
Recent Advances in Metabolic Profiling And Imaging of Prostate 
Cancer

Roopa Thapar1 and Mark A Titus2

1Department of Biochemistry and Cell Biology, Rice University, Houston, TX 77251-1892, USA

2Department of Genitourinary Medical Oncology, The University of Texas M.D. Anderson Cancer 
Center, Houston TX 77030, USA

Abstract

Cancer is a metabolic disease. Cancer cells, being highly proliferative, show significant alterations 

in metabolic pathways such as glycolysis, respiration, the tricarboxylic acid (TCA) cycle, 

oxidative phosphorylation, lipid metabolism, and amino acid metabolism. Metabolites like 

peptides, nucleotides, products of glycolysis, the TCA cycle, fatty acids, and steroids can be an 

important read out of disease when characterized in biological samples such as tissues and body 

fluids like urine, serum, etc. The cancer metabolome has been studied since the 1960s by 

analytical techniques such as mass spectrometry (MS) and nuclear magnetic resonance (NMR) 

spectroscopy. Current research is focused on the identification and validation of biomarkers in the 

cancer metabolome that can stratify high-risk patients and distinguish between benign and 

advanced metastatic forms of the disease. In this review, we discuss the current state of prostate 

cancer metabolomics, the biomarkers that show promise in distinguishing indolent from 

aggressive forms of the disease, the strengths and limitations of the analytical techniques being 

employed, and future applications of metabolomics in diagnostic imaging and personalized 

medicine of prostate cancer.
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Introduction

In the United States, prostate cancer (PCa) is the second leading cause of cancer-related 

deaths in men, the first being lung cancer. In the American Cancer Society’s 2013 annual 

report, they estimated that 238,590 new cases of prostate cancer would be diagnosed and 

29,720 men would die from the disease (http://www.cancer.org/cancer/prostatecancer/

detailedguide/prostate-cancer-key-statistics). Increased screening of males over the age of 
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50, and early detection of mostly indolent PCa has led to a large disparity between the 

estimated incidence of prostate cancer and lethality due to metastatic disease. A large 

proportion of men that are diagnosed with PCa have indolent disease that may never develop 

into an aggressive cancer phenotype. Many of these men will undergo invasive procedures 

for diagnosis and prophylactic treatment that may be unwarranted. Therefore, there is a need 

for new non-invasive methods that allow for better screening strategies as well as new 

biomarkers that can distinguish between indolent and aggressive metastatic forms of PCa. 

The ultimate goal of current research is to minimize false positives, to treat only those men 

who are at the greatest risk for aggressive forms of prostate cancer, and reduce testing and 

treatment for those at low risk for the disease.

Limited options are currently available for clinicians to screen for indolent vs. aggressive 

forms of PCa. Prostate cancer screening is commonly done by the prostate-specific antigen 

(PSA) blood test. The PSA test was developed in the 1980s (Fig. 1) when it was determined 

that a protein biomarker encoded by the prostate-specific gene kallikrein 3 (KLK3)1 was 

secreted by the prostate gland into the serum only when the prostate gland underwent a 

change in tissue architecture due to either tumorigenesis, inflammation, or an enlarged 

prostate, as is observed in benign prostate hyperplasia (BPH)2, 2b. The PSA test along with a 

digital rectal exam (DRE), tissue biopsy and histopathology are commonly used for prostate 

cancer diagnosis3. Several variations of the PSA, such as determining the ratio of the free vs. 

α1-antichymotrypsin complexed PSA in the serum (fPSA and cPSA, respectively)4,5,6, PSA 

velocity (PSAV), and PSA doubling time (PSADT) are also used7. The PSA test combined 

with the DRE has high sensitivity (i.e. is able to detect true positives), but has poor 

specificity (ability to detect true negatives) towards aggressive metastatic disease. It is not a 

useful approach in distinguishing indolent from aggressive disease. In addition, grading 

tissue morphology to give a Gleason score is the sole mechanism by which metastatic PCa is 

further classified. More robust prognostic markers are required to determine the degree of 

aggressiveness of the disease.

For these reasons, there has been much interest in the identification of new biomarkers that 

are non-invasive and can stratify patients with high sensitivity and specificity for screening, 

diagnosis, prognosis, prediction, and monitoring of aggressive and advanced prostate cancer 

(Fig. 1)8. Some of the promising new biomarkers that have been clinically evaluated include 

the long non-coding RNA prostate cancer antigen 3 (PCA3)9,10, the TMPRSS2-ERG gene 

fusion11, α-methyl-coenzyme A racemase (AMACR)12, 12a, circulating tumor cells (CTCs) 

in the blood stream13, and prostate derived exosomes14 generated from the prostate and 

secreted into the blood. Of these, PCA3 is most promising, is non-invasive as it is readily 

detected in urine of patients with metastatic disease (but not in BPH), and can be used in 

conjunction with the PSA test for prostate cancer screening15,16,17.

