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Abstract
Metabolic reprogramming has been recognised as a hallmark in solid tumours. Malignant modification of the tumour’s bio-
energetics provides energy for tumour growth and progression. Otto Warburg first reported these metabolic and biochemical 
changes in 1927. In prostate cancer (PCa) epithelial cells, the tumour metabolism also changes during development and 
progress. These alterations are partly driven by the androgen receptor, the key regulator in PCa development, progress, and 
survival. In contrast to other epithelial cells of different entities, glycolytic metabolism in prostate cells sustains physiological 
citrate secretion in the normal prostatic epithelium. In the early stages of PCa, citrate is utilised to power oxidative phos-
phorylation and fuel lipogenesis, enabling tumour growth and progression. In advanced and incurable castration-resistant 
PCa, a metabolic shift towards choline, amino acid, and glycolytic metabolism fueling tumour growth and progression has 
been described. Therefore, even if the metabolic changes are not fully understood, the altered metabolism during tumour 
progression may provide opportunities for novel therapeutic strategies, especially in advanced PCa stages. This review focuses 
on the main differences in PCa’s metabolism during tumourigenesis and progression highlighting glutamine’s role in PCa.
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Introduction

Cellular metabolism in living organisms is a series of chemi-
cal reactions that maintain life. It entails complex biochemi-
cal processes of specific nutrients, e.g., carbohydrates, fatty 

acids, and amino acids, to conserve energy homeostasis and 
macromolecular synthesis. Thus, cellular metabolism can be 
divided into anabolism (polymerisation of complex macro-
molecules), catabolism (degradation of molecules to release 
energy), and waste disposal (elimination of toxic waste from 
anabolism and catabolism). These processes maintain cell 
growth, proliferation, and survival (Zhu and Thompson 
2019). Several studies have shed new light on how cancer 
cells reprogram their cellular metabolism, fuelling cell pro-
liferation in the last decades.

This review examines the role of metabolic reprogram-
ming in prostate cancer (PCa, Fig. 1). We highlight the main 
metabolic changes in epithelial prostate cells and PCa cells 
and concentrate on the role of glutamine in the metabolic 
processes of PCa.

The metabolism in benign prostate epithelial cells

Concerning reproduction, the prostate gland plays an 
essential role as part of the male sexual apparatus. The 
gland produces a slightly acidic secretion (pH 6.4–6.8), 
representing 15–30% of the seminal f luid (Fair and 
Cordonnier 1977; Owen and Katz 2005). The secretion 
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contains phospholipids, cholesterol, fibrinogenase, 
fibrinolysin, zinc, high citrate levels, and several proteins. 
The prostatic secretion’s protein content is less than 1% 
and includes proteolytic enzymes, such as the prostate-
specific antigen (kallikrein 3, PSA) (Owen and Katz 2005). 
In addition, the secretion supplies energy, stabilises, and 
protects the sperm from the female immune system and 
vaginal secretions with an acidic pH value of 3.8 to 4.4. 
Therefore, the benign prostate’s epithelial cell’s metabo-
lism (Fig. 1 left panel) supports sperm functionality by 
the active production and secretion of high citrate levels 
(Costello and Franklin 1997). It is suggested that normal 
prostate epithelial cells have a reprogrammed Krebs cycle 
(a.k.a. citric acid cycle or tricarboxylic acid cycle) and 
therefore do not oxidise the produced citrate like most nor-
mal cells of different tissue (Costello and Franklin 1997). 
To this end, prostate cells accumulate high mitochondrial 
zinc (Zn2+) levels by transporting Zn2+ via the SLC39A1 
transporter from the extracellular areas. Zn2+ inhibits 
the mitochondrial enzyme (m)-aconitase, responsible 
for citrate oxidation. The accumulating citrate is subse-
quently secreted into the prostatic fluid. This Krebs cycle 
reprogramming makes the prostate epithelium unique in 
the human body, reducing ATP production by the Krebs 
cycle to 35% compared to citrate-oxidising cells. This 
reduced ATP production is mainly fuelled by anaplerotic 
molecules, such as acetate, lipids, and amino acids. They, 

therefore, allow sparing of pyruvate for the citrate synthe-
sis and excretion and thus maintenance of the Krebs cycle 
(Costello and Franklin 1997).

