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Abstract
Cancer cells synthesize de novo large amounts of fatty acids and cholesterol, irrespective of the
circulating lipid levels and benefit from this increased lipid synthesis in terms of growth
advantage, self-survival and drug resistance. Key lipogenic alterations that commonly occur in
prostate cancer include over-expression of the enzyme fatty acid synthase (FASN) and
deregulation of the 5-AMP-activated protein kinase (AMPK). FASN is a key metabolic enzyme
that catalyses the synthesis of palmitate from the condensation of malonyl-CoA and acetyl-CoA de
novo and plays a central role in energy homeostasis, by converting excess carbon intake into fatty
acids for storage. AMPK functions as a central metabolic switch that governs glucose and lipid
metabolism. Recent interest has focused on the potential of targeting metabolic pathways that may
be altered during prostate tumorigenesis and progression. Several small molecule inhibitors of
FASN have now been described or in development for therapeutic use; in addition, drugs that
directly or indirectly induce AMPK activation have potential benefit in prostate cancer prevention
and treatment.
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Introduction
Prostate cancer (PCa) is the most commonly diagnosed malignancy in men and the second
leading cause of cancer-related death in industrialized countries. The main risk factors for
this disease are age [1], black race [2], saturated fat-enriched diet [3], and family history [4].
Gleason score and stage at the time of diagnosis remain the gold standards in helping to
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predict prognosis [5]. Although the advent of PSA screening has led to an increase in the
number of early diagnoses per year and to a decrease in PCa mortality, some patients still
experience disease progression after receiving primary treatment. In addition, an estimated
4% of patients present with metastatic disease at the time of diagnosis. Currently, the
standard systemic treatment for metastatic PCa is based on androgen deprivation (oral anti-
androgens in combination with LHRH agonists) while the disease is hormone-sensitive, and
on docetaxel plus prednisone in the late hormone-refractory stage. This latter combination
therapy only slightly improves survival (median survival 18 months) [6] compared to the
previous standard treatment, and overall no alternative therapies are available for patients
with hormone-refractory PCa.

With increasing knowledge in cancer genomics and proteomics, many clinical trials have
been conducted to test molecular therapies in PCa on advanced metastatic disease or on the
primary tumour (neoadjuvant and surveillance trials). Currently, intense research efforts
have focused on the potential of targeting metabolic pathways that may be altered during
prostate tumorigenesis and PCa progression, often in association with systemic metabolic
diseases or specific diet behaviours. Several studies support a significant association
between dietary fat, particularly saturated fats, and PCa risk [7]. Thus, increased body mass
index (BMI) and an excess of energy intake are associated with the risk of developing PCa
and with reduced overall survival [8]; however, the mechanism for this relationship is not
fully understood. For the purposes of this review we focus on altered lipogenic pathways in
PCa and discuss related targeted therapies.

Altered lipogenic pathways in PCa
An effective strategy in molecular cancer therapeutics is to selectively target distinguishing
features of the cancer cell. Three main distinctive features characterize cancer metabolism.
The first has been recognized since the 1920s, from Otto Warburg’s observation that cancer
cells avidly consume glucose and produce lactic acid even in the presence of ample oxygen
(the Warburg effect) [9]. This apparent paradox can be explained by the fact that glycolysis,
although being less efficient for energy supply than aerobic respiration, produces ATP 100
times faster than mitochondrial oxidation. This can help sustain the high energy
requirements for tumorigenesis through provision of intermediate metabolites for amino acid
and pentose phosphate production (which are fundamental for sustaining protein and DNA
synthesis), leading in turn to a selective growth advantage for highly proliferating cancer
cells in the tumour microenvironment [10–12]. The second feature of cancer cells is the high
rate of energy consumption driving increased protein synthesis [13] and more active DNA
synthesis [14]. Finally, the third hallmark of cancer cells, functionally linked to the
glycolytic pathway, is an increased de novo fatty acid (FA) synthesis [15]. Elevated glucose
catabolism produces an excess of the glycolytic end-product pyruvate; most of the pyruvate
is converted to lactate, whereas part of it is converted by the enzyme ATP citrate lyase
(ACLY) to acetyl-CoA, which, in turn, is used in de novo fatty acid/cholesterol synthesis.