Metabolite biomarkers have been successfully used in the clinic for prostate cancer 

diagnostic imaging. 18F-fluoro-2-deoxyglucose (FDG) is commonly used in positron 

emission tomography (PET) and accumulates to high levels in tumors18 due to the increased 

import of glucose into tumors by glucose transporters such as GLUT1. Hyperpolarized 

[1-13C]-pyruvate may be a valuable metabolite as a diagnostic imaging tool, as has recently 

been shown in the first clinical study in men19. When the ratio of [1-13C]-lactate/[1-13C]-
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pyruvate was measured after injection of hyperpolarized [1-13C]-pyruvate, it was found to 

be significantly elevated in men with metastatic disease as opposed to men with low-grade 

tumors19. Several other metabolites are currently being screened for diagnostic imaging in 

preclinical models20, 20a. Metabolite levels of citrate21,22,23,24,25,26,27, choline28,29, 

glutamate30, taurine30, and sarcosine31 in body fluids, such as urine and serum, as well as in 

tissue biopsies have been correlated with PCa progression and the change in levels of these 

metabolites, when analyzed globally, could be a potential strategy for distinguishing 

indolent from aggressive disease.

In this review, we will highlight recent studies using nuclear magnetic resonance (NMR) 

spectroscopy and mass spectrometry (MS) that hold promise for characterization of the 

prostate cancer metabolome and for imaging prostate cancer.

Cancer Metabolism: At the crossroads of genomics and proteomics

Why is cancer metabolism relevant? Several studies show that the metabolic properties of 

cancer cells i.e. aerobic glycolysis, lipid, and amino acid metabolism differ from normal 

cells and this may be valuable in cancer diagnosis and treatment. In 1931, the biochemist 

Otto Warburg was awarded the Nobel Prize in Physiology or Medicine "for his discovery of 

the nature and mode of action of the respiratory enzyme". Although he made seminal 

discoveries in respiration, cell physiology, and metabolism, he is known mostly for his 

careful observation that cancer cells consume more glucose and secrete more lactate 

compared to normal cells, even in the presence of excess oxygen that should in fact 

metabolize all of the glucose to CO2
32,33 via mitochondrial oxidative phosphorylation. This 

observation is called the “Warburg effect”. Since Otto Warburg’s important discovery, it is 

now well established based on numerous reports that cancer cells show increased flux in 

metabolizing higher levels of glutamine driven at least in part due to higher energy demands 

and its involvement in anaplerotic reactions such as conversion to α-ketoglutarate, have 

increased lipid synthesis, and enhanced amino acid transport compared to normal 

cells34,35,36. The increased uptake of glucose in cancer is in large part due to the up-

regulation of glucose transporters such as GLUT137,38,39. The hypoxic conditions that exist 

in many tumors also increases the levels of the hypoxia inducible factors HIF1α and HIF2α, 

which in turn up-regulates enzymes of the glycolytic pathway, promoting glycolysis40,41. 

This reprogramming of cellular metabolism (Fig. 2) is now an emerging hallmark of 

cancer42, and is intimately linked to changes in the proteome and the genome43.

An important link between cancer metabolism and cancer genomics was established from 

sequencing efforts that identified missense mutations in the genes IDH1 and IDH2 in >70% 

of glioblastomas, oligodendrogliomas, and astrocytomas44,45. These genes encode for the 

metabolic enzymes isocitrate dehydrogenase, IDH1 and IDH2, respectively. The mutations 

encode for a single amino acid (R132 in IDH1 and R172 in IDH2) in the active site of IDH 

that alters its biochemical properties. The normal function of IDH1/2 is to oxidize isocitrate 

to α-ketoglutarate (α-KG) (Fig. 2, Fig. 3A). α-KG is a component of the tricarboxylic acid 

(TCA) cycle, is linked to glutamate via anaplerotic reactions, but it is also a substrate for 

more than 50 mammalian dioxygenases, such as TET2 that hydroxylates 5-methyl cytosine, 

the histone demethylases KDM, the prolyl hydroxylases EGLN 1/2/3, and the histone 
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methyltransferases KMT46,47. These enzymes directly regulate gene expression by 

controlling methylation of histones and DNA. The EGLN family also regulates HIF family 

proteins that are involved in several cancers. Intriguingly, mutant forms of IDH convert 

isocitrate to the R-enantiomer of 2-hydroxyglutarate (2HG), the first known 

oncometabolite48. 2HG competitively inhibits the normal functions of α-KG and is found in 

high levels in several cancers (Fig. 3A). Recently, genome-wide CpG methylation 

sequencing of chondrosarcoma biopsies has shown that IDH2 mutations are linked to DNA 

hypermethylation at CpG islands which are associated with genes implicated in stem cell 

maintenance, differentiation, and lineage specification49.

Loss-of-function mutations have also been identified in all four subunits of the succinate 

dehydrogenase (SDH) complex in paragangliomas50,51. The SDH complex converts 

succinate to fumarate in the TCA cycle. Mutations in the fumarate hydratase (FH) gene are 

also linked to renal cell carcinomas, uterine, and skin cancer52. The exact mechanisms by 

which these mutant enzymes affect biochemical pathways are unclear, although SDH and 

FH have been suggested to act as tumor suppressors. High levels of succinate and fumarate 

accumulate in cancers that harbor mutant forms of SDH and FH and these cancers also show 

increased activity of HIF proteins and altered AMPK-signaling53. Two metabolic enzymes 

that are highly expressed in prostate cancer are phosphofructo-2-kinase/ fructose-2,6-

bisphosphatase 3 (PFKFB3) and fatty acid synthase (FAS)54. PFKFB3 maintains the flux of 

fructose-2,6-bisphosphate in glycolysis whereas FAS promotes fatty acid synthesis.

