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Abstract
Understanding the metabolism of prostate cancer (PCa) is important for developing better diagnostic approaches and also for
exploring new therapeutic targets. Magnetic resonance spectroscopy (MRS) techniques have been shown to be useful in the
detection and quantification of metabolites. PCa illustrates metabolic phenotype, showing lower levels of citrate (Cit), a key
metabolite of oxidative phosphorylation and alteration in several metabolic pathways to sustain tumor growth. Recently, dynamic
nuclear polarization (DNP) studies have documented high rates of glycolysis (Warburg phenomenon) in PCa. High-throughput
metabolic profiling strategies using MRS on variety of samples including intact tissues, biofluids like prostatic fluid, seminal
fluid, blood plasma/sera, and urine have also played a vital role in understanding the abnormal metabolic activity of PCa patients.
The enhanced analytical potential of these techniques in the detection and quantification of a large number of metabolites
provides an in-depth understanding of metabolic rewiring associated with the tumorigenesis. Metabolomics analysis offers dual
advantages of identification of diagnostic and predictive biomarkers as well as in understanding the altered metabolic pathways
which can be targeted for inhibiting the cancer progression. This review briefly describes the potential applications of in vivo 1H
MRS, high-resolution magic angle spinning spectroscopy (HRMAS) and in vitro MRS methods in understanding the metabolic
changes of PCa and its usefulness in the management of PCa patients.
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Introduction

It is now well recognized that knowledge of cancer metabo-
lism is essential to understand the process of carcinogenesis
and development of therapeutic strategies. Cancer cells mod-
ify their metabolism to support continuous supply of various

substrates for biosynthesis of membranes, genetic materials,
and proteins required for their rapid proliferation. Prostate
cancer (PCa) is a frequently diagnosed malignancy in elderly
men worldwide (Greenlee et al. 2001). The prognosis of PCa
varies among individuals; the disease course is aggressive
which shows rapid progression to metastases, while it remains
indolent in some patients for several years. Prostate-specific
antigen (PSA) is used as a screening biomarker for PCa; how-
ever, its higher level is also reported in various other condi-
tions like urinary retention, inflammation, and benign prostat-
ic hyperplasia (BPH) (Catalona et al. 1991, 1994; Carter
2000). Trans-rectal ultrasound (TRUS)-guided biopsy serves
as the “gold standard” for PCa diagnosis; however, it suffers
from low specificity due to inaccurate sampling (Naughton
et al. 1998; Rabbani et al. 1998). As the currently used clinical
biomarkers lack enough specificity and sensitivity, there is an
urgent need for biomarkers with more precision for better
clinical management of PCa patients. Studies have shown
connections between altered metabolic pathways and onco-
genes that have a vital role in the development and progres-
sion of PCa (Wu et al. 2014; Zadra et al. 2013). Deeper
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understanding of the metabolic reprogramming through meta-
bolomics has the potential to reveal novel metabolic signa-
tures of PCa that could be utilized for the diagnosis, assess-
ment of disease, aggressiveness, therapeutic targets, and resis-
tance to therapy (Giunchi et al. 2019; Eidelman et al. 2017).

Nuclear magnetic resonance (NMR) spectroscopy is one of
the most commonly used techniques to obtain an insight into
metabolic profiles influenced by various pathological process-
es and understanding the tissue metabolism. In vivoMR spec-
troscopy (MRS) offers the capability of analyzing tissue bio-
chemical levels from a specific region of interest (ROI) in a
non-invasive manner. The ex vivo high-resolution magic an-
gle spinning (HRMAS)MR spectroscopy is yet another meth-
od for metabolic characterization of intact tissue biopsy sam-
ples (Decelle and Cheng 2014; Fuss and Cheng 2016). The
in vitro NMR spectroscopy can be applied to a wide variety of
samples like tissue extracts, biofluids like blood plasma/sera,
urine, prostatic fluids, seminal plasma etc. to understand the
altered metabolic pathways in PCa (Fowler et al. 1992;
Giskeødegård et al. 2015; Hahn et al. 1997; Jung et al. 2013;
Kumar et al. 2014, 2016a, b). High-throughput metabolomics
approaches based on these NMR techniques provides quanti-
tative information on a large number of metabolites derived
from both catabolic and anabolic processes in the cell (Lima
et al. 2016; Gómez-Cebrián et al. 2019). Metabolomic analy-
sis integrates the changes manifesting at the level of gene
expression, protein expression, and metabolic abnormalities
(Rysman et al. 2010; Lima et al. 2016; Gómez-Cebrián et al.
2019). The advantages of metabolic profiling have been rec-
ognized both in the determination of biomarkers of disease
aggressiveness, diagnosis, prognosis, and identification of
therapeutic targets based on altered metabolic pathways
(Giunchi et al. 2019; Eidelman et al. 2017; Lima et al. 2016;
Gómez-Cebrián et al. 2019).

