
be an effective strategy. For example, rotenone and metformin
(Table 1), widely recognised inhibitors of complex-I of the ETC,
inhibit proliferation in several human cancer cell lines,69,70

including prostate cancer.71 PTEN-null cells are highly sensitive
to inhibition of complex-I, as their glucose levels are known to be
rapidly depleted when ETC is suppressed, which highlights the
potential clinical utility of complex-I inhibition of ETC. In
agreement with this prediction, the rotenone derivative deguelin
suppressed tumour growth in a prostate cancer mouse model
lacking both PTEN and Trp53.72 Overall, these data provide
evidence that targeting oxidative phosphorylation might be an
effective therapeutic approach for prostate cancer.

LIPID METABOLISM
Lipids, including fatty acids, phospholipids and cholesterol, play a
crucial role in the progression of prostate cancer. Lipogenesis
generates intracellular signalling molecules along with raw
materials for the production of lipid bilayers, precursors for
cholesterol biosynthesis to promote intratumoural androgen
synthesis and biochemical energy through β-oxidation.73–75 The
increased accumulation of cholesterol as cholesteryl esters stored
in cytosolic lipid droplets76 in prostate cancer cells lacking PTEN
supports the role of lipid metabolism in tumour growth.
Furthermore, the use of PET agents such as 11C acetate and 11C
choline has successfully demonstrated the role of lipid metabolism
in prostate cancer, including metastatic disease.

Fatty acids
Fatty acids have been observed to translocate from regional pelvic
adipocytes to prostate cancer cells,77 and an increase in the de
novo synthesis of fatty acids78 and phospholipids, without a
corresponding accumulation of lipids, has been reported. The
hypothesis that increased fatty acid oxidation acts as a source of
energy79 is supported by the known overexpression of α-
methylacyl-CoA racemase (AMACR) in prostate cancer.80 This
enzyme, which functions independently of androgen-mediated
signalling,81 is required for the oxidation of branched chain fatty
acids. Thus, it can be surmised that a balance between lipid
synthesis and oxidation exists, providing cells with both a source
of lipids (e.g. phosphocholine for cell membrane synthesis) and
energy for growth and survival.
Dysregulated de novo fatty acid synthesis frequently occurs in

malignancy.82 Oncogenic signalling pathways such as PI3K/AKT
and HER275 often result in the increased expression of lipogenic
enzymes in prostate cancer cells, and the increased expression of
fatty acid synthetic enzymes is associated with the nuclear
localisation of AKT.83 Oncomine84 exploration of prostate cancer
databases has revealed the upregulation of several mRNAs that
encode lipid metabolic enzymes, such as ATP citrate lyase (ACLY),
acetyl-CoA carboxylase-α (ACACA), fatty acid synthase (FASN) and
long chain fatty acyl-CoA synthetases-1, 3 and 5 (ACSL-1, ACSL-3,

ACSL-5). The increased expression of transcription factors such as
sterol regulatory binding transcription factor-1 (SREBF-1), which is
responsible for regulating the expression of fatty acid and
cholesterol synthesising enzymes, has also been reported.85

Metabolic reprogramming in hormone-responsive and
castration-resistant AR+ models of prostate cancer is mediated
by fatty acid synthase, and pharmacological inhibition of FASN
with IP-9119 (Table 1) leads to the reduced expression of AR and a
consequent decreased in its transcriptional activity, which
ultimately compromises tumour growth.86

Cholesterol
A functional relationship exists between cholesterol metabolism
and prostate cancer progression. High circulating levels of
cholesterol are positively associated with the development of
prostate cancer,87 and cytosolic lipid droplets containing choles-
teryl esters have been linked with prostate cancer aggressive-
ness.76 Accordingly, pharmacological inactivation of the
cholesterol acyltransferase enzyme (acetyl-CoA) results in apop-
tosis accompanied by a decrease in cellular proliferation,
migration and invasion.88 Activation of PI3K–AKT–mTOR as a
consequence of the loss of PTEN is associated with the
upregulation of SREBP and low-density lipoprotein (LDL) recep-
tors, which induce the accumulation of cholesteryl esters.89 The
coordinated, opposing actions of SREBP-2 and liver-X receptor
(LXR) transcription factors function to control cellular cholesterol
levels,90,91 with growth-promoting factors such as AR and AKT
promoting SREBP-2 activity and inhibiting LXR, thereby causing
cholesterol accumulation. Statins act by decreasing the produc-
tion of cholesterol from the liver, thus, lowering its level in blood.
At low concentrations, statins exert cardioprotective effects but, at
higher concentrations, statins are also capable of tumour
suppression by inhibiting small GTPases, which are involved in
cellular proliferation, survival, inflammation, metastasis and
angiogenesis. Higher statin concentrations are therefore thought
to be needed to inhibit the progression of prostate cancer.92