Metabolic changes in primary PCa epithelial cells

Due to the uncontrolled growth and proliferation of malig-
nant cells require a high level of nutrients for cell division, 
maintenance of tumour cells, and tumour volume expansion 
(Hanahan and Weinberg 2011; Pavlova et al. 2022). Dur-
ing malignant transformation, PCa cells acquire the ability 
to oxidise citrate, increasing ATP production (Costello and 
Franklin 1997; Singh et al. 2006). This metabolic change 
(Fig. 1 right panel) is accompanied by the reactivation of 
m-aconitase, which initiates citrate oxidation via the Krebs 
cycle. As Zn2+ inhibits the enzyme, the reactivation is trig-
gered by lower zinc levels and alterations in the mitochon-
drial (mt)DNA (Costello and Franklin 1997; Petros et al. 
2005; Singh et al. 2006). Moreover, in contrast to other solid 
tumours, several studies have revealed that the metabolism 
of primary PCa is highly lipogenic, less glycolytic, and 
dependent on oxidative phosphorylation (OXPHOS) (Bader 
et al. 2019; Sadeghi et al. 2015; Scaglia et al. 2021). This 
unique tumour metabolism is partly driven by the AR-reg-
ulated mitochondrial pyruvate carrier (MPC) (Bader et al. 
2019). MPC is located at the inner mitochondrial membrane 
and is responsible for importing pyruvate from the glycolysis 

Fig. 1   Metabolism of benign (left) versus malignant prostate epi-
thelial cells (right). Left: normal prostate epithelium assimilates 
glucose and aspartate to be able to produce citrate in large amounts 
and excrete it for ejaculate. Active zinc transport from the extracel-
lular areas is responsible for the high citrate as it causes inhibition 
of the aconitase. This inhibition interrupts the Krebs cycle and pre-
vents the conversion of citrate to isocitrate. Consequently, the central 
ATP generation in normal prostate epithelial cells consists mainly of 
glycolysis. Right: in PCa cells, metabolic reprogramming is charac-
terised by increased oxidative phosphorylation (OXPHOS) and lipo-

genesis. As zinc levels are lowered in malignant PCa cells, the inhibi-
tion of aconitase is absent and the Krebs cycle is active. As a result, 
citrate is oxidised to isocitrate or used as a substrate for lipogenesis. 
In addition, PCa cells take up many exogenous metabolites (e.g., 
pyruvate, acetate, and glutamine) to maintain the Krebs cycle via ana-
plerotic reactions. Solid arrows stand for single metabolic steps and 
dashed arrows for simplified multistep processes. SCL39A1, ASCT2, 
GLUTs, and MCTs are zinc, glutamine, glucose, and pyruvate trans-
porters, respectively
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into the mitochondrial matrix to incorporate into the Krebs 
cycle. This pyruvate-filled Krebs cycle is what differentiates 
PCa metabolism from other solid cancers. In general, it is 
believed that cancer cells divert pyruvate to fuel other ana-
bolic processes or convert it to lactate (Vaupel and Multhoff 
2021). The dependency on pyruvate was validated from 
expression studies, revealing an increase in pyruvate and 
succinate-related pathways for utilisation in primary PCa 
(Bader et al. 2019; Schöpf et al. 2020). Next to the regulation 
of the MPC, AR also regulates other central metabolic path-
ways, including glycolysis and lipogenesis, promoting PCa 
proliferation (Audet-Walsh et al. 2017; Swinnen et al. 1996; 
Tsouko et al. 2014). However, unlike other solid tumours, 
18F-fluorodeoxyglucose (FDG) uptake assays revealed that 
primary PCa shows little FDG uptake, suggesting that meta-
bolic substrates other than glucose might be required to meet 
PCa’s anabolic demands (Liu et al. 2001).

Another early event during prostate tumorigenesis and 
PCa progression is the reprogramming of lipid metabo-
lism (including fatty acids, phospholipids, and cholesterol) 
(Scaglia et al. 2021). Lipogenesis generates intracellular 
signalling molecules and resources to produce lipid bilay-
ers and biochemical energy through β-oxidation (Scaglia 
et al. 2021). Several oncogenic signalling pathways, such as 
PI3K/AKT and HER2, are suggested to increase lipogenic 
enzyme expression de novo lipogenesis (DNL) in PCa cells 
(Scaglia et al. 2021). In addition, increased fatty acid oxida-
tion also serves as a primary energy source. This hypothesis 
is supported by the overexpression of alpha-methylacyl-CoA 
racemase (AMACR) in PCa, an enzyme independent of the 
AR signalling (Scaglia et al. 2021). The enzyme converts 
(2R)-methylacyl-CoA esters to their (2S)-methylacyl-CoA 
epimers. Known AMACR substrates are coenzyme A esters 
and cholesterol-delivered bile acids (Lloyd et al. 2008).