This review briefly describes the potential of in vivo proton
(1H) MRS, in vitro high-resolution 1H MRS, and HRMAS in
the study of prostate cancer metabolism and its potential role
in determining biomarkers which can be used in various as-
pects of PCa management like diagnosis and therapy.

MRS techniques to study PCa metabolism
and altered metabolites

In vivo MRS techniques

The advantage of in vivo MRS is that it detects metabolites in
a non-invasive manner from a well-defined ROI. Being non-
invasive, it has significant applications in longitudinal studies
for treatment assessments and for evaluating the efficacy of
various therapeutic regimens (Jagannathan 2014; Kumar et al.
2018; Tayari et al. 2017). The prostate tissue metabolism has
been studied using the in vivo 1H multi-voxel spectroscopy

technique, called MR spectroscopy imaging (MRSI) by vari-
ous researchers (Jagannathan 2014; Kumar et al. 2008, 2018;
Tayari et al. 2017; Kurhanewicz et al. 1993, 1996, 2002). For
localized in vivo MRS studies, the cancer lesion is first local-
ized on the MR image of the prostate by carrying out MR
imaging in three orthogonal planes. These images are then
used to identify the cancer location, localize it and perform
MRS to obtain the metabolic information in vivo. Figures 1a
and b show the T2-weighted MR images of prostate from a
volunteer and a patient with PCa, respectively. The tumor is
observed as a hypointense area (shown with arrow) in the
peripheral zone (PZ) of the prostate, as shown in Fig. 1b.
Proton MRSI spectrum obtained from a normal PZ area, from
a patient with benign prostate hyperplasia (BPH) and from
a prostate cancer, is shown in Fig. 2 a, b, and c, respectively
(Nayyar et al. 2009). The in vivo 1H MR spectrum of the
normal prostate shows resonances that are predominantly
from citrate (Cit), creatine (Cr), choline-containing com-
pounds (tCho), and polyamines. The two methylene groups
are present in Cit which are magnetically equivalent and are
strongly coupled. The signal due to Cit is observed at 2.6 ppm
in the in vivo 1H MR spectrum of the normal prostate (Fig.
2a). Cho-containing compounds are observed as a singlet cor-
responding to tri-methyl groups of these compounds around
3.2 ppm (Fig. 2c). This composite peak arises with contribu-
tions from three Cho-containing compounds, namely, free
Cho, glycerophosphocholine, and phosphocholine (Swanson
et al. 2006; Swanson et al. 2008). These compounds are
formed during the synthesis and catabolism of phospholipids.
It is known that phospholipids are essential constituents of
cellular membranes. Higher levels of these compounds are
associated with the rapid proliferation of malignant cells in
PCa. The peak due to methyl protons of creatine and phos-
phocreatine, assigned as tCr, possibly arises due to smooth
muscle tissue present in the prostate (Kassen et al. 1996).
Phosphocreatine and creatine compounds play a key role in
transfer and storage of energy in cells (Wallimann et al. 1992).
Spermine is a predominant polyamine observed in the 1H MR
spectrum of prostate. The coupled spin system of ten methy-
lene groups of spermine shows resonances at 1.81 ppm,
2.11 ppm, 3.13 ppm, 3.12 ppm, and 3.18 ppm, due to five sets
of four magnetically equivalent protons (Willker et al. 1998);
however, in in vivo MRSI, only a single resonance peak at
3.1 ppm could be observed and assigned to polyamines (PA)
(mainly spermine) in several studies (Shukla-Dave et al. 2007;
Klomp et al. 2011).

In general, the changes in various metabolites are
expressed in terms of ratios of metabolites like [Cit/Cho],
[(Cho + Cr)/Cit], [Cit/(Cho + Cr)], or [(Cho + Cr + PA)/Cit].
Significantly lower level of Cit while higher level of Cho have
been observed in the spectrum acquired frommalignant lesion
in the peripheral zone (PZ) of the prostate (see Fig. 2c).
Studies reported that higher [(Cho + Cr)/Cit] ratio in patients
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with PCa provide a high specificity for diagnosis of PCa. It
was documented that in 98% of the PCa patients, the values of
this parameter were found to be above by 3 standard devia-
tions of the average value estimated in healthy PZ indicating
its diagnostic potential (Kurhanewicz et al. 1996).