Several studies have shown that statin therapy decreases the
mortality rate of prostate cancer. Fatostatin (Table 1), which
targets a complex of SREBP and the SREBP cleavage-activating
protein (SCAP), inhibits lipogenesis and blocks tumour growth and
metastasis in autochthonous mouse models of prostate cancer.93

Current research suggests the alterations in cholesterol- or
geranylgeranyl pyrophosphate-mediated pathways by statins
can induce cell death and/or cell cycle arrest. It has been
suggested that the effect of statins is mainly mediated through
their ability to prevent the accumulation of oncogenic AKT–AR
complexes formed on lipid rafts.92 A decline in the level of
prostate-specific antigen (PSA) is commonly seen upon the use of
statins, which seems to indicate that there could be more at play
than simply cholesterol-lowering effects.92 A detailed study on the
use of statins could enhance our understanding of the processes
involved in prostate carcinogenesis and potentially identify new
therapeutic targets for prostate cancer.

AMINO ACID METABOLISM
The prostate-cancer-specific metabolism of several amino acid has
been uncovered over the past 25 years. AR signalling plays a
crucial role in coordinating the enhanced uptake of amino acids
and also promotes amino acid metabolism. Specific examples of
AR-regulated plasma membrane L-type amino acid transporters
include LAT1 and LAT3, which coordinate the cellular import of
several amino acids including phenylalanine, tryptophan, tyrosine,
leucine and arginine.94 AR signalling also enhances glutamine
uptake and its metabolic assimilation by upregulating the
expression of the neutral amino acid transporters ASCT1 and
ASCT2. The breakdown of glutamine, the most abundant amino
acid in both blood and muscle, provides a source of carbon and
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nitrogen groups for the TCA cycle and NADPH for the synthesis of
nucleotides, proteins and lipids.
The AR-mediated regulation of LAT1 and ASCT2 is of clinical

importance as inhibition of these transporters hampers prostate
tumour growth35,95 and their increased expression provides
opportunities for non-invasive diagnostic imaging and disease
monitoring in patients with prostate cancer. For example,
preclinical studies have demonstrated that the enhanced expres-
sion of ASCT2 in response to androgen treatment results in the
increased uptake of the synthetic leucine analogue fluciclovine
(FACBC) into LNCaP cells.96,97 Furthermore, in clinical trials,
fluciclovine was not only useful for localising recurrent prostate
cancer but also for extra-prostatic metastases.96 Ongoing research
to define AR-mediated amino acid dependencies in prostate
cancer might lead to new prospects in the therapeutic field.

THE WARBURG EFFECT
Although most solid tumour cells exhibit some degree of Warburg
physiology—that is, they change their source of ATP production
from oxidative phosphorylation to aerobic glycolysis—benign
prostatic cells follow a different route owing to their markedly
different phenotype (the production and secretion of high levels
of citrate). Accordingly, early prostate cancer is observed to be
dependent on lipids and other energy molecules for ATP
production and only at later stages, when the prostate cancer
has accumulated multiple mutations, does the Warburg effect
become the prominent metabolic route.
Studies of genetically engineered prostate cancer mouse

models in conjunction with whole-genome/exome sequencing
of human prostate cancer tissue have indicated that activation of
PI3K–AKT–mTOR signalling pathways might play a causal role in
PTEN-deficiency driven prostate tumorigenesis.98–100 Among
several genetic aberrations PTEN loss is very common in prostate
cancer and accounts for primary (~20%) and castration-resistant
(~50%) disease.101 Activation of the PI3K–AKT–mTOR pathway is
responsible for inducing pyruvate kinase isoenzyme type M-2
(PKM-2), which promotes aerobic glycolysis.102,103 On the other
hand, glutaminase-2 (GLS-2), induced by p53, has been shown to
increase oxidative phosphorylation.104,105 TP53 also suppresses
the pentose phosphate pathway by directly interacting with
G6PD.106 Thus, mutation or loss of TP53 enhances the Warburg
effect and additional anabolic pathways, which, in turn, promote
and sustain tumour growth. Hexokinases catalyse the essentially