Normal human tissues preferentially use dietary (exogenous) lipid for the synthesis of new
structural lipids, whereas de novo (endogenous) FA synthesis is usually suppressed, and the
expression of lipogenic enzymes is maintained at low levels. By contrast, cancer cells
synthesize de novo large amounts of FAs and cholesterol, irrespective of the circulating lipid
levels, and benefit from this increased lipid synthesis in terms of growth advantage, self-
survival and drug resistance. Numerous studies have shown that inactivation of most
lipogenic enzymes, such as ACLY, fatty acid synthase (FASN), acetyl-CoA carboxylase
(ACC), and 3-hydroxy-3-methylglutaryl CoA reductase (HMG-CoA reductase) results in
either cell death or growth suppression in tumour cells [16,17]. Highly proliferating cancer
cells need to synthesize FAs de novo to continually provide lipids for membrane production,
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the predominant ones being phospholipids; however, in most clinical PCas only a fraction of
cancer cells are at any time point actively proliferating. Nearly all PCas express high levels
of the enzyme FASN, suggesting that exacerbated lipogenesis affects multiple key aspects of
tumour cell biology. Indeed, the newly synthesized phospholipids (enriched in saturated and
in mono-unsaturated fatty acyl chains), together with cholesterol, tend to partition into
detergent-resistant membrane microdomains called lipid rafts [18]. These lipid rafts serve as
membrane platforms for signal transduction in various cellular pathways, including the
phosphoinositide 3-kinase (PI3K) pathway [19]. Moreover, FASN may also be required for
post-transcriptional regulation of key signal transduction proteins through post-translational
modifications such as palmitoylation and myristoylation [20–23].

In PCa, an increase in aerobic glycolysis has been found only in advanced disease; de-novo
FA and sterol synthesis (due to over-expression of key enzymes ACLY, ACC, FASN and
HMG-CoA reductase) and increased protein synthesis [due to hyperactivation of
mammalian target of rapamycin (mTOR)] are instead common features of both primary and
advanced PCa [24–27]. These alterations are induced by androgens and by the PTEN–PI3K–
Akt–mTOR pathway, which is one of the most deregulated pathways in human cancers,
including PCa. Indeed, deletions/mutations in the tumour suppressor phosphatase and tensin
homologue (PTEN ) are found in 30% of primary PCas and in 63% of metastatic PCas [28].
Hence, inhibitors of mTOR and PI3K, alone or in combination with chemotherapeutic
agents, are being tested in hormone-refractory PCa [29]. Moreover, the observation of
increased de novo FA and sterol synthesis prompted the development of inhibitors of these
metabolic pathways.

Fatty acid synthase
FASN is a key metabolic enzyme that catalyses the synthesis of palmitate from the
condensation of malonyl-CoA and acetyl-CoA de novo and plays a central role in energy
homeostasis by converting excess carbon intake into fatty acids for storage (Figure 1) [30].
Its main enzymatic product, palmitic acid, is responsible for the acylation of key regulatory
switches in most signal transduction pathways. FASN expression and its activity are tightly
regulated by growth factors, hormones and diet. The enzyme is expressed at low levels in
normal cells (except liver and adipose tissue) (reviewed in [31]), whereas it is highly
expressed in many cancers, notably prostate, ovarian and breast cancer (reviewed in [15,31–
36]) and in some benign and pre-invasive lesions of the prostate [15,37–40]. Elevated
expression of FASN has been linked with poor prognosis and reduced disease-free survival
in PCa [26,41–44]. In addition, several studies have demonstrated that FASN plays a central
role in tumour cell development and survival, with inhibition of FASN resulting in cell death
of PCa cells and a reduction in PCa tumour volume in xenograft mouse models, respectively
[45–48]. Over-expression of FASN in immortalized prostate epithelial cells transforms them
into invasive tumours in immunodeficient mice, while transgenic mice expressing FASN in
the prostate develop prostatic intraepithelial neoplasia [30].

The proposed mechanisms of FASN oncogenicity include inhibition of the intrinsic/
mitochondrial pathway of apoptosis; protection from endoplasmic reticulum stress,
cytoplasmic stabilization of β-catenin through palmitoylation of Wnt-1 and the structural
needs of synthesized lipids [30,49–50]. FASN regulation is complex and occurs at both
transcriptional and post-transcriptional levels. This may involve regulation from steroid
hormones/growth factors and from deubiquitinating enzymes (USP2a), respectively.
Microenviornmental stresses such as hypoxia may also have a regulatory influence [51]. The
ubiquitin-specific pro-tease 2a (USP2a) is a pre-proteosomal, androgen-regulated,
deubiquitinating enzyme over-expressed in approximately 40% of PCas [52]. It has been
shown to play a role in PCa cell survival through stabilization of FASN protein [46]. PCa
cells undergo apoptosis following USP2a silencing, a process which is reversed by induced
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FASN over-expression, suggesting that potential therapeutic inhibition of FASN can be
achieved either by directly targeting the metabolic enzyme, or indirectly through USP2a
[53].