Dynamic nuclear polarization MRS

Recently, hyperpolarization using the dynamic nuclear polar-
ization (DNP) technique has been used to acquire 13C spectra
in vivo from PCa (Ardenkjaer-Larsen et al. 2003; Serrao and
Brindle 2016). This method has been shown to enhance the
nuclear polarization by more than 10,000-fold and
therefore significantly increases the sensitivity of in vivo
MRS (Gutte et al . 2015). A suitable 13C-labeled
hyperpolarized substrate is injected intravenously into the
body and its metabolic fate is then monitored using 13C
MRS. The technique requires a special setup that
includes the polarizer which should be placed close to the
MRS scanner for polarization and subsequent use of the sub-
strate. These polarized substrates have a short half-life; there-
fore, after injection of the hyperpolarized substrate,MRSmust
be carried out fast so that there is no significant loss of polar-
ization. This is one of the major limiting factors of DNPMRS.
13C pyruvate is the most widely used substrate as it is a key
metabolite of metabolic pathway glycolysis. The metabolic

flux of 13C pyruvate to 13C alanine, 13C lactate, and 13C
bicarbonate is monitored using in vivo 13C MRS. Nelson
et al. (2013) reported the first application of hyperpolarized
13C MRS in human PCa and demonstrated the safety and
feasibility of the procedure. Patients with PCa showed in-
creased 13C lactate/13C pyruvate ratio in biopsy-proven PCa
patients in comparison to the non-cancerous region within
prostate. Julià-Sapé et al. (2019) reviewed the contribution
of MRS(I) for in vivo evaluation of cancer metabolism fol-
lowing hyperpolarized substrates in various cancers (preclin-
ical and in humans) including prostate, brain, and pancreas.
Keshari et al. (2015) reported the feasibility of a multimodal
approach combining FDGPET and hyperpolarized pyruvate
13C MRS to study changes in PCa metabolism and its
response to nicotinamide phosphoribosyltransferase
inhibition. Recently, Scroggins et al. (2018) evaluated the po-
tential of 13C-hyperpolarized pyruvate MRSI to target the
Warburg effect in PCa. Two human prostate cancer cell lines
(DU145 and PC3) were grown as xenografts. Enhanced con-
version of 13C pyruvate to 13C lactate was seen in DU145
xenograft tumors compared with PC3 xenograft tumors.

HRMAS NMR spectroscopy

High-resolution magic angle spinning (HRMAS) 1HMRS has
shown its potential for providing valuable metabolic

Fig. 2 Representative proton in vivo MRSI spectrum obtained from a
voxel positioned in the normal peripheral zone of a volunteer (a), from
a BPH patient (b), and from a prostate cancer patient (c). Abbreviations

used: Cho, Cho; Cr, creatine; Cit, Cit (reproduced with permission from
John Wiley & Sons from Nayyar et al. 2009)

Fig. 1 T2-weighted axial MR
images of prostate a of a
volunteer and b of a patient
showing the prostate cancer
(white arrows) (reproduced with
permission from Elsevier from
reference Kumar et al. 2018)
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information from ex vivo intact tissue samples (Decelle and
Cheng 2014; Fuss and Cheng 2016). Unlike in vivo MRS, a
great number of metabolites can be identified and quantified
by using HRMAS of tissue samples. Quantification of
the levels of these metabolites have been found to be useful
in understanding the altered metabolism in PCa and identifi-
cation of cancer metabolic markers and can therefore be used
as a clinical tool for PCa diagnosis and prognosis. The advan-
tage of HRMAS is that it preserves tissue architecture and the
same tissue specimens may be used for subsequent histopa-
thology and molecular analysis. Several HRMAS studies have
focused on improving diagnosis and monitoring treatment ef-
fects, understanding prognostication, and correlating the bio-
markers with that obtained with the use of in vivo MRS. A
strong positive correlation was reported between the Gleason
score and [(tCho + creatine + spermine)/Cit] measured by both
in vivo and ex vivo MRS (Selnaes et al. 2013). The role of
metabolic profiling by HRMAS was documented in
the monitoring of tumor aggressiveness and a significant cor-
relation (r = 0.71) between metabolic profiles and the Gleason
score was observed (Giskeødegård et al. 2013). An increase in
the [(tCho + creatine + polyamines)/Cit] ratio was found to
be clinically important indicator of malignancy with a sensitiv-
ity of 86.9% and a specificity of 85.2% to differentiate cancer
from the normal tissues. The concentrations of two metabo-
lites, spermine and Cit, were lower in high-grade cancer which
differentiates them from low-grade cancer (Giskeødegård et al.
2013). Braadland et al. (2017) reported that ex vivo metabolic
fingerprinting is useful in the identification of biomarkers that
can predict cancer recurrence. This retrospective analysis sug-
gested that longer recurrence-free survival was found in pa-
tients having higher spermine and Cit concentrations. Madhu
et al. (2016) investigated the metabolic profile of cancerous
tissue treated with degarelix (a novel gonadotrophin-releasing
hormone blocker) and compared it with untreated patients and
benign tissue by using HRMAS 1H NMR spectroscopy. They
measured the absolute concentrations of several metabolites,
including alanine, lactate, glutamine, glutamate, Cit, Cho com-
pounds, creatine, taurine, myo-inositol, and polyamines.
Untreated PCa patients showed elevated levels of lactate,
alanine, and tCho compared with benign samples. The
treatment with degarelix resulted in the lowering of lactate
and tCho concentrations in biopsies from treated PCa
patients. Vandergrift et al. (2018) compared the HRMASmea-
sured metabolic profiles of benign and cancerous tissues. They
documented the ability of metabolic profiling in identifying the
tumor grade, stage, and in predicting recurrence of cancer. The
metabolic profile of highly aggressive tumors showed elevated
myo-inositol. It was suggested that myo-inositol is an endog-
enous tumor suppressor and can be used as a potential thera-
peutic target. The patients with less aggressive tumors can be
identified using this biomarker and overtreatment can be
avoided. The metabolic information was also suggested to be