Aetiology, disease progression, and treatment 
options of PCa

According to the latest global cancer statistics, PCa is the 
second most common cancer in men, with 1,276,106 new 
diagnoses annually and 358,989 deaths worldwide (Ferlay 
et al. 2021; Sung et al. 2021). Over the years, several risk 
factors for PCa have been identified. Next to age, ethnic-
ity, genetic predisposition, obesity, and dietary factors are 
risk factors for developing aggressive PCa (Tan and Nay-
lor 2022). A high-fat diet and reduced vitamin consump-
tion (carotenoids, retinoids, vitamins C, D, and E), minerals 
(calcium, selenium), and phytoestrogens (isoflavonoids, fla-
vonoids, lignans) lead to an increase in PCa risk (Oczkowski 
et al. 2021). Moreover, a meta-analysis suggested a connec-
tion between pre-existing diabetes and a worse prognosis for 
men with PCa (Cai et al. 2015; Lee et al. 2016). However, 

the exact role of cellular metabolism and PCa aggressiveness 
and progress is not deciphered yet.

PCa treatment depends on the tumour’s stage, patient’s 
age, overall health, and tumour risk assessment (Cornford 
et al. 2021; Mottet et al. 2021). Radical prostatectomy or 
radiotherapy treats localised PCa with a curative approach 
(Mottet et al. 2021). The 5-year survival rate for localised 
PCa is ~ 99% (Siegel et al. 2020). However, around 30–40% 
of the patients experience recurrence (Hennequin et al. 2017; 
Palermo et al. 2016). If the PCa has already metastasised, 
drug therapy is the treatment of choice with palliative inten-
tion (Cornford et al. 2021). As the development and progress 
of PCa are highly dependent on androgen receptor (AR) sig-
nalling, the golden standard for metastasised PCa treatment 
is androgen deprivation therapy (ADT) (Obinata et al. 2020). 
The AR belongs to the steroid hormone receptors and is 
activated by binding androgenic hormones, e.g., testoster-
one and dihydrotestosterone (DHT) (Obinata et al. 2020). 
ADT aims to diminish the activity of the AR axis by either 
reducing the androgen concentration in the body (medical 
castration) or directly inactivating the AR using the so-called 
antiandrogens (e.g., Bicalutamide, Enzalutamide, Apaluta-
mide, or Darolutamide) (Cornford et al. 2021). Despite the 
favourable initial response of the tumour to ADT, tumour 
progression occurs again after approximal 2 to 3 years, and 
the incurable castration-resistant PCa (CRPC) develops 
(Cornford et al. 2021). CRPC can be treated with taxan-
based chemotherapy (Docetaxel or Cabazitaxel), antiandro-
gens, PARP inhibitors (Olaparib), or radio-ligand therapy 
(177Lu-PSMA-617) alone or in combination with andro-
gen deprivation (Cornford et al. 2021). However, the 5-year 
survival rate for patients with metastatic PCa and CRPC is 
only ~ 30% (Obinata et al. 2020). Therefore, a better under-
standing of the biology of metastasised PCa, such as metab-
olism, is necessary to develop new therapeutic strategies.

The influence of ADT on PCa metabolism

AR signalling is the primary therapeutic target in metas-
tasised PCa. To this end, the AR is indirectly targeted by 
ligand deprivation or directly targeted by the so-called 
antiandrogens, such as enzalutamide, apalutamide, or daro-
lutamide (Cornford et al. 2021). In recent decades, AR has 
been shown to affect growth-promoting and anti-apoptotic 
genes controlling various metabolic processes. These 
include multiple energy and biomass supply pathways, such 
as glycolysis, mitochondrial respiration, metabolism of 
fatty acids, nucleotides, amino acids, and polyamines (Uo 
et al. 2020). Therefore, glucose and amino acid membrane 
transporters, such as the glucose transporter (GLUT)1, 
GLUT2, and the L-type amino acid transporter 1, con-
trolling import and export processes are regulated in their 
expression by the AR (Wang et al. 2020; White et al. 2018; 
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Xu et al. 2016). Moreover, the AR regulates the expression 
of several enzymes involved in metabolic processes. These 
processes include the AMACR, cytochrome P450 proteins, 
lactate dehydrogenase A, fatty acid synthase, and hexoki-
nase 2 (Audet-Walsh et al. 2017; Han et al. 2018; Sun et al. 
2021b). Therefore, the tumour metabolism is indirectly 
targeted by directly targeting the AR signalling during the 
therapy approach of metastasised PCa. Thereby, AR inhibi-
tion reduces metabolic processes, and the PCa cells lack the 
energy to maintain vital signalling pathways.