5′-AMP-activated protein kinase (AMPK)
AMPK is an energy-sensing serine/threonine kinase that is well conserved in all eukaryote
species, indicating its fundamental role in cellular regulation. The enzyme is a heterotrimeric
complex consisting of an α-catalytic subunit and regulatory β- and γ-subunits with multiple
genes encoding each subunit. γ-Subunits (the binding sites for AMP) have different
alternative splicing forms, resulting in different structures of the AMPK complex with
different tissue distributions and cellular localizations [54]. At the cellular level, AMPK is
activated under conditions of metabolic stress (such as glucose deprivation, hypoxia,
exercise) that deplete intracellular ATP and increase AMP [54]. At the level of the
organism, the enzyme activity is also under the control of hormones and cytokines, such as
adiponectin and leptin [54]. The increase in AMP levels controls the enzyme activity by
allosteric activation and renders AMPK less susceptible to dephosphorylation by protein
phosphatases [54]. However, for the full activation of the enzyme, phosphorylation on
Thr172 in the AMPK α-subunit is required. The two most well-documented upstream
kinases are LKB1 and calcium/calmodulin-dependent protein kinase kinase-β (CaMKKβ).
LKB1 is constitutively active and transduces signals generated by changes in cellular status
[54], whereas CaMKKβ is switched on by increased Ca2+ levels and functions in the
absence of changes in cellular AMP. Other upstream kinases have been identified, such as
transforming growth factor β1-activated kinase 1; however, their physiological relevance
remains still unclear [54].

Once activated, AMPK reduces plasma insulin levels, suppresses ATP-consuming metabolic
functions (such as synthesis of FAs, sterols, glycogen and proteins) and increases ATP-
producing activities (such as glucose uptake, FA oxidation and mitochondrial biogenesis) to
restore energy homeostasis. Thus, AMPK functions as a central metabolic switch that
governs glucose and lipid metabolism (see Figure 2). Links between AMPK and cancer can
be made at both the level of the organism and the molecular level. Decreased AMPK
activation is implicated in human metabolic disorders associated with increased cancer risk.
Prominent examples include obesity and the metabolic syndrome (MS) [55], which have
been shown to be associated with an increased PCa risk [56,57]. Moreover, a recent study
revealed an association between polymorphisms in the PRKAA2 gene (encoding the α2
subunit of AMPK, which is responsible for the MS phenotype) [58] and susceptibility to
insulin resistance and diabetes in the Japanese population [59]. Interestingly, the same locus
correlates with PCa risk [60], suggesting that AMPK dysregulation may provide a
mechanistic link between MS and PCa. Although the contribution of AMPK to the aetiology
of this disorder is unclear, drugs that ameliorate MS conditions through AMPK activation
(Table 1) may be beneficial for PCa prevention and treatment.

At the molecular level, the upstream AMPK activator LKB1 is a well known tumour
suppressor. Germ-line LKB1 mutations are associated with Peutz–Jegher syndrome [61],
which predisposes carriers to benign hamartomas and a variety of malignant epithelial
tumours [62]. Moreover, 83% of LKB1 knock-out mice develop prostate intraepithelial
neoplasia (PIN) [63]. Thus, the LKB1–AMPK pathway may represent the potential link
between cancer and energy homeostasis. Indeed, when activated, AMPK acts in a tumour
suppressor-like fashion. It inhibits key lipogenic enzymes by direct phosphorylation (ACC,
HMG-CoA reductase) or by transcriptional regulation (ACLY, FASN) through the
suppression of the transcriptional factor sterol regulator element binding protein 1
(SREBP-1). In addition, AMPK inhibits the mTOR pathway through direct phosphorylation
of tuberous sclerosis complex 2 protein tuberin and the mTOR-associated factor Raptor
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(Figure 2). Finally, it induces cell cycle arrest or apoptosis through phosphorylation of p53
and FOXO3a [64]. Thus, activated AMPK can switch off multiple oncogenic pathways at
once. In particular, it may simultaneously inhibit the two major pathways (lipogenic and
PI3K/mTOR pathways) that drive PCa carcinogenesis, antagonizing the activity of Akt at
multiple levels (eg SREBP-1, TSC-2 and mTOR complex 1 level). Consequently, AMPK
activators, overcoming the feedback activation loop of Akt following long-term mTORC1
inhibition (likely responsible for the clinical failure of mTORC1 inhibitor rapamycin) [65],
might be effective in metastatic PCa harbouring PTEN deletions. Hence, targeting AMPK
may represent a promising therapeutic option as discussed below.