useful in stratifying the patients with more risk of recurrence
(Vandergrift et al. 2018).

In vitro MR spectroscopy

In vitro high-resolution NMR spectroscopy based metabolo-
mics studies have been the most powerful and informative
tool to study cancer metabolism. Its advantages include
performing analysis of different types of samples like tissue
extracts, cell extracts, and body fluids like seminal fluid, pros-
tatic fluid, blood, and urine. Also, the use of a high magnetic
field spectrometer (above 400 MHz) in most studies offers the
advantage of both high-resolution and high sensitivity. This
enables identification of large number of metabolites and ac-
curate estimation of their levels compared with other MR
techniques. Further, it provides a more detailed analysis of
altered metabolic pathways during oncogenesis.

The proton NMR spectrum obtained from a malignant pros-
tate tissue, BPH, and a normal tissue is shown in Fig. 3 (Kumar
et al. 2014). A large number of metabolites can be identified
and quantified using such a spectrum. Studies have explored
the use of in vitro NMR studies in various aspects of clinical
management of PCa, including detection, diagnosis
and determination of aggressiveness. Fowler et al. (1992) re-
ported 1H NMR spectroscopy of perchloric acid extracts of
tissues obtained from patients with PCa and compared
against those with BPH. Their results revealed significant dif-
ferences in the metabolite ratios [(Cit + Cr + phosphocholine)/
alanine] and [Cit/glutamate] between cancerous and BPH tis-
sues (Fowler et al. 1992). Adenocarcinoma was characterized
with lower Cit in comparison with BPH (Schiebler et al. 1993).
The potential of spermine as a possible marker for diagnosis
was assessed using in vitro NMR of prostate tissues (van der
Graaf et al. 2000). The increase in sensitivity and specificity
was obtained when lysine and lipids were combined with the
analysis of Cit (Swindle et al. 2003) to distinguish PCa. A
sensitivity of 100% and a specificity of 94% were obtained
using Cho/Cr and lipid/lysine ratios in the detection of PCA
(Swindle et al. 2003). By a pattern recognition approach on
NMR spectroscopy data obtained from biopsy specimens from
BPH, prostatic intraepithelial neoplasia (PIN) and PCa patients
showed distinct MR spectral patterns with a sensitivity of 100%
and a specificity of 97% (Swindle et al. 2008). Hahn et al.
(1997) reported NMR based metabolomics approach to distin-
guish between malignant and benign prostate tissues. The mul-
tivariate analysis models of the NMR spectroscopy data classi-
fied the two groups (BPH and PCa) with 100% sensitivity,
95.5% specificity, and accuracy of 96.6% (Hahn et al. 1997).
They also reported that resonances by Cit, glutamate, and tau-
rine showed significant potential for diagnosis of PCa.