irreversible first step of the glycolytic pathway, and a high level of
HK2 expression is associated with poor prognosis in cancer
patients.107,108 Genetic studies demonstrated that PTEN deletion
increases HK2 mRNA translation through the activation of the AKT-
mTORC1-4EBP1 axis, and p53 loss enhances HK2 mRNA stability
through the inhibition of miR143 biogenesis. Combined deficiency
of PTEN and p53 in tumour mouse models synergistically elevates
HK2 expression and induces HK2-mediated aerobic glycolysis to
fuel aggressive prostate cancer. Together, these results suggest
that dysregulation of the PTEN–p53, PI3K–AKT–mTOR pathway
drives the Warburg effect to facilitate prostate cancer growth.

THE ROLE OF DIET AND NUTRITION IN PROSTATE CANCER
MANAGEMENT
Epidemiology data suggest that obesity and excessive calorie
intake are associated with a higher prostate cancer incidence
whereas a low-calorie diet is associated with lower cancer
incidence.109 A ketogenic diet or a calorie-restricted diet in which
overall caloric intake is decreased by 30–40% robustly inhibits the
growth of prostate, breast, lung, brain, pancreatic and colorectal
cancer cells in preclinical studies,110 whereas a high-fat diet is
associated with an increased incidence of prostate, breast,
pancreatic, colorectal and hepatocellular carcinomas. A diet
restricted in specific amino acids such as serine and glycine has
been shown to inhibit tumour progression in several mouse
models,111–113 including prostate cancer. Calorie restriction alone
was shown to decrease plasma insulin, and insulin-like growth
factor (IGF)-1 levels and increase apoptosis, overall suggesting that
calorie-restricted diet may reduce tumour proliferation.114 In
another human studies, a 15% caloric reduction over 4 years
demonstrated a sustained reduction in plasma growth factors and
hormones, which have been associated with increased risk of
cancer.114 The cancer cell location and tissue of origin also
contributes to the dietary response. For instance, a ketogenic diet
is reported to inhibit tumour growth in brain,115 prostate,116

pancreatic117 and gastric118 cancer models, but no effect is seen in
colorectal and lung cancer models and, in some instances, a
ketogenic diet might even accelerate tumour growth.119,120

Several animal studies have concluded that a relationship
between nutrient intake and prostate cancer pathogenesis and
progression exists, potentially through effects on inflammation,
antioxidants and sex hormones. For example, doses of 400 IU or
more of vitamin E were seen to result in increased mortality in a
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Fig. 4 Mechanism of action of exercise in prostate cancer related metabolic syndrome. Potential mechanisms of improvement due to
exercise in androgen deprivation therapy (ADT) associated metabolic syndrome. Dashed arrow denotes the inhibitory effect of exercise on
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study by Miller et al.121 However, findings from the Heart
Outcomes Prevention Evaluation (HOPE) indicate no association
between overall cancer risk and vitamin E intake. Calcium is
positively associated with prostate cancer and the risk increases
with increased consumption.122 Zinc has also been contra-
indicated in prostate cancer as it appears to promote cancer
growth.123 Several dietary factors have also been documented;
however, trial data exist only for vitamin E, calcium, β-carotene
and selenium.124 Future studies might focus on uncovering
additional gene–nutrient/food interactions and, thus, strengthen-
ing the evidence for an association between these parameters,
and consequently identifying populations that might benefit from
dietary modifications.