Targeting lipogenic pathways for the treatment of PCa
Inhibitors of FASN

FASN is selectively over-expressed in many types of cancer and natural sense and
pharmacological inhibition experiments have shown that multiple cancer cell lines depend
on FASN for proliferation and survival. As such, several small molecule inhibitors of FASN
have now been described. Table 1 lists the FASN inhibitors outlined in this review.

Orlistat, which was originally developed as an anti-obesity drug, is a potent irreversible
inhibitor of FASN with modest anti-cancer activity; it has many pharmacological
limitations, however, including poor oral bioavailability and metabolic stability [66], low
solubility, low cell permeability and lack of selectivity (several analogues have now been
developed in an attempt to improve on these limitations [67–71]). Orlistat acts through
formation of a covalent adduct with the thioesterase domain of the FASN molecule [43]. It
was first identified as a novel inhibitor of FASN with anti-tumour activity in PCa following
a proteomic screen for PCa-specific enzymes [47]. The growth inhibitory effects of orlistat
have been demonstrated in animal models of both prostate and gastric cancer and in
metastatic melanoma and breast cancer cell lines [47,72–74].

Small molecule FASN inhibitors such as cerulenin and C75 (and potent analogues of C75)
have demonstrated significant antitumour activity [75]. Cerulenin contains an epoxy group
that reacts with the ketoacyl synthase domain of FASN [76]. FASN inhibition with
Cerulenin induces apoptosis and delays disease progression in breast cancer cell lines and in
ovarian cancer xenografts, respectively; cytotoxic effect are dependent on the level of FASN
activity [77,78]. C75, is a relatively inefficient synthetic inhibitor of FASN that inactivates
the β-ketoacyl synthase enoyl reductase and thioesterase partial activities of FASN [79].
However, it has demonstrated to possess both anti-tumour and anti-obesity properties.
Subcutaneous xenografts of MCF7 breast cancer cells in nude mice treated with C75 showed
fatty acid synthesis inhibition, apoptosis and inhibition of tumour growth to less than one-
eighth of control volumes, without comparable toxicity in normal tissues [23]. In addition,
treatment of the neu-N transgenic mouse model of mammary cancer with C75 was
chemopreventive, significantly delaying tumour progression [80]. The systemic side effects
of anorexia coupled to rapid weight loss limits the potential use of both cerulenin and C75 in
cancer therapeutics [81]; these effects may be induced centrally through inhibition of
expression of neuropepetide Y within the hypothalamus and peripherally through an
increase in mitochondrial fatty acid oxidation via stimulation of CPT-1 [51,81–83].

In order to overcome the lack of potency and side-effects of the aforementioned FASN
inhibitors, such as C75, naturally occurring thiolactomycins were used as a template to
develop a new class of type I FASN inhibitors (C93 and C247) [84]. A non-toxic FASN
inhibitor with oral bioavailability, FAS31, has also been developed [85]. C93 is an effective
inhibitor of FASN, significantly inhibiting the growth of non-small cell lung and ovarian
cancer xenograft tumours [73,86]. Indeed, inhibiting FASN with C93 has been proposed as
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an effective strategy in preventing and retarding the growth of lung tumours that have high
expression of the enzyme [74]. Similar tumour growth inhibition has been observed in a
transgenic model of breast cancer and in ovarian cancer xenograft models using C247 and
FAS31, respectively [49,71,75]. Recently, newer, more potent FASN inhibitors, including
bisamide derivatives, 3-aryl-4-hydroxyquinolin-2(1H)-one derivatives,
dibenzenesulphonamide urea GSK837149A and platensimycin [87–89], have been identified
through medicinal chemistry programmes and high-throughput screening. Many of these
compounds have activities in the low nanomolar range but there are no data regarding their
mechanism of action or cellular/in vivo activity [90,91].