Recently, studies have focused on the analysis of biofluids
by 1H NMR spectroscopy. The metabolite levels in the
biofluids are influenced by changes in the pathophysiology
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of an individual. Thus, metabolic profiling of biofluids has
become an important strategy for identification of
biomarkers and also in elucidating the molecular
mechanisms of diseases. The metabolomics studies, carried
out on PCa patients, focused on metabolic profiling of
a variety of fluids, e.g., prostatic fluid, seminal fluid,

sera/plasma, and urine. Averna et al. (2005) demonstrated
the first use of high-resolution NMR spectroscopy of semen
to diagnose PCa. Their study showed that measurement of Cit
concentration by 1HNMR of seminal fluid potentially could
be a new, rapid, and non-invasive method for screening of
PCa. Kline et al. (2006) compared the concentration of Cit

Fig. 3 Representative example of
the aliphatic region of the in vitro
1H NMR spectra acquired at
400 MHz from a cancer tissue, b
benign prostatic hyperplasia
(BPH) tiisue, and c normal pros-
tate tissue. Ala, alanine; Cit, cit-
rate; Cho, choline; Cr, creatine;
Ile, isoleucine; Lac, lactate; Leu,
leucine; PCr, phosphocreatine;
Val, valine (reproduced with
permission from John Wiley &
Sons from Kumar et al. 2014)
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in the prostatic fluid and the semen of samples from
both patients with PCa and normal controls. The average con-
centration of Cit was 2.7-fold higher in semen from controls
(132.2 ± 30.1 mM) compared with those of PCa patients
(48.0 ± 7.9 mM). They have also found similar results in
expressed prostatic secretions; the concentration of Cit was
found to be 221.4 ± 55.4 mM in healthy controls, which was
significantly higher (p < 0.05) than that measured in prostatic
fluid from PCa patients. Their analysis showed that the diag-
nostic performance of the measurement of Cit in both semen
and prostatic fluid was better compared with conventional
PSA test in detecting PCa. Serkova et al. (2008) also reported
1H NMR spectroscopy of prostatic secretions in patients with
PCa (n = 52) and healthy controls (n = 26). Several metabo-
lites like Cit, myo-inositol, alanine, lactate, phosphocholine,
acetate, glutamine, spermine, and hydroxybutyrate were quan-
tified. Their study also identified Cit, spermine, and myo-
inositol as potential biomarkers for differentiating PCa pa-
tients using prostatic secretions. The decrease in the level of
Cit in seminal fluid was found to be associated with the de-
velopment of cancer of the prostate. Roberts et al. (2017)
also reported that metabolomics of seminal plasma using
NMR spectroscopy has potential for improving the diagnostic
accuracy of PCa. However, there is still a need to validate the
approach in a clinical cohort of high-risk subjects. This ap-
proach has differentiated patients with low and intermediate
risk for developing PCa from those with benign disease indi-
cating its potential utility in risk assessment. The samples from
patients with high grade of PCa showed a high content of
lipids/lipoproteins and lower levels of other metabolites.

Kumar et al. (2015) reviewed the applications of NMR-based
metabolomics of prostate cancer. Bingol and Brüschweiler
(2015) described the advances made in NMR-based metabolo-
mics and how to combine the information obtained by NMR for
elucidation of known and unknown compounds with high-
resolutionmass spectrometry. Pérez-Rambla et al. (2017) report-
ed the metabolic profiling of urine from patients with PCa (n =
64) and compared those with BPH (n = 51). Univariate and
multivariate approaches were used for comparison of metabolic
profiles between the two groups. They found higher concentra-
tions of several metabolites like glutamate, branched-chain ami-
no acids (BCAA), and uridine in PCa patients. The concentra-
tions of metabolites like dimethylglycine, glycine, 4-imidazole-
acetate, and fumarate were lower in PCa patients compared with
those with BPH. Kumar et al. (2016a) studied the metabolic
profiling of filtered sera from patients with PCa and compared
it with the sera obtained from patients with BPH and healthy
controls using 1H NMR. The discriminant function analysis
showed that metabolites like sarcosine, glycine, alanine, xan-
thine, creatine, and hypoxanthine have the potential to differen-
tiate patients with abnormalities in prostate (PCa and BPH) from
healthy controls. The classification accuracy by NMR was
86.2% in comparison with 68.1% by clinical laboratory method

in differentiating BPH + PCa group from healthy controls.
Several metabolites (sarcosine, alanine, glycine, creatinine, gly-
cine, and Cit) were identified as potential biomarkers that differ-
entiated patients with PCa from BPH. This analysis showed that
NMR has a diagnostic accuracy for PCa of 88.3% in compari-
son with the standard clinical laboratory method (75.2%).
Giskeødegård et al. (2015) analyzed the metabolic profile of
blood plasma and serum obtained from patients with PCa (n =
29) and compared them with those with BPH (n = 21). This
study applied three analytical techniques, mass spectrometry,
gas chromatography, and NMR spectroscopy. This comprehen-
sive metabolic analysis illustrated changes in lipid and amino
acid metabolism in patients with PCa in comparison with BPH.
They reported altered levels of fatty acids, phospholipids, and
arginine as discriminating biomarkers for PCa. A sensitivity of
81.5% and specificity of 75.2% were obtained using this inte-
grated approach based on results from three analytical platforms.