In addition to metabolic enzymes, the metabolites themselves are associated with 

tumorigenesis. Pyruvate is the end product of glycolysis and links glycolysis to the TCA 

cycle. The pyruvate dehydrogenase complex (PDH) oxidizes and decarboxylates pyruvate to 

acetyl-CoA, which enters the TCA cycle (Fig. 3B). The pyruvate “hub” is a pivotal point 

that affects a number of metabolic pathways. Recent studies have shown that high rates of 

pyruvate oxidation augment oncogene-induced senescence (OIS), which prevents tumor 

progression55. Surprisingly, in the study by Kaplon et al55, pyruvate oxidation was directly 

involved in inducing OIS. Two enzymes control the pyruvate flux: the kinase, PDK1 that 

phosphorylates PDH, thereby inactivating it, and the phosphatase, PDP2 that activates PDH 

(Fig. 3B). Knockdown of PDK1 results in increased flux of pyruvate into the TCA cycle and 

prevents tumor formation in BRAFv600E melanoma cell lines. Conversely, increasing the 

expression of PDK1 promotes tumorigenesis. Therefore, pyruvate levels can either inhibit or 

induce tumorigenesis, providing the first direct evidence for the active involvement of a 

metabolite in tumor progression. Acetyl-CoA, the product of pyruvate oxidation in the 

mitochondria is also produced by acetyl-CoA synthetases and ATP-citrate lyase in the 

nucleus. It is essential for lipid synthesis as well as acetylation of proteins, such as histones 

that control gene expression56,57. Finally, metabolic pathways can directly affect cell 

signaling by controlling ATP levels and the ATP/ADP ratio. ATP is required for 

posttranslational modifications. Phosphorylation, ubiquitination and other modifications are 

ATP-dependent reactions, which regulate important signaling networks that contribute to 

oncogenesis.

These studies have begun to unravel how cancer metabolism is closely interlinked with 

changes in the genome and proteome and how it may play a crucial role in tumor 
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progression. It also offers new opportunities for cancer drug discovery, diagnosis, and 

prognosis.

Metabolism in Prostate Cancer Cells

The human prostate gland is a walnut sized exocrine gland of the male reproductive system. 

The prostate anatomy has been described in terms of four zones58: the outermost zone 

consists of nonglandular anterior fibromuscular stroma and is responsible for 0% of PCa, the 

peripheral zone makes up ~70% of the gland and is responsible for 70–80% of PCa, the 

central zone makes up about 25% of the prostate and is responsible for only 2–3% of PCa, 

and the transition zone is ~5% of the gland and is mainly responsible for benign prostate 

hypertrophy (BPH). Approximately 10–20% of prostate cancers also originate from this 

zone. Prostatic fluid is produced by the secretory epithelium of the peripheral zone. It is 

slightly acidic (pH ~6.5)59 and comprised mostly of sugars like fructose, with less than 1% 

protein content59. Biomarkers such as the glycoproteins prostatic acid phosphatase (PAP) 

and PSA are components of the prostatic fluid60. A unique feature of prostatic fluid from 

normal and BPH prostates is that it contains very high levels of citrate (Cit) (8000–15000 

nmol/g of tissue)61 as compared to other tissues where the citrate content is only 150–450 

nmol/g. This is due to inhibition of mitochondrial (m-) aconitase, which converts citrate to 

isocitrate in the TCA cycle62. High levels of zinc in prostatic fluid (500–1000 times that in 

blood) inhibit the m-aconitase activity63,64. In contrast to normal cells, malignant prostate 

cells oxidize citrate in the TCA cycle, and citrate levels decrease to 1000–2000 nmol/g65. 

The levels of zinc are also low, in large part due to decreased expression of zinc transporters 

in the malignant prostate66. In addition, due to increased demand for lipid synthesis in 

malignant cells, spermine (Spm)67,27 and phosphocholine (PCho) and total choline 

containing compounds (tCho) levels are significantly higher in PCa as compared to normal 

prostate68,69,28,29,70. Intriguingly, PCho and tCho levels are correlated with the tumor 

microenvironment. Hypoxia and acidic pH has been shown to regulate choline metabolism 

in a human prostate cancer xenograft model by regulating choline kinase-α expression by 

HIF171. Prostate cancer cells also show increased uptake of choline, in part due to increased 

expression of choline transporters69a. Choline metabolic pathways are shown in Fig. 4. 

Other metabolites that have been reported to be markers for PCa vs. normal and BPH 

prostate tissues include sarcosine31, lactate21, taurine30, glutamate30, lysine29, myo-

inositol27, and omega-6-fatty acids72, all of which may be present at significantly higher 

levels in PCa tissues.