Other inhibitors of lipogenesis
Although most attention on the role of endogenous FA metabolism in PCa has been directed
towards the molecular and cellular consequences of FASN hyper-activation, in the past
years other key lipid enzymes have been pointed out as potential targets for PCa. Thus,
HMG-CoA reductase inhibitors (statins) and ACC inhibitors (such as soraphen A) have
shown promising preclinical results both in vitro and in vivo [92–93]. Moreover, recent data
showed a reduced incidence of PCa among statin users in the Finnish Prostate Cancer
Screening Trial, associated with lower PSA levels [94]. This evidence suggests that
interfering with lipid metabolism represents an important direction to pursue. At present,
two clinical trials are ongoing to investigate the effect of statin therapy prior to
prostatectomy (NCT00572468) or during external beam radiation therapy (NCT00580970).

AMPK activators
Indirect AMPK activators

Metformin—Metformin is a derivative of guanidine. Together with the related biguanide,
phenphormin (which was withdrawn in 1994 due to the emergence of lactic acidosis as a
serious side-effect), it is a widely prescribed oral drug used as first-line therapy for diabetes
mellitus type 2. The primary actions of metformin are inhibition of hepatic glucose
production and reduction of insulin resistance in peripheral tissue, leading to enhanced
glucose uptake and utilization in skeletal muscle. This reduces the levels of circulating
glucose and decreases the plasma insulin levels, improving long-term glycaemic control and
reducing the incidence of diabetes-related complications. Metformin is an inexpensive and
safe drug, with minor gastrointestinal upset being the most common toxicity. Recent
evidence indicates that: (a) diabetics under treatment with metformin show a reduced cancer
incidence [95] and cancer-related mortality, compared to patients exposed to sulphonylureas
or insulin [96]; (b) metformin use is associated with a 44% risk reduction in PCa cases
compared to controls in Caucasian men [97]; (c) breast cancer patients treated with
neoadjuvant chemotherapy and metformin have significantly higher complete pathological
responses than patients not taking metformin (retrospective study) [98]. Thus, the potential
of metformin as an anti-cancer drug is currently under investigation. Early promise has been
reinforced by in vitro and xenograft mouse model studies highlighting: (a) metformin’s
antitumour activity on PCa cells [99,100]; and (b) its ability to selectively kill cancer stem
cells from four genetically distinct breast cancer lines [101].

The mechanism of action for metformin’s anti-tumour effect is not completely understood
and has been ascribed to both direct and indirect effects. Metformin’s direct effects on
tumour have been partly attributed to AMPK activation [102]. Thus, metformin inhibits
complex I of the respiratory chain, resulting in an increased AMP : ATP ratio and secondary
activation of the AMPK pathway [103]. This results in inhibition of mTOR and p70S6kinase
1 (S6K1) activity and decreased translational efficiency in PCa cell lines [99]. However,
silencing of AMPK expression did not prevent the antiproliferative effect of metformin in
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PCa cell lines, suggesting the involvement of AMPK-independent mechanisms. Thus, the
induction of G0/G1 cell cycle arrest, accompanied by a strong decrease in cyclin D1 protein
level, pRb phosphorylation and an increase in p27kip protein expression, has been claimed
[99]. Moreover, in vitro studies have also shown that metformin may inhibit tumour growth
by preventing p53-induced autophagy [104] and its treatment has an inhibitory effect on
nuclear factor-κB (NF-κB) and extracellular regulated-signal kinase (Erk) 1/2 and 5
activation by an AMPK-independent mechanism [105]. Very recently, the inhibition of
mTOR complex 1 (mTORC1) by metformin in a GTPase-dependent but AMPK-
independent manner has also been shown, highlighting the plurality of energy charge-
response kinases [106].