THE ROLE OF EXERCISE IN PROSTATE CANCER MANAGEMENT
Androgen deprivation therapy (ADT) leads to metabolic syndrome
in more than 50% of patients with prostate cancer who are
undergoing long-term therapy. Hyperinsulinaemia, hypertension,
central obesity, loss of muscle mass and dyslipidaemia are the
various components of metabolic syndrome, which can eventually
lead to increased cardiovascular disease and mortality.125 Exercise
has been shown to improve the symptoms of metabolic syndrome
(Fig. 4), and exercise interventions, including aerobic, high
intensity training and resistance exercises, in patients receiving
ADT might alter cardiometabolic risk factors. Consistent exercise
has been reported to lead to improvements in muscle mass,
strength, physical and psychological wellbeing of these
patients.126 When cells from the prostate cancer cell line LNCaP
were exposed to serum samples taken from individuals before and
after exercise (rest serum and exercise serum, respectively), the
exercise serum had an inhibitory effect on LNCaP cell growth.127

Thus, even short-term exercise had inhibitory effects on cancer
cell growth and proliferation. Modest amount of vigorous activity
such as biking, jogging, or swimming for ≥3 h a week
accompanied by diet tends to increase the survival rate in
patients with all prostate cancer.128

METABOLIC IMAGING METHODS IN PROSTATE CANCER
DETECTION AND DIAGNOSIS
Imaging techniques such as X-ray, ultrasonography, positron
emission tomography (PET), magnetic resonance imaging (MRI)
and computed tomography (CT) produce anatomic and functional
images of disease. However, anatomic changes are not always
visible during the early stages of most cancers including prostate
cancer, which limits the value of these imaging methods for early
diagnosis.
In addition to morphological differences, cancer cells exhibit

increased aerobic glycolysis and, accordingly, although this
characteristic is not demonstrated by all cancer types, rapidly
growing tumours commonly demonstrate uptake of FDG on PET
scans.129 In the proper setting, this increased glucose uptake can
indicate that the ‘glycolytic switch’ is turned on, and FDG-PET
scanning has become a routine procedure for diagnosis, initial
staging, and assessment of therapy response for many cancer
types. Furthermore, studies have also associated higher primary
tumour FDG uptake with worse prognosis.129 However, the uptake
of FDG is low in most primary prostate cancers due to relatively
low glucose metabolism. Besides this, FDG does not undergo for
further metabolism and remains trapped in the cell130 leading to
its accumulation in the bladder which often makes it impossible to
detect prostate cancer on PET scans. A low uptake of FDG in
primary prostate cancer might indicate the requirement of
metabolic substrates other than glucose to meet the anabolic
demands which could hold utility for clinical imaging. For
example, another PET agent that has had some success is 11C
acetate, which is converted to acetyl coenzyme-A in mitochondria,

followed by its rapid clearance as carbon dioxide through the TCA
cycle. Yashimoto et al.131 successfully demonstrated a higher
accumulation of acetate in tumour cell lines compared with a
fibroblast cell line.131 This difference is due to enhanced lipid
synthesis in tumour cells. Given its crucial role in cell membrane
formation, acetate could be used a probe for this anabolic
pathway in cancer tissue. Another metabolic PET agent is based
on choline, which is considered to be an excellent biomarker of
proliferating cancer cells. Alterations in choline metabolism are
common among many cancer cell types and are thought to reflect
the increased demands of proliferating cancer cells. Both choline
and acetate can be used for imaging prostate cancer with PET and
have been reported to be more sensitive than FDG-PET for
detecting primary lesions, regional lymph node metastasis and
bone metastasis. However, these agents are often labelled with
11C, which, despite its relatively good imaging properties, has a
short half-life (20 min), thereby limiting its use to imaging centres
with cyclotrons and radiochemistry facilities.
A new molecular imaging technique, hyperpolarised carbon-13

(13C) MRI, has been introduced to monitor the uptake and
metabolism of endogenous biomolecules. 13C-MRI is particularly
attractive because carbon serves as backbone for nearly all
organic molecules, thus allowing the investigation of a wide range
of biochemical processes that are relevant to human diseases.
Although the low natural abundance of the 13C isotope (1.1%) has
made in vivo imaging extremely challenging, this limitation has
been overcome by the development of the dynamic nuclear
polarisation technique, which can temporarily increase the signal
of 13C-labelled molecules by more than 10,000-fold. Studies of 13C-
pyruvate after hyperpolarisation reveal its conversion to 13C-
lactate, which can be readily monitored using magnetic resonance
(MR) spectroscopy methods. Preclinical models of prostate cancer
have shown an increased signal from hyperpolarised lactate
relative to normal tissues due to increased aerobic glycolysis
within the tumour.132 Studies performed by Nelson et al.30

revealed an increased flux of [1-13C] pyruvate to [1-13C] lactate
in prostate cancer patients.30 This first-in-human study demon-
strated that the method works in humans and could provide an
opportunity for detecting and staging cancer, as well as
monitoring tumour progression and response to therapy. How-
ever, the use of hyperpolarised MRI technology in human patients
is challenging as it requires specialised instrumentation, label
preparation in a clean environment, and rapid delivery to patients
—the half-life of hyperpolarised 13C-pyruvate is only a few
minutes.