Altered metabolism in prostate Cancer

The study of prostate cancer metabolism is of great clinical
interest to understand the mechanism of cancer progression
and for identification of newer therapeutic targets (Giunchi
et al. 2019). Metabolic rewiring alters the pathways in such
a way so as to sustain supply of the necessary biochemicals
and building blocks for rapid proliferation of cells for the
progression of PCa. The MR spectroscopy studies described
in the above sections have shown that a large number of me-
tabolites can be detected and quantified using these methods.
The alterations in these metabolic levels provide evidence for
several changed metabolic pathways in PCa. Additionally, the
knowledge of the metabolic differences between normal
cells and cancer cells aid in the development of new methods
of diagnosis and also for understanding the underlying bio-
chemistry of tumor aggressiveness which can be used to ob-
tain biomarkers of tumor aggressiveness. This information
would be useful in the appropriate clinical management of
PCa patients. The results on altered metabolites using various
MR methods as discussed above have shown that numerous
metabolic pathways including glycolysis, oxidative phosphor-
ylation, amino acid, and lipid metabolism have been seen to be
altered during carcinogenesis.

Consistently the most common and significant observation
using various MR techniques has been the detection of lower
levels of Cit metabolite in PCa patients in comparison with
normal subjects or patients with BPH in various types of sam-
ples including prostate tissue, prostatic fluid, seminal fluid,
and blood plasma samples. In normal healthy cells of
the human body, Citrate oxidation is a key step in the
Kreb’s cycle for aerobic respiration in which Cit is converted
to isocitrate with the help of the enzyme aconitase (Dakubo
et al. 2006). However, healthy prostate epithelial cells exhibit
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a distinct unique metabolic phenotype in comparison to other
types of normal human cells. These cells accumulate large
concentration of Cit, which is secreted as a part of
the prostatic fluid, which is a component of semen from nor-
mal prostate gland (Costello and Franklin 2016). It is found
that the enzyme m-aconitase which transforms the Cit to
isocitrate is inhibited by the accumulation of zinc (Costello
et al. 2005) in the normal prostate cells. Thus the Kreb’s cycle
tend to be arrested beyond the generation of Cit in healthy
prostate cells. The increased transport of zinc due to higher
level of zinc transporter ZIP 1 in the normal prostatic epithelial
cells leads to its accumulation (Costello et al. 2011).

In contrast, the malignant prostate cells exhibit a major
change in metabolism. Malignant cells have zinc wasting phe-
notype, and therefore, there is no inhibition of the enzyme
m-aconitase. Malignant prostate cells oxidize Cit and use the
oxidative phosphorylation pathway to generate energy, and
unlike other cancer cells, they have higher levels of aerobic
glycolysis (Costello and Franklin 2016). The accumulation of
zinc also leads to apoptotic death of mitochondria, and there-
fore, zinc wasting phenotype ofmalignant prostate cells is also
beneficial in avoiding cell death in cancer (Feng et al. 2002).

Furthermore, DNP MRS studies have indicated that malig-
nant cells of PCa exhibited the so called “Warburg effect”
which has been reported in various other cancers (Gutte
et al. 2015; Julià-Sapé et al. 2019; Scroggins et al. 2018).
Higher levels of 13C lactate/13C pyruvate ratio have been
reported in biopsy-proven PCa patients in comparison
to non-cancerous region within the prostate (Nelson et al.
2013). Thus, both glycolysis and Kreb’s cycle pathways have
been found to be altered in PCa for reasons related to enhanced
energy requirements and supply of various substrates for rapid
proliferation of cancer cells. Additionally, it has been reported
that the interactions of the tumor stroma, comprising
the myofibroblastic microenvironment and cancer-associated
fibroblasts, also show the Warburg effect which is induced by
prostate epithelial cancer cells. These fibroblasts also secrete
pyruvate and lactate which is utilized by PCa cells for energy
generation, and biosynthesis of various compounds needed for
cell proliferation (Lucarelli et al. 2015; Pavlides et al. 2009;
Fiaschi et al. 2012). NMR studies have also revealed enhanced
levels of lactate and the amino acid alanine which also support
the enhancement of the glycolytic pathway in PCa (Madhu
et al. 2016; Kumar et al. 2016a).