Metformin’s indirect effect on tumour proliferation can be explained via inhibition of
hepatic gluconeogenesis and increased glucose uptake in skeletal muscle, thereby decreasing
circulating glucose, insulin and IGF-1 levels, and resultant signalling through the insulin/
IGF-1 pathway that promote cell proliferation [107]. Determining how biguanides mediate
their anti-cancer effect is critical before initiating clinical trials for advanced disease. If its
anti-tumour effects are mainly mediated by the AMPK pathway, PCa patients with low
AMPK activation might be enrolled in clinical trials with biguanides. Alternatively, if the
anti-tumour effects of biguanides are predominantly by an indirect mechanism, PCa patients
most likely to be suitable might be those with concomitant insulin resistance. Therefore,
although metformin is very safe and remarkably inexpensive, it is critical to understand the
feasibility of its use in PCa before starting trials in metastatic disease. A phase II clinical
trial is currently ongoing to study the effect of neoadjuvant metformin therapy in PCa
patients prior to radical prostatectomy (NCT00881725). This trial has been designed to test
whether metformin has any effect on signalling pathways within the tumours, rather than
whether there is any effect on long-term outcome. However, if the results are promising it
seems likely that additional trials to test the latter will follow. A randomized phase II
surveillance trial to test the combinatorial effect of the 5-α-reductase inhibitor dutasteride
and metformin in low risk PCa patients, not previously treated, has also been recently
planned at Dana Farber Cancer Institute, Boston. The value of (metabolic) tumour imaging
is therefore becoming critical. As highlighted, metformin treatment mediates changes in
tumour metabolism and therefore positron emission tomography (PET) imaging may be
used to determine tumour response to this drug. Unfortunately, we cannot ignore that
activation of AMPK in tumour cells might also be a double-edged sword, in that while
AMPK inhibits their growth, it may also promote cell survival under low-energy conditions.
In support of this idea, cells lacking LKB1 (which have low AMPK activity) were shown to
be hypersensitive to apoptosis in response to energy stress [108]. In addition, activation of
AMPK in response to hypoxia induces the expression of vascular endothelial growth factor
(VEGF), a key regulator of angiogenesis, essential for tumour growth and metastasis [109].
Because of these potential tumour-promoting properties of AMPK activation, it is essential
that caution be exercised in the design of trials testing AMPK activators as treatments for
cancer, including PCa.

Thiazolidinediones—Like metformin, thiazolidinediones (TZDs) are used clinically to
treat type 2 diabetes. They activate AMPK likely via inhibition of complex I of the
respiratory chain [110]. Currently, their activity as anticancer agents is under evaluation.
Indeed, the TZD derivative CGP 52 608 has been shown to have a strong cytostatic activity
in LNCaP cells by reducing cell proliferation and by affecting cell cycle distribution through
the modulation of the expression of cell cycle-related genes [111]. Recently, AMPK has
been implicated in TZDs mechanism of action [112].

Natural products of plants—Tumour prevention by natural products such as berberine
and deguelin has been more directly linked to AMPK. Berberine, a plant alkaloid, activates
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AMPK by an indirect mechanism similar to that of metformin and TZDs [113]. The
derivative of rotenone, deguelin, has been shown to decrease ATP, activate AMPK and
suppress AKT activation and mTOR/survivin signalling [114]. A number of other well-
known chemopreventives are competent to activate AMPK. Examples include resveratrol,
epigallocatechin-3-gallate genistein and selenium. However, the contribution of AMPK to
their preventive actions is still unknown at present [115].

Direct AMPK activators
AICAR—The nucleoside 5-aminoimidazole-4-carboxamide-1-β-ribofuranoside (AICAR)
was the first compound reported to activate AMPK in intact cells and in vivo, and has been
widely used to investigate the downstream effects of AMPK activation in animals. AICAR
is taken up into cells by adenosine transporters [116] and is then converted by adenosine
kinase to the monophosphorylated derivative ZMP, which is an analogue of 5′-AMP and
thus mimics several of its cellular effects. AICAR inhibits the growth of established tumour
cells in vitro and in vivo. In particular, it has recently been shown to inhibit PCa cell
proliferation [117] and tumour growth in PCa xenograft models [99]. However, AICAR is
not entirely specific for AMPK, exerting AMPK-independent effects mainly on AMP-
regulated enzymes and mitochondrial oxidative phosphorylation (OXPHOS) [118].
Moreover, it has limited oral bioavailability [119], making it a poor candidate for long-term
use in humans. Hence, the design of novel small-molecule AMPK activators with reduced
off-target effects is actively sought and was greatly enhanced by the publication of the
crystal structure of AMPK subunits [120].