CONCLUSIONS AND FUTURE PERSPECTIVES
Over the past decade, considerable progress has been made
towards understanding the basic mechanisms and biological
consequences that are associated with metabolic reprogramming
in cancer. Metabolic reprogramming is essential for the biology of
malignant cells—it supports the ability of cancer cells to survive
and grow by adapting to local conditions. Metabolic reprogram-
ming is a consequence of the overexpression of oncogenes such
as KRAS and the deficiency of tumour suppressor genes such as
TP53, which result in the activation of master regulators of
metabolism such as PI3K, mTOR-1 and other signalling pathways,
including transcriptional networks involving HIFs, MYC and
SREBPs. However, metabolism is also influenced by physical
aspects of the TME, including hypoxia, vascularity and tissue
context. Early discoveries enabled conceptual advances in the
study of tumour metabolism, which occurred in parallel with
advances in genetics, cell biology and spectroscopy. Modern
approaches to studying metabolism, including imaging studies,
have redefined, and overturned, several notions, including the
ubiquity of Warburg physiology in cancer. Even so, the spirit of
Warburg’s hypothesis still holds true in many cases, as aerobic
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glycolysis often differentiates tumours from their normal counter-
parts and enables their growth and proliferation. Prostate cancer
has peculiar metabolic properties, probably due to the unique
metabolic characteristics of normal prostate tissue. For example,
unlike normal prostate tissue, in which the TCA cycle is inhibited,
in the early stages of prostate cancers the TCA cycle is activated,
resulting in an increased dependence on oxidative phosphoryla-
tion, anaplerotic metabolism and lipogenesis. Several of these
metabolic changes are probably orchestrated by AR, fuelling
experimental efforts to dissect AR-mediated metabolic depen-
dencies in prostate tumours. Overall, these more-recent efforts
have shaped new functional metabolic imaging approaches and
translated the development of novel metabolic inhibitors (Table 1)
for prostate cancer diagnosis and treatment.
Our current understanding of the complexity of tumour

metabolism and the molecular pathways involved is rapidly
evolving, and fundamental principles of tumour metabolism
continue to be redefined. Despite extensive research in cancer
metabolism, however, several questions remain unanswered.
What is the driving force that leads to metabolic dependencies?
What specific molecular interactions can be targeted for
therapeutic exploitation? Instead of targeting tumour cells, could
the TME be targeted? The TME, through its nutrient gradients, pH
and proximity to blood vessels, undoubtedly influences regional
metabolic fluxes throughout the tumours. What are the roles of
diet, exercise and pharmacotherapy in modifying the microenvir-
onment of tumour cells?
Some tumour cell metabolic vulnerabilities observed in vivo

are not observed in cultured cell models. Moreover, even
metabolic phenotypes are not consistent across single tumours
among patients. Little is known about metabolic pathways in
non-proliferating tumour cells (circulating tumour cells). A better
understanding of cancer metabolism, including the molecular
basis of adaptation, resistance, and the ability to thrive in a
changing microenvironment, is essential for uncovering new
potential avenues for treatment and will be critical for the
successful translation of targeted metabolic inhibitors and
diagnostic imaging approaches. The infusion of 13C-labelled
substrates into patients with lung37,133 or kidney134 tumours has
been highly informative, and similar efforts are warranted in
men with prostate cancer. Prostate cancer cells preferentially
metastasise to distant sites such as bone that are metabolically
optimised to support their growth. Research into the metabolic
dependencies of the seed and those of the soil might lead to
new metabolic interventions to prevent metastatic dissemina-
tion of prostate tumours, a process that currently renders this
disease incurable.
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