Metabolic changes in CRPC cells

Following ADT, 60–70% of patients will progress to a 
CRPC status within 2–3 years. Heterogeneous mechanisms 
have been identified in CRPC development, including AR 
gene amplification, AR overexpression, and mutations 
leading to consecutive activity or promiscuity, androgen-
independent AR activation by outlaw pathways, coactivator 
overexpression, intratumoral de novo androgen synthesis, 
and AR loss (Scaglia et al. 2021). Next to the changes in 
AR signalling, loss of p53 and PTEN expression, MYC 
amplification, change in expression and activity of STAT 
proteins, elevated GR expression, and mutations in PI3K, 
BRAC1, as well as BRAC2, are common in CRPC (Ebers-
bach et al. 2021; Erb et al. 2020; Scaglia et al. 2021). These 
alterations have been linked to metabolic reprogramming in 
several cancers, including PCa (Schiliro and Firestein 2021; 
Xu et al. 2019, 2021; Zheng et al. 2020). This metabolic 
reprogramming is accompanied by heterogenic genomic 
and transcriptomic alterations leading to high CRPC meta-
bolic heterogeneity. Nuclear magnetic resonance analysis 
of benign prostate hyperplasia, hormone-sensitive PCa, and 
CRPC patients revealed a metabolic shift in CRPC towards 
choline, amino acid, and glycolytic metabolism (Zheng et al. 
2020). Sun J and colleagues could reveal similar metabolic 
alterations in human and murine CPRC models (Sun et al. 
2021a). The group used [U-13C]glucose or [U-13C]glu-
tamine (Gln) uptake assays to demonstrate altered glycoly-
sis, glutaminolysis, Krebs cycle metabolism, and glutathione 
redox capacity.

Moreover, the reactivated AR signalling in CRPC 
increases the expression of the glucose transporters GLUT1, 
increasing intracellular glucose concentrations and driving 
glucose metabolism (Wang et al. 2020). These findings sug-
gest that due to multiple metabolic alterations, the Warburg 
effect does become a more significant metabolic route in 
CRPC. One phenomenon that the Warburg effect has often 
accompanied is the support of Gln in the mitochondrial 
oxidative metabolism as an anaplerotic reaction, filling the 
Krebs cycle instead of pyruvate (Hensley et al. 2013). Sub-
sequently, the cancer cell’s growth is supported by Gln, one 
of the critical metabolic characteristics of CRPC (Kaushik 

et al. 2014; Sun et al. 2021a). In CRPC, Gln consumption 
is increased, and so is its utilisation in several metabolic 
processes such as glutaminolysis, Gln anaplerosis into the 
Krebs cycle, and glutathione synthesis. However, as Gln 
only support PCa growth, the malignancy is not addicted 
to Gln as other solid tumours are. You will find a detailed 
description of the role of Gln in PCa below in the chapter 
“The glutamine metabolism in PCa”.

In CRPC and other cancers, lipids have also been an 
essential energy source, contributing to membrane building 
and acting as a secondary messenger for molecular pathways 
(Scaglia et al. 2021). As the AR regulate genes involved in 
the DNL, DNL is suppressed during ADT (Ettinger et al. 
2004; Han et al. 2018). However, it is reactivated after the 
expression of constitutively active AR splice variants in 
CRPC, consequently increasing genes involved in DNL 
(Lounis et al. 2020). One key enzyme in DNL is the fatty 
acid synthase (FASN), which catalyses palmitate synthesis 
from malonyl-CoA and acetyl-CoA (Scaglia et al. 2021). 
Therefore, the expression of FASN and other enzymes in 
the lipogenic pathway is elevated in CRPC, suggesting a 
role in tumour growth and progress (Ettinger et al. 2004; 
Migita et al. 2009). Next to its role in DNL, FASN and other 
steroidogenic enzymes are involved in the intratumoral syn-
thesis of androgens, such as testosterone from cholesterol or 
other steroid precursors in CRPC (Montgomery et al. 2008). 
Therefore, the intratumoral testosterone synthesis leads to 
an activation of AR-target genes and maintains tumour cell 
survival (Scaglia et al. 2021).