The levels of several amino acids have also found to be
altered in PCa. Significantly higher levels of alanine, glycine,
lysine, glutamate, and glutamine have been reported in
biopsied tissue of PCa patients as compared with BPH by
HRMAS (Madhu et al. 2016). Sera samples analyzed by
NMR also exhibited altered levels of several amino acids like
alanine and glycine (Kumar et al. 2016a). Altered metabolism
of glutamine and arginine has also been reported (Pan et al.
2015; Moncada et al. 2012). It was documented that higher

levels of amino acids, glutamate, and glutamine in cancerous
tissue might have been due to increase in glutaminolysis
(DeBerardinis et al. 2007). Glutamine plays an important role
in PCa metabolism by its involvement in several pathways in
cells. It is transformed into glutamate by the enzyme gluta-
minase. Glutamate serves as an energy source by transforming
into α-ketoglutarate, which is an intermediate of Krebs cycle
thereby providing energy through oxidative phosphorylation.
Thus, glutaminolysis is a mechanism that PCa utilize to pro-
duce ATP. Up-regulation of the glutaminase enzyme has been
demonstrated in PCa (Pan et al. 2015; Moncada et al. 2012).

Further to this, there is evidence that glutamine plays an
important role in de novo lipid synthesis in various cancers
including PCa (Giunchi et al. 2019; Eidelman et al. 2017).
Elevated uptake of the amino acid glutamine has also been
reported in various cancers for de novo lipid synthesis for the
formation of cell walls during the process of rapid prolifera-
tion. It has been suggested that through the process of reverse
carboxylation, α-ketoglutarate can also be transformed into
Cit under hypoxic condition which leads to lipid synthesis
and tumor growth (Li and Zhang 2016) . Thus ,
the glutaminolysis pathway may also be utilized to synthesis
lipids from glutamine. Glutamine is converted into glutamate,
which then enters into Kreb’s cycle by transforming into α-
ketoglutarate. α-ketoglutarate is then utilized for lipogenesis
through the process of reverse carboxylation.

The metabolism of the amino acid arginine was also found
to be altered in the PCa. Arginine plays numerous roles in the
growth of normal cells. Arginine can be transformed into glu-
tamine and proline amino acids. It also has a unique role in the
synthesis of nitric oxide, which has been shown to be an
effector of cancer cells; however the exact role is not well
understood (Qiu et al. 2015). It has been reported that
a higher level of arginine is required for tumor growth (Feun
et al. 2008). Metabolism based studies using cell lines also
revealed altered levels of several amino acids, like glutamate,
glutamine, leucine, isoleucine, valine, glycine, and alanine in
cancer cells (Teahan et al. 2011). Furthermore, MR studies
have reported that the synthesis of polyamines is a function
of normal prostate cells (Shukla-Dave et al. 2007; Klomp et al.
2011). Lower levels of the polyamine, spermine has been
found in prostate tissue of PCa patients. Additionally, the
studies on seminal and prostatic fluid demonstrated lower
levels of spermine in PCa patients (Lynch and Nicholson
1997; Serkova et al. 2008). It has been reported that poly-
amines are synthesized from the amino acid arginine
(Blachier et al. 1995). Thus, lower level of this metabolite is
indicative of altered arginine metabolism.

MR studies on blood plasma and serum have shown higher
levels of the metabolite sarcosine in PCa patients and its level
can be used to differentiate low-grade from high-grade PCa
(Kumar et al. 2015). These results indicated altered biosynthe-
sis of sarcosine in PCa; however, the role of this metabolite is
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unclear in carcinogenesis. Also, it is reported that the enzyme
glycine N-methyltransferase plays a significant role in PCa
metabolism. The enzyme N-methyltransferase catalyzes the
transformation of glycine to sarcosine and participates both
in the process of gluconeogenesis and metabolism of
the amino acid methionine (Cernei et al. 2013). Data from
NMR spectroscopy of blood plasma samples from PCa pa-
tients revealed reduced levels of glycine in PCa patients,
which could have been due to the enhanced utilization of
glycine for biosynthesis of sarcosine or in gluconeogenesis.

Metabolomics studies using NMR analysis of serum/plasma
of patients with PCa demonstrated changes in membrane me-
tabolism and fatty acids (Giskeødegård et al. 2015). Such al-
terations in fatty acid metabolism (lipid β-oxidation) provide
the requisite energy for rapidly proliferating cancer cells and
these lipids also serve as a key fuel source of PCa cells, partic-
ularly during early cancer progression (Giskeødegård et al.
2015). The malignant cells of the prostate also often use lipids
synthesized from androgens through the expression of an an-
drogen receptor (Heinlein and Chang 2004). It is further report-
ed that PCa cells also synthesize fatty acids through de novo
lipid synthesis which can then be used to generate energy. As
discussed earlier, the enhanced glutaminolysis and reductive
carboxylation of α-ketoglutarate are used to synthesize lipids.
It has been documented that the lipid synthesizing phenotype is
an important aspect in the progression of PCa (Giunchi et al.
2019; Eidelman et al. 2017). There is evidence that certain PCa
cells overexpress markers like fatty acid synthase (FASN),
steroyl CoA desaturase, and sterol regulatory element binding
protein 1 (SREBP1), which indicate their capability of de novo
synthesis of lipids (Deep and Schlaepfer 2016). Altered lipid
metabolism has been shown essential for continued energy
production and membrane synthesis. It is also important for
post-translational modification of signaling molecules which
play a vital role in malignant transformation and progression
of tumors. Therefore, the understanding of the link between
increased lipogenesis and malignant transformation in PCa
has been an important area of research (Wu et al. 2014;
Rysman et al. 2010).