A unique feature of prostate, breast, and thyroid cancers is that at least in the initial stages, 

they are hormone-dependent. Charles Huggins and colleagues showed in the 1930s and 

1940s73,74 that the growth and metabolism of prostatic cells respond to testosterone and 

other androgens. A prostatic cell that is normal or castrate has a low metabolic rate and does 

not secrete. However, in the presence of testosterone or dihydrotestosterone, the cell grows 

larger and its metabolic rate increases. The effects of hormone on cell size, growth, and 

metabolism were found to be reversible. The discovery of 5-α-reductase enzymes75,76,77 and 

the “active” androgen dihydrotestosterone (DHT)78,79 were important milestones in 

understanding how the prostate gland may be regulated by androgens. Cloning of the 

androgen receptor (AR)80,81,82, a hormone activated transcription factor and a key regulator 
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of androgen-dependent growth proved Huggins’ original observations, revolutionized our 

understanding of PCa, and led to the development of novel cancer therapeutics. AR is 

implicated in both endocrine and paracrine stages of PCa malignancy. In a recent model 

proposed by C. Logothetis et al83, the progression of prostate cancer from an endocrine 

driven androgen-dependent early stage cancer to one that is paracrine-driven and 

microenvironment dependent is a pivotal point at which the disease has manifested a more 

lethal phenotype. The paracrine-driven phase eventually leads to an autonomous phase that 

is no longer androgen dependent and is characterized by cell cycle changes in an advanced 

metastatic form of the disease. Careful analysis of metabolic profiles including the levels of 

androgens in each of these phases may provide new insights into disease progression and 

may be beneficial for surveillance. A characteristic feature of prostate cancer is that it has a 

propensity to metastasize to bone where it promotes osteoblast proliferation. A global GC–

MS-based metabolic profiling study has identified elevated levels of cholesterol (a precursor 

of androgen biosynthesis) to be a signature of PCa that has metastasized to bone84. Although 

these studies have provided preliminary insights into metabolic changes that may occur in 

PCa, much remains to be done to correlate how metabolic changes in energy metabolism 

and steroids are linked to tumor aggressiveness and disease progression.

Methods in Metabolic Profiling and Imaging

(I) NMR and MS based metabolomics studies of PCa

Nuclear Magnetic Resonance (NMR) Spectroscopy and Mass Spectrometry (MS) are the 

two commonly used analytical techniques for metabolic profiling85,86,87. The two 

techniques are complementary and when used together offer the best approach to sample 

polar and non-polar metabolites over a wide concentration range. The main advantage of 

MS is that it has very high sensitivity, requires very little sample, and can detect low 

abundance metabolites in the 10−12 – 10−15 M range. A chromatographic step is usually 

performed before MS, and gas chromatography-MS (GC-MS), liquid chromatography-MS 

(LC-MS; ultrahigh-performance LC, UPLC-MS or high-performance LC, HPLC-MS) or 

capillary electrophoresis-MS (CE-MS) are the commonly used separation-coupled 

techniques. MS can be efficiently used for quantification of lipids and steroids, which are 

more difficult to quantify by NMR, although labeled standards are required. A major 

disadvantage of MS is that it requires extensive processing of the samples. All platforms 

require deproteinization and MS platforms such as GC-MS require derivitization. In contrast 

to MS, NMR has low sensitivity and requires that the metabolites be present in the µM 

concentration range for detection. The NMR spectrum of body fluids or tissue extracts 

consists of a complex mixture of different metabolites, each of which can be identified as a 

distinct pattern of resonances or peaks present at different frequencies with unique chemical 

shifts or p.p.m values (Fig. 5). NMR active nuclei that occur at natural abundance, and are 

commonly monitored, are 1H and 31P, and to a lesser extent 13C. The area under the peak is 

related to the abundance of the metabolite and can be quantified. However, the NMR 

spectrum is usually very complex as it has information about all the metabolites in a single 

spectrum. In spite of these limitations, NMR is highly quantitative, requires little sample 

preparation and no derivatization in comparison to MS, and is highly reproducible. NMR is 

also amenable to high throughput analysis. Techniques such as high-resolution magic angle 
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spinning (HR-MAS) NMR can be performed on intact tissues88, thereby circumventing the 

need for metabolite extraction procedures that can result in significant errors due to sample 

losses. MAS is a specialized technique that involves placing the samples at the magic angle 

of 54.74° with respect to the external magnetic field and spinning it at rates of 1–70 kHz/s. 

This leads to narrower signals, increasing spectral resolution. In addition, since NMR is a 

non-destructive technique, the intact tissue can be further utilized for either MS or 

immunohistochemistry analysis. Hyperpolarized NMR techniques have been employed to 

quantify metabolites89,90,91,92 in vitro and in vivo as well as for diagnostic applications in 

cancer imaging19,93. Both NMR and MS have been used in metabolite targeted (i.e focused 

on select chemical classes) and untargeted approaches to study metabolites present in 

prostate tissue biopsies, blood plasma, and urine. A target list of metabolites is identified 

based on known standards and the data from NMR and MS is subjected to multivariate 

statistical analyses such as principal component analysis (PCA) to identify associations with 

outcomes such as disease state that may be statistically significant. The main goal of NMR 

and MS studies is to identify metabolite biomarkers that can risk-stratify patients as having 

benign, localized PCa, or metastatic PCa.

(Ia) Characterization of the Prostate Cancer Metabolome by MS—One of the 

most extensive chemometric studies to date was performed by Sreekumar et al31 using high-

throughput LC-MS and GC-MS. In this study, the authors profiled 1126 metabolite features 

from 262 clinical samples, consisting of 42 tissue biopsies and 110 matched samples of post-

DRE urine and plasma from biopsy-positive and biopsy-negative individuals. The data from 

plasma and urine samples had a very high false discovery rate (99% for plasma and 67% for 

urine) and no significant differences were observed in these cohorts. Analysis of the 42 

tissue biopsies indicated that 87 out of the 518 measured metabolites showed significant 

differences between PCa and benign tissues. A comparison of metastatic PCa and localized 

PCa tissues indicated that 124 of the 518 metabolites showed increased levels in metastatic 

PCa, whereas the levels of 102 of the 518 metabolites were significantly decreased. 