The glutamine metabolism in PCa

Unlike other solid tumours, Gln plays a lesser role in 
low-risk primary PCa as lipids, succinate, and pyruvate 
seem to be the primary source of energy and biosynthesis 
(Fig. 2) (Bader et al. 2019; Flavin et al. 2011; Schöpf et al. 
2020). However, metabolic reprogramming occurs during 
tumour progression, and Gln plays a more prominent role 
in advanced and aggressive PCa as well as CRPC (Kaushik 
et al. 2014; Sun et al. 2021a). The amino acid Gln is the 
most used source of anaplerosis (DeBerardinis et al. 2008). 
Although classified as a non-essential amino acid, Gln is 
the second most common extracellular nutrient and a key 
factor fuelling cancer cell growth (Li et al. 2021). In cancer 
cells, Gln is often called a semi-essential amino acid. The 
amino acid Gln is mainly, but not exclusively, transported 
by the alanine, serine, and cysteine-preferred transporter-2 
(ASCT2) into the cell, which is expressed in benign and 
malignant prostate cells (Li et al. 2003). In addition, Gln pro-
vides a source of carbon and nitrogen groups for the Krebs 
cycle and NADPH for synthesising nucleotides, proteins, 
and lipids. Indeed, over the years, the aggressive behaviour 
of PCa cells has been linked with the use of glutaminolysis 
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(Pan et al. 2015). Overall, CRPC cells display enhanced Gln 
metabolism sustained by the increased uptake of Gln and 
upregulated gene expression of the Gln metabolism key reg-
ulators glutaminase (GLS) 1 and 2 (Pan et al. 2015; Vayalil 
and Landar 2015). Gln can be converted to α-ketoglutarate 
(α-KG), thus maintaining the Krebs cycle (DeBerardinis 
et al. 2008). To this end, the mitochondrial GLS enzymes 
transform Gln into glutamate, which is converted to α-KG, 
a component utilised by the Krebs cycle (Li et al. 2021).

GLS has been reported to be a key enzyme in the Gln 
metabolism of cancer cells. Based on their primary expres-
sion in normal tissue, two different subtypes of glutaminase 
have been identified: GLS1, the kidney type and GLS2, the 
liver type. GLS1 is the isoenzyme predominantly expressed 
in PCa, and its expression levels are positively correlated 
with the tumour stage and PCa progression (Myint et al. 
2021). In contrast, GLS2 has been reported to function as 
a tumour suppressor and is usually downregulated in can-
cer (Mates et al. 2018). The cancer-specific expression of 
GLS1 and the downregulation of GLS2 are based on the 
specific transcriptional regulation of the two proteins. The 
oncogene c-Myc was reported to increase GLS1 expression 
and promote tumour cell proliferation in PCa cells (Gao 
et al. 2009). In PCa cells, increased GLS1 expression via 
c-Myc is caused by post-transcriptional changes involving 

microRNAs miR-23a and miR-23b (Gao et al. 2009). On 
the other hand, the relationship between c-Myc and GLS1 is 
discussed controversially as the regulation seems to depend 
on the tumour entity. For example, GLS1 is downregulated 
in c-Myc-induced renal cell carcinoma, whereas GLS1 is 
upregulated in T-lymphocytes by c-Myc (Shroff et al. 2015; 
Wang et al. 2011).

GLS2 is primarily regulated by the transcription factor 
p53, which has a significantly high mutation frequency in 
PCa (~ 30–70%) (Ecke et al. 2010; Hu et al. 2010). However, 
next to the p53 family, it has been reported that two other 
transcription factors, p73 and p63, can control GLS2 expres-
sion during neuronal differentiation, epidermal differentia-
tion, or tumourigenesis under high oxidative stress (Giaco-
bbe et al. 2013; Velletri et al. 2013). In addition to c-Myc 
or p53, the isoenzymes are regulated cellularly depending 
on certain metabolic products. Thus, GLS1 is promoted by 
higher phosphate levels and inhibited by glutamate. In con-
trast, GLS2 is promoted by low phosphate levels and is not 
hindered by glutamate (Campos-Sandoval et al. 2007).

The metabolism can induce oxidative stress by high 
amounts of reactive oxygen species during tumour growth 
and proliferation. ROS molecules can serve as second mes-
senger signalling, increasing inflammatory cytokines’ pro-
duction and promoting PCa progression (Gupta-Elera et al. 