Small molecule AMPK activators: A-769 662 and PT1—Abbott laboratories have
pioneered the area of developing subunit-specific AMPK activators and identified
thienopyridone A-769 662 in a screening of a chemical library of over 700 000 compounds,
using partially purified AMPK αβγ complex [121]. Similar to AMP, A-769 662 has two
effects in cell-free assays; it activates AMPK via an allosteric mechanism and by inhibiting
dephosphorylation at Thr172 [122]. Activation of AMPK by A-769 662 does not appear to
require the AMP-binding sites in the γ-subunit, although it does require autophosphorylation
of the Ser108 site within the β-subunit [123], particularly in the β1 isoform, which is
selectively activated by the compound. A-769 662 lacks the off-target effects of AICAR
[118,121] because it is not an AMP mimetic. In cultured cells, it can activate AMPK in the
absence of the upstream kinase LKB1 [122,123], which may indicate that it is acting
primarily via the allosteric mechanism. This is supported by observations that increased
phosphorylation of the AMPK substrate, ACC, is not always associated with a substantial
increase in Thr172 phosphorylation [122]. Importantly, treatment of ob/ob mice with A-769
662 decreased plasma glucose and triglyceride levels, and reduced hepatic gluconeogenic
and lipogenic gene expression [121]. Importantly, A-769 662 has been shown to delay
tumour development and decrease tumour incidence in PTEN +/− mice with a hypomorphic
LKB1 allele [124], suggesting its potential anticancer properties. Unfortunately, although it
has beneficial effects in vivo, the promise of A-769 662 as a lead compound for drug
development is tempered by its poor oral absorption [121] and some recently reported
AMPK-independent effects [125]. Thus, intense efforts have been lately directed to develop
more specific small-molecule AMPK activators. Recently, Pang and colleagues [126]
identified PT1 as a novel direct activator of AMPK. PT1 appears to increase AMPK activity
by interacting with the auto-inhibitory domain found in the α-subunits, relieving inhibition
of kinase activity by this domain. Treatment of cultured cells with PT1 activates AMPK via
increased phosphorylation of Thr172 without altering the intracellular AMP : ATP ratio, and
can occur in LKB1-deficient cells, where it requires CaMKKβ. However, the effects of PT1
in vivo and its potential use as an anticancer agent are still to be investigated.
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Exploiting metabolic alterations for prostate cancer diagnosis and
prognosis

In the post-PSA era, PCa metabolic imaging is playing a central role in the evolution of a
patient-specific diagnostic approach, as it directly provides information on the presence and
extent of disease [127]. Several clinical trials have shown that metabolic imaging can
significantly impact patient management by improving tumour staging, restaging, treatment
planning and monitoring of tumour response to therapy. However, the use of imaging to
assess PCa remains a challenge, owing to the inherent heterogeneity of the disease. PET and
PET-computed tomography (PET–CT) with the glucose analogue 18F-FDG has become a
routine clinical test for staging and restaging of most solid tumours [128]. However, PCa is
not as glycolytic as the majority of other cancers and increased glycolysis is found mainly in
the advanced stages of the disease. Thus, the rather low uptake in low-grade cancers and
rapid excretion to the urine renders FDG quite unfavourable for staging prostate cancers. On
the contrary, an increase in fatty acid synthesis seems to be early event in PCa tumorigenesis
and is correlated with the progression of the disease. Thus, imaging with PET tracers such
as 11C acetate, 18F fluoroacetate, 11C choline or 18F choline has been evaluated to monitor
the lipogenic phenotype. Both 11C acetate and 11C choline have shown increased sensitivity
in the detection of primary PCa, metastasis and recurrent disease [129]. However, both of
the tracers fail to detect small metastatic sites [130] and 11C acetate has low sensitivity for
disease detection at PSA levels < 3 ng/ml [129]. Thus, further studies in a large population
of patients are still necessary to establish their final clinical role in PCa [131].