Several metabolomics studies have revealed increased lev-
el of Cho in PCa tissue, indicating alterations in phospholipid
membrane synthesis and hydrolysis (van Asten et al. 2008;
García-Segura et al. 1999; Swindle et al. 2003). In vivo MRS
studies of PCa tissue reported higher levels of membrane com-
ponents like tCho (Jagannathan 2014; Kumar et al. 2008,
2018; Tayari et al. 2017; Kurhanewicz et al. 1993, 1996,
2002). Furthermore, increased levels of tCho and several
other compounds containing Cho have been the most consis-
tently correlated observation in cancer, by all MRS methods,
including in vivo, ex vivo, and in vitro studies of tissues and
cell extracts (Selnaes et al. 2013; Madhu et al. 2016). It has
been reported that increased levels of PC, tCho, and altered
levels of lipids are highly correlated with cancerous cells and

are particularly associated with neoplastic transformation
(Mori et al. 2016). These altered metabolic pathways
also have connection with cancer invasion and metastasis
(Mori et al. 2016).

NMR studies of the blood sera of PCa patients revealed
increased levels of the metabolites creatinine and creatine
compared with BPH patients (Kumar et al. 2016a, b). The
augmented level of these metabolites is also indicative of in-
creased energy requirements of PCa cells for rapid prolifera-
tion (Roberts et al. 2011). Studies have also indicated that
glucose is also utilized through the pentose phosphate path-
way to support various anabolic pathways essential for PCa
growth (Tsouko et al. 2014). It has also been reported that
advanced stage PCa is associated with metabolic syndrome.
This clinical syndrome is characterized by intolerance to glu-
cose, obesity, altered lipid levels in blood, and hypertension
(Grundmark et al. 2010). Further to this point, diabetes and
metabolic syndrome are associated with aggressiveness of
PCa and poor prognosis (Lee et al. 2016). Thus, because of
elevated proliferation rate and enhanced energy requirements,
PCa cells derive energy through various pathways like glycol-
ysis, oxidative phosphorylation as well as through lipids (Jung
et al. 2013; Stenman et al. 2009).

Summary and future directions

In the past two decades, several research groups have evalu-
ated the role of various MRS techniques in the study of me-
tabolism of PCa and the utility of metabolic biomarkers in the
clinical management of PCa, its detection, assessment, and in
determining aggressiveness of PCa. In vivo MRS revealed
unique metabolic features of malignant PCa cells character-
ized with lower Cit, polyamines, and high levels of tCho con-
taining compounds indicating high proliferative activity.
HRMAS 1H MRS has demonstrated that it is potential in
providing valuable metabolic information from ex vivo intact
tissue samples. Unlike in vivo MRS, a greater number of
metabolites can be identified and quantified using HRMAS
of tissue samples. High-throughput profiling approaches play
a significant role in the delineation of abnormalities in meta-
bolic pathways accompanying tumorigeneses and metastases.
Metabolomics approaches involving simultaneous identifica-
tion and quantification of all the metabolites involved in bio-
synthetic and catabolic processes in the cell have improved
our understanding of altered metabolic pathways in PCa. The
principal metabolic pathways altered in PCa cells include the
citric acid cycle, oxidative phosphorylation, glycolysis, amino
acid metabolism, lipid catabolism and biosynthesis. This anal-
ysis provided diagnostic and predictive biomarkers which
may be used for clinical management of PCa. The NMR spec-
troscopy techniques have immense potential in the exploration
of metabolic reprogramming of oncogenesis. However, most
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studies on PCa have focused only on determining biomarkers
for diagnosis or assessment of aggressiveness. An integrated
approach analyzing various types of samples like blood plas-
ma, urine, seminal fluid, and prostatic fluid may help
in determining newer biomarkers for enhanced diagnostic
and prognostic potential and dysregulatedmetabolic pathways
in PCa. These methodologies may help in making decisions in
various situations of clinical dilemmas in PCa management.
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