Fig. 2   Overview of the glycolysis, glutaminolysis, and the Krebs 
cycle as well as therapeutic interventions in PCa. This diagram shows 
partial reactions of glycolysis, glutaminolysis, and the Krebs cycle. 
Orange arrows show the conversion of cofactors, the blue text indi-
cates transporters, and the red text shows the target site of currently 
clinically tested inhibitors. Solid arrows represent single metabolic 

steps. Dashed arrows represent simplified multistep processes. HK 
(hexokinase), PGI (phosphoglucose isomerase), GLDH (glutamate 
dehydrogenase), GLS1 (glutaminase 1), GLUT1 (glucose trans-
porter), ASCT2 (glutamine transporter), MPC (mitochondrial pyru-
vate carrier), SGLT2 (sodium-dependent glucose cotransporters), 
PDH (pyruvate dehydrogenase), and DNL (de novo lipogenesis)
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2012). However, elevated ROS levels can damage biomol-
ecules such as lipids, DNA, RNA, and proteins leading to 
dysfunction, inactivation, and apoptosis (Gupta-Elera et al. 
2012). To protect biomolecules from oxidative stress, so-
called antioxidant molecules such as glutathione are thus 
increasingly produced by tumour cells. Gln plays a vital 
role in the synthesis and regeneration of glutathione. On the 
other hand, Gln is used for synthesis on the one hand and 
provides reduced nitrogen for the molecule.

On the other hand, in localised PCa, Gln metabolism has 
shown to be critical in the development of radioresistance 
as the Gln-derived α-KG is crucial for glutathione produc-
tion and ROS scavenging (Mukha et al. 2021). However, 
in CRPC, it has been shown that antioxidant activities are 
downregulated to increase ROS-mediated inflammatory 
cytokines production and promote CRPC progression and 
aggressiveness (Mondal et al. 2021). Therefore, Gln may not 
play a significant role in antioxidant activities in advanced 
PCa and CRPC.

DNL and cholesterol synthesis play an essential role in 
PCa metabolism as lipids serve as an energy source, mem-
brane-building resources, and secondary messenger (Stoyk-
ova and Schlaepfer 2019). Several studies have revealed that 
citrate from the Krebs cycle can be involved in DNL and 
cholesterol synthesis (Ochoa Ruiz 2012). Gln is incorporated 
into the Krebs cycle after the deamination via GLS1 of Gln 
to glutamate. Glutamate is catalysed via several intermediate 
steps into citrate (Ochoa Ruiz 2012). Moreover, alterations 
in the isocitrate dehydrogenases (IDH) 1 and 2 proteins lead 
to direct catalysing of α-KG to citrate (Gonthier et al. 2019). 
Citrate can be exported into the cytoplasm, where the ATP 
citrate synthase can metabolise it into acetyl-CoA. Acetyl-
CoA is later used for fatty acid and cholesterol synthesis. As 
cell-intrinsic DNL has been required for PCa cell prolifera-
tion and inhibition of Gln uptake by ASCT2 reducing DNL, 
Gln is likely to play a significant role in providing citrate 
mandatory for DNL (Chen et al. 2018; Wang et al. 2015).

Once in the cell, Gln can also be utilised as a nitro-
gen source for synthesising nucleotides (pyrimidines and 
purines) (Li et al. 2021). Therefore, Gln contributes to the de 
novo nucleotide synthesis, critical for DNA synthesis during 
cell proliferation and RNA synthesis during gene transcrip-
tion. Direct involvement of Gln in nucleotide synthesis in 
PCa has not yet been demonstrated. However, due to the 
immense importance of nucleotides in many biological pro-
cesses and cell division, involvement in this process of the 
de novo nucleotide synthesis in PCa is very likely.

Metabolism in neuroendocrine PCa

The development of neuroendocrine prostate cancer (NEPC) 
is one of the biggest challenges in CRPC treatment (Aggar-
wal et al. 2018; Conteduca et al. 2019). In contrast to PCa, 

which generally represents an adenocarcinoma, NEPC is 
represented by small-cell neuroendocrine-like cells. How-
ever, only 40% are classified as pure small-cell carcinoma 
(Conteduca et al. 2019). NEPC displays an increased expres-
sion of typical neuroendocrine markers, such as synaptophy-
sin, tubulin, beta 3 class III, tumour protein D52 isoform 
1, and low AR and AR-target gene expression (Ather et al. 
2008). In primary PCa, 2% of cells represent NEPC, whereas 
the incidence of NEPC is up to 30% after ADT (Aggarwal 
et al. 2018; Conteduca et al. 2019). External signals can 
initiate NEPC differentiation [calcitonin, serotonin, Inter-
leukin (IL)-1 and IL-6] or dysregulation of internal signal 
pathways (e.g., cAMP response element-binding protein 
pathway or G-protein-coupled receptor kinase 3 pathway) 
(Diaz et al. 1998; Lin et al. 2017; Oelrich et al. 2021). As 
NEPC tumours diminish the AR signalling regulating many 
metabolic processes in PCa, activation of several signal 
pathways and epigenetic modifications cause metabolic 
reprogramming (Schvartzman et al. 2018). For example, 
increased activation and expression of EZH2 and histone 
lysine demethylase KDM8 reprogram NEPC metabolism 
towards aerobic glycolysis (Wang et al. 2019). The depend-
ency on glycolysis could be validated by Choi SYC and 
colleagues, revealing reduced NEPC cell proliferation after 
targeting glucose metabolism in patient-derived xenograft 
models (Choi et al. 2018). As patients with NEPC treated 
with platinum-based therapies have a median progression-
free survival of 3.9 months, targeting the metabolism may 
be an option to reduce the aggressive NEPC (Conteduca 
et al. 2019).