Although several hundred metabolites remain to be identified, a panel of six metabolites 

namely sarcosine, uracil, kynurenine, glycerol-3-phosphate, leucine, and proline showed a 

statistically significant increase in abundance in localized and metastatic PCa, as compared 

to benign tissues. The metabolic abundance profiles suggested that alteration of amino acid 

metabolism and methyl transferase activity is a hallmark of prostate cancer progression. In 

particular, sarcosine, an N-methyl derivative of glycine, appeared to be a candidate 

biomarker that showed promise in distinguishing between benign and metastatic PCa. The 

authors followed through with a targeted MS approach that quantified sarcosine levels in 89 

tissue samples (36 PCa, 25 benign, and 28 metastatic). Whereas sarcosine was not detected 

in benign tissue, a significant increase in sarcosine levels in PCa and metastatic tissue 

samples was reported, corroborating their untargeted approach. Furthermore, sarcosine 

levels in the urine also followed the same trend as that observed in tissue biopsies. This 

study suggested that sarcosine could be a potential prognostic biomarker that could be 

detected non-invasively in the urine and may be a useful approach to follow PCa disease 

progression.
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Since the original study by Sreekumar and colleagues was published, Jentzmik et al94,95 

reported contradictory findings in which no correlation was observed between sarcosine 

levels in either post-DRE urine or tissues, with prostate cancer aggressiveness. Cao et al96 

also reported a modest correlation between sarcosine levels and PCa progression, and the 

prognostic value of sarcosine was found to be inferior to the more robust PCA3 and fPSA 

biomarkers. In a study published this year, McDunn et al97 examined over 500 tissue 

biopsies using UHPLC-MS/MS and GC-MS metabolomic platforms. The metabolomic 

profiles were correlated with PCa aggressiveness using Gleason scores as well as pathology 

data. Similar to the Sreekumar et al report31, 52 metabolites identified were common in the 

two studies, and these showed a significant change in abundance in metastatic vs. benign 

tissues. PCa metastasis was also correlated with changes in amino acid and lipid metabolism 

in the McDunn study. In particular, elevated levels of glycerol-3-phosphate, sarcosine, 

kynurenine, proline, threonine, and uracil were found to be a characteristic feature of 

metastatic PCa in both31,97 untargeted metabolomics studies. However, sarcosine levels 

were elevated only in tissue biopsies with a Gleason pattern of 8 or worse in the McDunn et 

al report. Therefore, the value of sarcosine as a prognostic marker for PCa progression is 

controversial.

The advanced stages of prostate cancer are distinguished by metastasis to bone. The first 

study to characterize metabolic changes that occur in bone due to PCa metastasis was 

performed by Thysell et al84 using a GC-MS platform. In this study, 123 metabolites were 

profiled from 14 patients who had either hormone-naïve or castration-resistant PCa. Similar 

to the other studies, the metabolic changes in bone were related to alterations in amino acid 

and lipid metabolism. In particular, high levels of cholesterol, myo-inositol-1-phosphate, 

citric acid, fumarate, glycerol-3-phosphate, and fatty acids were found in PCa bone 

metastases samples compared to normal bone. High levels of several amino acids, such as 

glutamic acid, phenylalanine, and taurine were also found in PCa bone metastasis tissue. Of 

these metabolites, changes in cholesterol levels were most remarkable. Since increased 

cholesterol levels have previously been associated with PCa98, and cholesterol uptake99 and 

its biosynthesis are regulated by androgen levels and the androgen receptor100,101, the 

results from the metabolic study are noteworthy. The Thysell et al study highlighted the role 

of cholesterol metabolism in advanced PCa, however neither cholesterol nor sarcosine were 

determined to be prognostic markers for metastatic PCa.

These studies illustrate how MS based approaches can be used to characterize the PCa 

metabolome. However, variability in the physiological and pathological state of the samples, 

the size of the study cohorts, and methodologic differences all contribute to the various 

outcomes in different studies, underscoring the challenges in biomarker identification and 

characterization by metabolomics, as is also the case in other ‘omics’ platforms. For this 

reason, it is unlikely that a single metabolite biomarker will be used to risk-stratify patients 

with PCa. A change in the global abundance profile of a subset of metabolites may be a 

more useful approach for screening, as has been suggested by McDunn et al97. The 

metabolite data may also have a more prognostic value when used in conjunction with 

genomic and proteomic markers that are better indicators of PCa aggressiveness.
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(Ib) Characterization of the Prostate Cancer Metabolome by NMR 
Spectroscopy—Most NMR studies to date have been performed on prostate tissue biopsy 

samples and there are few studies on body fluids that have high sensitivity and can 

distinguish between patients with benign and metastatic PCa. A study67 that compared 

prostatic fluid samples showed that the molar ratio of citrate: spermine is 5:1 in normal 

prostatic fluid, but a relatively higher level of spermine was found in prostatic fluid from 

men with PCa. Several studies have attempted to correlate the ratios of different metabolites 

in tissue extracts. Fowler et al102 performed a study on a limited cohort of 7 patients with 