Conclusion
It is now evident that alterations in cellular metabolism are strongly linked with oncogene
activation and silencing of tumour suppressor genes and hence are required for neoplastic
transformation in PCa. These alterations are currently being targeted in both the diagnostic
and therapeutic settings to help improve patient management. Current interest has focused
on the potential of targeting key lipogenic enzymes, such as FASN or the energy sensor
AMPK, in PCa treatment. The development of metabolic profiling technologies will, in the
future, allow a more accurate stratification of patients eligible for lipogenic pathway-
inhibiting therapies. Moreover, the new PET-based metabolic imaging techniques will allow
a safer and more accurate approach to monitoring tumour response to therapy.
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Figure 1.
AMPK controls the main metabolic pathways in PCa cells. PCa cells are characterized by
exacerbation of lipogenesis associated with hyperactivation of the mTOR pathway.
Physiological and pharmacological activation of AMPK by LKB1/CaMKK and AMPK
activators, respectively, can inhibit these pathways by direct phosphorylation of key
lipogenic enzymes (ACC, in particular isoform 1, HMG-CoA reductase) and key kinases
(the complex TSC1/TSC2 and the mTOR-associated factor Raptor) or by regulating
transcription through SREBP1c. Black and red arrows indicate activation and inhibition,
respectively. Tumour suppressor genes are represented in violet boxes. AMPK, AMP-
activated protein kinase; CaMKK, calmodulin-dependent protein kinase kinase; SREBP1c,
sterol regulatory element binding protein-1c; ACLY, ATP citrate lyase; ACC, acetyl-CoA
carboxylase; FASN, fatty acid synthase; HMG-CoA reductase, 3-hydroxy-3-methyl-
glutaryl-CoA reductase; MAPK, mitogen-activated protein kinase; PI3K,
phosphatidylinositol-3-kinase; PTEN, phosphatase and tensin homologue; TSC2/TSC1,
tuberous sclerosis complex 1/2; RHEB, Ras homologue enriched in brain; mTOR,
mammalian target of rapamycin; 4EBP1, 4E-binding protein 1; S6K1, S6 kinase 1; eiF4E,
eukaryotic translation initiation factor 4E.
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Figure 2.
The central role of FASN in PCa fatty acid metabolism. FASN catalyses the synthesis of
palmitate from the condensation of malonyl-CoA and acetyl-CoA de novo and plays a
central role in energy homeostasis by converting excess carbon intake into fatty acids for
storage. Dysregulation of lipogenesis is associated with over-expression of FASN in PCa
cells. ACoA, acetyl CoA; ACC, acetyl-CoA carboxylase; ATP, adenosine triphosphate;
FASN, fatty acid synthase; MCoA, malonyl-CoA; SREBP1c, sterol regulatory element
binding protein-1c.
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Table 1

Current lipogenesis inhibitors and AMPK activators

Compound Mechanism of action

HMG-CoA reductase inhibitors

Statins Decreased activation of Ras and Rho oncoproteins, cholesterol depletion of intracellular
lipid rafts and anti-inflammatory effects

ACC inhibitors

Soraphen A Blockage of FA synthesis and stimulates FA oxidation with reduction in intracellular
phospholipids and resulting apoptosis or autophagy

FASN inhibitors

Orlistat Formation of covalent adduct with the active serine of FASN TE domain leading to cell
cycle effects, activation of apoptotic cascade

Cerulenin Reaction of cerulenin’s epoxy group, with KS domain of FASN interfering with DNA
replication, p53 accumulation and mitochondrial-mediated apoptosis

C75 Interaction with TE, ER and KS domains of FASN, inducing caspase-mediated
apoptosis

C93 Structure not known; may be mediated through AKT signalling pathway or AMPK

C247 Structure not known; mechanism not fully clarified

FAS31 Structure not known; mechanism not fully clarified

GSK837149A Interacts with KR domain of FASN

Astra Zeneca bisamide scaffold n.d.

Platensimycin n.d.

Merck 3-aryl-4-hydroxyquinolin-2(1H)-one scaffold n.d.

AMPK activators

Metformin Indirect; increases AMP/ATP by inhibition of complex 1 of mitochondrial respiratory
chain

TZDs Indirect; increases PPARγ-mediated release of adiponectin, which consequently
activates AMPK

Deguelin Indirect; not fully clarified; decrease of ATP

Epigallocatechin-3-gallate Indirect; activation of the AMPK activator CaMKK

Barberin Indirect; increase of AMP/ATP by inhibition of mitochondrial function

α-Lipoic acid Indirect; n.d.

Resveratrol Indirect; not fully clarified; possible activation of SIRT1 and consequent deacetylation
of the AMPK activator LKB1

AICAR Direct; AMP mimetic

A-769662 Direct; allosteric binding of β1 AMPK subunit

PT1 Direct; allosteric binding of α1 AMPK subunit

FA, fatty acid; TE, thioesterase; ER, enoyl reductase; KS, β-ketoacyl synthase; KR, β-ketoacyl reductase; n.d., not determined; TZDs,
thiazolidinediones; CAMKK, calmodulin-dependent protein kinase kinase; SIRT1, sirtuin 1; AICAR, 5-aminoimidazole-4-carboxamide-1-β-
riboside.
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