
Spectroscopy and Tumor Metabolism

• Understand the important metabolic changes that 
occur in cancer and their cause.

• Awareness of the NMR approaches and pre-clinical 
model systems used to identify metabolic targets for 
patient imaging studies.

• Awareness of 1H & hyperpolarized 13C MRI metabolic 
imaging methods that can be used to assess tumor 
metabolism and the types of clinical questions that 
can be addressed.

Learning Objectives

Cancer – A Metabolic Disease

plasma membrane. Akt stimulates glycolysis through the activat-
ing phosphorylation of 6-phosphofructo-2-kinase (PFK2) and
fatty acid synthesis through the phosphorylation of ATP citrate
lyase (Manning and Cantley, 2007). Through mechanisms that
are not fully elucidated, Akt stimulates the association of HK1
and HK2 with mitochondria (Pastorino et al., 2005), thus linking
residual ATP synthesis by mitochondria to the catalysis of the
first, rate-limiting step of glycolysis. In addition, PI3K causes
the transcriptional downregulation of carnitine palmitoyltransfer-
ase 1A (CPT1A) (Deberardinis et al., 2006), an enzyme located in
the outer mitochondrial membrane that esterifies long-chain
fatty acids to carnitine, thereby initiating the mitochondrial im-
port of fatty acids and channeling them to b-oxidation. One of
the net effects of PI3K activation is hence an inhibition of b-oxi-
dation, which may contribute to the ‘‘glucose addiction’’ of can-
cer cells (Deberardinis et al., 2006). PI3K activation also induces
FASN, and the activating phosphorylation of Akt and FASN
correlates in tissue microarrays (e.g., in ovarian cancer) (Wang
et al., 2005).

mTOR, a serine/threonine kinase, is activated downstream of
the constitutively activated PI3K/Akt system. mTOR enhances
cap-dependent protein translation and cell growth while inhibit-
ing catabolic reactions mediated by autophagy. Several clinical
trials are currently examining the therapeutic efficacy of mTOR
inhibitors (Faivre et al., 2006). Increased activation of the PI3K/
Akt/mTOR pathway leads to phosphorylation of 4E-BP1, an
inhibitor of the eukaryotic translation initiation factor eIF4E,

resulting in increased eIF4E activity and cap-dependent transla-
tion in cancers. eIF4E overexpression can be tumorigenic, and
its inhibition can suppress the growth of xenografted human
cancers (Graff et al., 2007). Conversely, mTOR is inhibited by
hypoxia, and breast cancers often overexpress 4E-BP1 and
eIF4G to increase the cap-independent translation of proangio-
genic, hypoxia, and survival mRNAs (Braunstein et al., 2007).
Hence, the contribution of cap-dependent versus cap-indepen-
dent translation to cancer growth remains to be investigated in
further detail.
Evading Apoptosis
Defective apoptosis not only is crucial for initial oncogenesis
but contributes to chemotherapy resistance. Cancer cells often
manifest resistance against mitochondrial membrane permeabi-
lization (MMP), which is one of the decisive steps of apoptosis
(Kroemer et al., 2007). One link between apoptosis inhibition
and metabolic reprogramming may be provided by the associa-
tion of HK with the voltage-dependent anion channel (VDAC). HK
has been shown to associate more tightly with the outer mito-
chondrial protein VDAC in tumor cells than in normal control cells
(Pedersen, 2007). This increased HK-VDAC interaction may be
due to the constitutive activation of Akt. Akt induces the translo-
cation of HK to the outer mitochondrial membrane where it binds
to VDAC, presumably because Akt interferes with the glycogen
synthase kinase 3 (GSK3)-mediated phosphorylation of VDAC
(Pastorino et al., 2005) or because Akt phosphorylates HK
(Miyamoto et al., 2008). When associated with VDAC, HK may