Clinical trials targeting PCa’s metabolism

Maintaining anabolic metabolism is essential for tumour 
growth, presenting itself as an excellent opportunity for 
therapeutic intervention (Fig. 2). However, this therapy is 
particularly challenging, because metabolism-targeted treat-
ments should selectively target the tumour while sparing 
healthy cells and tissues. Therefore, a study was initiated 
on men with symptomatic benign prostatic hyperplasia to 
investigate the effects of oral doses of lonidamine on prostate 
volume, prostate-specific antigen, and urine flow (Roehrborn 
2005). The study was based on the mechanism of action of 
lonidamine, a derivate of indazole-3-carboxylic acid, dis-
turbing the energy metabolism by interfering with glycoly-
sis. Lonidamine treatment leads to a reduction of prostate 
volume in vivo (Heywood et al. 1981). Also, the first clinical 
trials revealed significant improvements in BPH symptoms 
and a significant decrease in prostate volume and PSA for 
at least 1 month after treatment, suggesting that lonidamine 
may be a therapeutic alternative for BPH (Ditonno et al. 
2005). Despite these promising results, a randomised phase 
3, double-blind, placebo-controlled study of lonidamine 
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for treating BPH was terminated in 2009 (NCT00435448). 
A phase II study with lonidamine in patients with CRPC 
revealed that lonidamine had no benefits compared with 
standard therapies (Boccardo et al. 1992).

Only a few therapeutics targeting the prostate’s metabo-
lism have been tested in clinical trials. The glucose inhibi-
tor silybin has been tested in several discontinued clinical 
trials but stopped due to observed toxicities or low tissue 
accessibility (Flaig et al. 2010). Also, other glucose inhibi-
tor strategies have been tested as therapeutic strategies. For 
example, 2-deoxyglucose is a glucose molecule that cannot 
be used in glycolysis and therefore inhibit the production 
of glucose-6-phosphate. First clinical data demonstrated 
promising results as 2-deoxyglucose induced autophagy in 
prostate cells (Stein et al. 2010). However, a phase I/II trial 
was stopped due to slow recruitment (NCT00633087).

In PCa, lipid metabolism (including DNL and cholesterol 
synthesis) has shown to be essential for multiple biological 
processes. The AR and ADT regulate genes involved in lipid 
metabolism and ADT mediates the downregulation of lipid 
metabolism during therapy (Butler et al. 2016). Due to reac-
tivation of AR activity during CRPC development, reactiva-
tion of DNL also occurs. As described above, lipid metabo-
lism promotes intratumoral androgen synthesis, a resistance 
mechanism to ADT. Different lipid metabolism inhibitors 
have now been tested for efficacy in preclinical and near-
patient models to overcome this resistance mechanism. The 
cholesterol-lowering statin drug atorvastatin is currently 
being tested in a clinical phase 3 trial (NCT04026230). In 
the clinical trial, Atorvastatin is combined with ADT to 
delay therapy resistance caused by metabolic reprogram-
ming and consequently postpone the development of CRPC 
(Siltari et al. 2022).

Another drug tested in clinical trials targeting PCa 
metabolism was Gossypol (AT-101). Gossypol targets the 
Na+ -dependent active glucose cellular transport and causes 
an uptake reduction of glucose, alanine, leucine, and calcium 
(Renner et al. 2022). Moreover, Gossypol has been described 
as an inhibitor of 5α-reductase 1, 3α-hydroxysteroid dehy-
drogenase, and retinol dehydrogenase 2, which are manda-
tory for androgen metabolism (Cao et al. 2019). In several 
phase 1/2 trials, Gossypol was tested alone or combined 
with ADT or docetaxel to treat patients with newly diag-
nosed metastatic PCa (NCT00666666, NCT00571675, 
NCT00286806, NCT00286793). Compared to ADT alone, 
Gossypol in combination with ADT did not increase the 
percentage of patients attaining biochemical relapse after 
7.5 months of treatment (Stein et al. 2016). However, the 
combination leads to unexpected sensory neuropathy. Com-
pared to the approved therapeutic docetaxel, a combina-
tion of docetaxel with Gossypol was tolerable, but did not 
extend overall survival (Sonpavde et al. 2012). As none of 

the studies met the prespecified activity level, these drug 
combinations were not further developed.