PCa and 13 with BPH. Statistically significant differences between the PCa and BPH groups 

were observed for the metabolite ratios of citrate, creatine, and phosphorylcholine to alanine, 

and citrate to glutamate. However, there was no correlation with Gleason grade for any of 

the ratios measured. Schiebler et al21 compared metabolite abundance profiles in perchloric 

extracts of tissues from normal peripheral zone tissue, benign prostatic hyperplasia tissue, 

and adenocarcinoma from 13 patients. This study showed that in general citrate levels were 

significantly higher in glandular BPH tissue as compared to adenocarcinoma from the same 

patient. However citrate levels were lower in stromal BPH tissue and could not be used to 

discriminate between normal tissue and adenocarcinoma with certainty. A 31P NMR study 

performed in 1993 by Cornel et al24 showed that the ratios of phosphoethanolamine: total 

phosphate, phosphocholine: total phosphate, and glycerophosphoethanolamine: total 

phosphate were significantly different in tissue extracts from BPH and PCa patients. The 

data are consistent with in vivo MRS data that shows a change in tCho levels in men with 

PCa. Hahn et al30 compared specimens of benign and malignant prostatic tissue from 50 

patients using 1H NMR on whole-tissue biopsy samples, but without MAS. They found that 

resonances from citrate, glutamate, and taurine from six spectral sub-regions when analyzed 

by multivariate analysis could discriminate between BPH and adenocarcinoma and gave 

good agreement with histopathology. Multivariate analysis was also deemed to be a more 

robust method as compared to analyzing intensity ratios of different metabolites. Swindle et 

al29 determined that in addition to citrate and choline levels, lipid and lysine ratios 

(choline:citrate and lipid:lysine) were required to predict PCA with high accuracy 

(sensitivity and specificity). Similar to Hahn et al30, they showed that pattern recognition 

methods are more reliable compared to metabolite ratios. It is evident that similar to the MS 

studies, multivariate statistical analysis of several metabolites such as hierarchical clustering 

analysis to generate heat maps may be necessary to risk-stratify patients with high accuracy.

A disadvantage of using tissue extracts is that there is more room for error due to metabolite 

losses during extraction and the efficiency of the extraction procedure used. High-resolution 

magic angle spinning (HR-MAS) NMR spectroscopy allows the quantitation of metabolites 

ex vivo without extraction, and more recent NMR studies103,104,105,106,107 have utilized this 

approach for metabolic profiling and identification of new biomarkers. Cheng et al108 have 

shown that the same tissue specimens can be used for NMR and pathology data. A drawback 

of HR-MAS is that it is not a high throughput method (although efforts are underway to 

automate data collection) and there is a need to standardize protocols to insure that the data 

is robust and reproducible. Data analysis is also more time consuming compared to NMR 

methods that use aqueous solutions. Several excellent reviews have been published on HR-

MAS109,110,111 and practical considerations for data collection and processing using HR-
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MAS have also been published88,112. Nevertheless, HR-MAS is a powerful technique that 

can be used to extract quantitative information from peak intensities using standard one-

dimensional (1D) NMR methods. Two dimensional correlation plots113 that correlate two 

heteronuclei such as 1H and 31P or 1H and 13C can also be used to reduce spectral overlap 

and simplify the data114,115. Diffusion measurements using T1 and T2 relaxation times of the 

metabolites can also be measured and these can provide information about the rotational 

freedom and hence environment surrounding the metabolite in the tissue compartment116. 

HR-MAS studies have shown that the levels of spermine and citrate correlate well with the 

volume percentage of benign prostatic epithelial cells108. Phosphocholine, taurine, myo-

inositol, lactate and alanine concentrations are higher in PCa compared to benign tissue. 

Therefore there is good correspondence between ex vivo studies using HR-MAS and in vitro 

studies using tissue extracts.

(II) Imaging the PCa metabolome

The identification of metabolite biomarkers that can distinguish between benign and 

metastatic PCa has clinical applications in diagnostic imaging of tumors. Current imaging 

techniques such as magnetic resonance imaging (MRI), X-ray computed tomography (CT), 

and ultrasonography do not report on the biochemical properties of the tumor, but are 

contrast techniques that measure tumor size and volume. The new field of “metabolic 

imaging” aims to detect cancer metabolic pathways using magnetic resonance spectroscopy 

imaging (MRSI) or hyperpolarized NMR methods to spatially map the metabolite signals in 

cancer tissues20b. Methods such as positron emission tomography (PET) already use such an 

approach in which metabolite tracers that are radiolabeled are monitored for their ability to 

accumulate in cancer tissue.18F-fluoro-2-deoxyglucose (FDG)18 and 11C- or 18F-labeled 

choline117,118,119 can be used for PCa detection using PET imaging. Other metabolites that 

have been used with PET in breast, lung, colorectal and neuroendocrine tumors include the 

thymidine analog 3’-deoxy-3’-[18F] fluorothymidine120 which monitors cell division, the 

somastatin analog 68Ga-DOTATOC121, which binds the somastatin receptor 2, and 16-α-

[18F] fluoro-17-β-estradiol122, which binds both estrogen receptor α and β. Although PET 

imaging is a very useful approach, the tracers are radioactive and there is limited 

information since PET techniques follow the steady state levels of only a single molecular 

tracer.

Magnetic resonance spectroscopic imaging (MRSI)123,124 with an endorectal coil combines 

NMR spectroscopy with MRI techniques in that a subset of 2–3 tumor metabolites are 

visualized and that information is combined with information about tumor size and volume 

obtained from MRI. MRSI data is acquired on tumors by breaking down the visualized 

tissue into voxels that are typically 0.16 to 1 cm3, and an NMR spectrum is taken in each 

voxel to quantify the abundance of 2–3 metabolites. By repeating this spatially across the 

tumor, one can map the metabolite abundance in both normal and PCa tissues across the 

prostate. This has the potential of providing molecular information about the tumor in a non-

invasive fashion. As outlined in this review, the most common metabolite markers that have 

been associated with PCa are elevated choline and reduced citrate124, although polyamines 

such as spermine, amino acids such as taurine, sarcosine, alanine, lysine, and lipids and 

creatnine have also been correlated. When MRSI was used to quantify the levels of citrate, 
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choline, and creatnine, and the ratio of {choline + creatnine}:citrate and citrate: normal 

citrate was spatially measured across the tumor, “definite cancer” was defined as voxels 

with (choline + creatnine) : citrate ratios > 0.86 and 3SD above normal125 (Fig. 5). In this 

study125, MRSI combined with MRI was reported to identify PCa with a very high 

sensitivity of 95% and specificity of 91%. The limitations of MRSI are obtaining good 

spectral and spatial resolution (limited to ~4 mm) in heterogeneous tissues such as the 

prostate, suppression of artifacts and development of robust software for data analysis and 

interpretation. In addition, only limited numbers of metabolites have so far been evaluated 

for metabolic imaging, and just the steady state abundance of these metabolites can be 

measured.

The use of hyperpolarized 13C-labeled compounds in a perfusion MRI-based technique is a 

relatively new method that is used to image the accumulation of metabolites and their 

products in tumors20b. Hyperpolarized NMR allows for very high signal enhancements (of 

the order of 104–105 fold) as compared to nuclei at thermal equilibrium126,127,128. This 

method has great potential in overcoming the limited sensitivity of NMR in MRSI methods. 

The hyperpolarized state is generated in a molecular tracer by one of the three available 

methods: optical pumping and spin-exchange of noble gases129,130, parahydrogen-induced 

polarization (PHIP)131,132,133,134, or dynamic nuclear polarization (DNP)134,133 before it is 

injected into the individual. The hyperpolarized state is very short-lived and the polarization 

decays to equilibrium with a time constant T1. The relaxation time constant T1 is an inherent 

property of NMR-active nuclei and nuclei such as 13C have longer T1 times than 1H. The 

time available for imaging is 5–9 times the relaxation time T1. The most widely used 

metabolite is [1-13C]-pyruvate due to its pivotal role in cancer metabolism and its relatively 

long relaxation time T1 of up to 60 s. The safety and feasibility of using [1-13C]-pyruvate for 

metabolic imaging was demonstrated recently in the first clinical study in men19. When the 

metabolic flux of conversion of [1-13C]-pyruvate to [1-13C]-lactate was measured, the ratio 

of [1-13C]-lactate/[1-13C]-pyruvate was significantly elevated in regions of metastatic PCa 

compared to normal tissue. The flux of conversion of pyruvate to lactate was previously 

measured in a TRAMP mouse model and it correlated well with tumor grade135. Besides 

measuring the ratio of lactate to pyruvate, the change in signal can be measured over time 

and the data fit to kinetic models136,137,90,138. Several other metabolites and hyperpolarized 

nuclei (such as 29Si, 6Li, 89Y)139,140,141 are currently being tested for use due to their long 

T1 relaxation times. Although hyperpolarized NMR based methods have a lot of potential, 

there are several constraints on its clinical application that need to be overcome. The biggest 

disadvantage of the technique is the short T1 of most tracers that imposes constraints on the 

acquisition time. In addition, because of the low gyromagnetic ratio of 13C and 15N in 

comparison to 1H, 16–100 fold more gradient power is required to achieve the same spatial 

resolution. New pulse sequences are also required for fast data collection of hyperpolarized 

nuclei. Other practical considerations include the safety of the metabolite tracer, the ability 

to rapidly generate hyperpolarized material, sterilize it and inject it into the host before the 

polarization decays.
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Future Directions and Conclusions

In this review we have highlighted studies that have advanced our understanding of the 

prostate cancer metabolome. We described biomarkers that offer promise in distinguishing 

indolent from aggressive cancer and the development of new metabolic imaging techniques 

that could be highly beneficial for non-invasive diagnosis of metastatic PCa. There are 

several challenges to be overcome before metabolic profiling can become a valuable clinical 

tool to discriminate indolent from aggressive prostate cancer with high accuracy. It will be 

necessary to characterize as complete a metabolome as possible in large sample cohorts to 

verify and validate biomarkers. Integration of metabolic profiles with genomic or proteomic 

markers may be necessary to diagnose metastatic disease. The measurement of metabolic 

flux of metabolites in a particular pathway may be more insightful to determine PCa 

aggressiveness as compared to the steady state levels of the metabolites. The field of 

prostate cancer fluxomics is currently in its infancy. Another emerging field is 

pharmacometabolomics, i.e. the use of metabolic profiles for predicting drug treatment and 

therapy. Metabolic profiles could be useful not only in personalized medicine of PCa, but 

for also following patients before and after chemotherapy. These studies have the potential 

of providing new criteria to risk-stratify patients and develop novel approaches for 

individualized treatment.
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Figure 1. 
Timeline for discovery of biomarkers used for detection and diagnosis of prostate cancer.
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Figure 2. Cancer Metabolic Pathways involving Glycolysis and the TCA Cycle
Cells take up nutrients such as glucose, glutamine, and fatty acids to produce ATP. One 

mole of glucose is broken down into 2 moles of pyruvate, 2 moles of ATP, and 2 moles of 