Due to its frequent alterations in tumours and malignant 
changes, glutamine metabolism has received particular 
attention and has been part of research for quite some time. 
In vitro studies demonstrated the relevance of GLS1 in pro-
moting PCa cells’ survival and growth. GLS1 activity was 
related to increased cell viability, development, and invasive-
ness of PCa cells (Pan et al. 2015). Blocking GLS1, besides 
suppressing survival of PCa cells, also was suggested to 
affect glycolysis, decreasing ATP production and oxygen 
consumption, as well as glutathione production (Wang et al. 
2013). Clinical testing of chemical inhibitors for GLS1 is 
part of current research. There are currently many clinical 
trials investigating the selective, reversible, and orally active 
inhibitor CB-839 in patients with advanced solid tumours 
(e.g., NCT02071862, NCT03875313, NCT02861300), 
showing encouraging clinical activity and tolerability. In 
addition, there is a planned phase 2 clinical trial for meta-
static PCa (NCT04824937).

Role of the metabolic crosstalk between the tumour 
microenvironment and PCa metabolism

This review focused on the changes in metabolism in nor-
mal and malignant prostate epithelial cells. However, an 
increasing number of studies revealed an essential role of 
the tumour microenvironment (TME) in tumour forma-
tion and progression in PCa (Dai et al. 2017). The TME 
describes the environment of PCa, including blood vessels, 
immune cells, fibroblasts, signalling molecules, and the 
extracellular matrix. Therefore, the TME is the source of 
signal proteins such as growth factors and cytokines (e.g., 
TGF-β, IL-4, IL-6, and IL-8), influencing PCa progression, 
androgen-independent conversion, and distal metastasis 
(Bonollo et al. 2020; Culig and Puhr 2018; Handle et al. 
2018; Nappo et al. 2017; Niu and Xia 2009). Several studies 
report the influence of TME on PCa metabolism. Further-
more, cancer-associated fibroblasts (CAF) have established 
metabolic crosstalk with PCa epithelial cells and promote 
tumour progress and aggressiveness (Ippolito et al. 2019; 
Pértega-Gomes et al. 2014). Furthermore, cholesterol bio-
synthesis is overexpressed in advanced PCa and correlates 
with a bad prognosis (Kalogirou et al. 2021). Statins are 
potent inhibitors of the metabolic pathways producing cho-
lesterol and are therefore also tested in several clinical tri-
als in PCa (NCT04026230, NCT01561482, NCT01478828, 
NCT04094519). In a current study, the statin Atorvastatin’s 
effects are tested in combination with ADT (NCT04026230).

Furthermore, it is suggested that lactate secreted by CAFs 
alters the NAD+ /NADH ratio in the PCa cells, leading to an 
SIRT1-dependent PGC-1α activation (Ippolito et al. 2019). 
This PGC-1α activation enhances mitochondrial mass and 



2266	 Journal of Cancer Research and Clinical Oncology (2023) 149:2259–2270

1 3

activity, causing increased tumour growth. Until now, little is 
known about the metabolic crosstalk between the TME and 
PCa. However, there is an urgent need to work out the inter-
action between the TME and PCa metabolism to understand 
tumour progress, and develop novel therapeutic strategies 
targeting tumour metabolism.

Conclusion

Reprogramming the cellular metabolism fuels the intense 
energy demands of fast-growing tumour cells. In this review, 
we focused on metabolic changes in the development and 
progress of PCa epithelial cells. In contrast to other solid 
cancers, early PCa gets primarily utilised by pyruvate and 
succinate. On the other hand, advanced stages and CRPC are 
fuelled by choline, amino acid, and glycolytic metabolism. 
Interestingly, cholesterol and lipid metabolism is essential 
in all PCa stages. However, when the metabolic reprogram-
ming in PCa has been described well, the metabolic cross-
talk between the TME and PCa epithelial cells is still not 
appropriately investigated. The lack of these findings could 
also explain why most clinical trials have not yet been able 
to stand up to established therapeutics. However, as the dif-
ferent stages of PCa seem to have unique metabolic fea-
tures, the metabolism looks like an exceptional opportunity 
to develop tailored novel therapeutic strategies to synergise 
with established therapies.
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