NADH during glycolysis, which occurs in the cytoplasm. Pyruvate enters the mitochondrion 

where it is oxidized to Acetyl CoA, 2 ATP's, 8 NADH's, 2FADH2's and 6CO2s per glucose 

molecule in the TCA cycle. Normal cells use the energy released from glycolysis and the 

TCA cycle for cellular processes. The TCA cycle also produces building blocks for 

synthesis of proteins, lipids, and nucleic acids, all of which are required for cell growth. In 
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contrast, cancer cells have increased uptake of glucose and glutamine to feed cell growth 

and proliferation. Enzymes and transporters that are either upregulated or mutated in cancer 

are shown in italics. These include the glucose transporter GLUT1, hexokinase 1,2 (HK 

1,2), phosphoglycerate mutase 1 (PGAM1), pyruvate kinase M2 (PKM2), phosphofructo-2-

kinase/fructose-2,6-bisphosphatase 3 (PFKFB3), isocitrate dehydrogenase 2 (IDH2), 

succinate dehydrogenase (SDH), and fumarate hydratase (FH). Adapted with permission 

from Lydia et al Cell Met. (2013), 17(3), p 466.
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Figure 3. 
(A) Somatic IDH1/2 mutations produce 2HG. The normal function of IDH1/2 is to oxidize 

isocitrate to α-ketoglutarate (α-KG), a component of the TCA cycle. However, mutant 

forms of IDH enzymes convert isocitrate to the R-enantiomer of 2-hydroxyglutarate (2HG). 

2HG inhibits α-KG dependent enzymes downstream exerting effects on transcription and 

DNA methylation. Reproduced with permission from Garraway LA and Lander ES, Cell 

(2013), 153, pp. 17–37 Elsevier. (B) Pyruvate lies at a critical juncture, linking anabolic and 

catabolic pathways in metabolism. The enzymes PDH kinase 1 (PDK1) and PDH 
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phosphatase 2 (PDP2) regulate the pyruvate flux by controlling the activity of the pyruvate 

dehydrogenase complex (PDH). PDH controls the entry of pyruvate into the TCA cycle. 

High rates of pyruvate oxidation induce oncogene-induced senescence (OIS). Reproduced 

with permission from Olenchock BA and Vander Heiden MG, Cell (2013), 153, pp. 1429–

1430 Elsevier.
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Figure 4. Choline phospholipid metabolism in the cell
Choline is taken into the cell by choline transporters that are upregulated in cancer. The 

biosynthesis of choline cycle metabolites by the Kennedy pathway (also called the CDP-

choline pathway) is shown in black arrows. The catabolism of choline metabolites is shown 

in gray arrows. The metabolites are phosphocholine (pCho), cytidine diphosphate choline 

(CDP-Cho), and phosphatidylcholine (PtdCho). Choline kinase (CHK), the enzyme that 

catalyzes the phosphorylation of choline to pCho is also upregulated in cancer. The reaction 

catalyzed by CTP-phosphocholine cytidylyltransferase (CCT) is the rate-limiting step. 
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Finally, conversion of CDP-Cho to PtdCho is mediated by 1,2-diacylglycerol 

cholinephosphotransferase (CPT1). PtdCho is degraded to choline by phospholipase D 

(PLD), an enzyme that is also upregulated in cancer cells. Other enzymes that are involved 

in the conversion of PtdCho to choline are phospholipase A2 (PLA2) that yields 1-

acylglycerophosphocholine (1-acyl GPC), lyso-phospholipase A1 (lyso-PLA1) that converts 

1-acyl GPC to GPC, and finally the enzyme GPC phosphodiesterase (GPC-PDE) converts 

GPC to choline.
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Figure 5. 
Histopathologic stage pT3a prostate cancer, Gleason score 5, in a 58-year old man. (A) Fast 

spin-echo T2-weighted (5000/102) transverse MR image through the middle gland was 

obtained with an endorectal coil. A tumor focus (arrows) is seen as an area of decreased 

signal intensity in the peripheral zone of the right gland. (b) The same section as in (A) 

shows areas of definite cancer, as demonstrated with 3D MRSI findings overlaid and circled. 

Note the concordance between (A) and (B). (C) MR spectrum obtained from area of imaging 

abnormality in the right peripheral zone demonstrates elevated choline and reduced citrate, a 

pattern consistent with definite cancer. (D) MR spectrum obtained from a normal left 

peripheral zone demonstrates a normal spectral pattern with citrate dominant and no 
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abnormal elevation in choline. Reproduced with permission from Scheidler et al. Radiology 

(1999), 213 (2), pp. 473–480 RSNA.
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Figure 6. 
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