Figure 3. The Seven Hallmarks of Cancer and Their Links to Tumor Metabolism
The hypothetical links between different metabolic alterations and the seven nonmetabolic characteristics of neoplasia (circle) are depicted. Centripetal arrows
(pointing from the inside outwards) indicate how the seven hallmarks of cancer can impinge on metabolism. Centrifugal arrows (pointing from the outside inwards)
illustrate how neoplasia-associated metabolic reprogramming can contribute to the acquisition of the seven hallmarks. Ang-2, angiopoietin-2; GLUT, glucose
transporter; HIF, hypoxia-inducible factor; HK, hexokinase; OXPHOS, oxidative phosphorylation; PGM, phosphoglycerate mutase; PI3K, phosphatidylinositol
3-kinase; SCO2, synthesis of cytochrome c oxidase 2; VDAC, voltage-dependent anion channel; VEGF, vascular endothelial growth factor.
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Guido Kroemer and Jacques Pouysségur, 
‘Tumor Cell Metabolism: Cancer“s Achilles” 
Heel’, Cancer Cell, 13: 6, June 2008, 472–482.

• Tumors rewire metabolism to meet the 
bioenergetics and biosynthetic
demands of cancer cell growth. 

• The tumor metabolic phenotype 
typically includes increased 
consumption of glucose and 
glutamine, changes in the use of 
metabolic enzyme isoforms, and 
increased secretion of lactate.

• Oncogenes and tumor suppressors 
have key roles in cancer-associated 
changes in metabolism.

• Tumors also rewire metabolism for 
protection against reactive oxygen 
species and to affect their 
microenvironment through secreted 
lactate and low extracellular pHe.



Glycolysis, TCA and Glutaminolysis
• There is higher flux of glucose through 

most metabolic pathways in tumor cells 
compared with normal cells. More glucose 
carbons are incorporated in lactate, citrate, 
glutamate, and metabolites involved with 
fatty acid synthesis, to oxidative 
phosphorylation in some tumors.  

• Meeting all of these conditions requires 
increased glucose uptake which has been 
observed by FDG PET studies in most, but 
not all tumors.

• Pyruvate from glycolysis often enters a 
truncated TCA cycle

• This truncated TCA cycle results in a flow of 
metabolites out of the TCA cycle 
(cataplerosis) that needs to be balanced by 
an influx of metabolites (anaplerosis). In 
many cancer cells, glutamine fulfills this role

Red lines indicates up-regulation
Green lines indicates down-regulation

Hilary A Coller, Is Cancer a Metabolic Disease? The 
American Journal of Pathology, 184: 1, January 2014, 4–
17. 

• Increased phospholipid 
metabolism – provides a 
measure of cellular proliferation 
– cell membrane synthesis.  
However, cellular degradation 
and other metabolic pathways 
can affect phospholipid 
metabolite levels

Phospholipid Metabolism
Kennedy Cycle

• Increased reducing capacity -
The use of aerobic glycolysis 
protects tumor cells from ROS 
that would be generated by 
performing oxidative 
phosphorylation. Both glucose 
and the glutamine consumed by 
cancer cells can be metabolized 
to generate NADPH.

The Cancer Metabolic Phenotype

Metabolic Impact - Oncogenes and Tumor Suppressor Genes

oxidative tumor cells (eg, those near blood vessels) have been
proposed to consume lactate secreted by tumor cells that are
engaging in aerobic glycolysis.53 Absorbed lactate can be
converted to pyruvate and used to fuel oxidative phosphory-
lation in these well-oxygenated cells. The reliance of aerobic
cells within a tumor on lactate as a fuel may preserve the
available glucose for the hypoxic cells that strictly require it.53

Metabolism of the Tumor Stroma

It has also been proposed that cells within the host tissue,
the stroma, and not the tumor cells, perform aerobic
glycolysis. Stromal cells, for example, the fibroblasts, in the
tumor microenvironment can actively support malignant
transformation88 and metastasis.89 A hypothesis has been
proposed that the tumor stroma is glycolytic and that stro-
mal cells express MCTs that exude lactate, whereas tumor
cells perform oxidative metabolism and express transporters
that consume lactate.90,91 The proposed model is that tumor
growth is fueled by lactate, ketones, and glutamine provided
by stromal cells that are then absorbed by cancer cells and
used for oxidative phosphorylation. It has been further
suggested that the PET avidity observed by tumors reflects
2-deoxy-glucose uptake by nearby stromal and inflamma-
tory cells rather than the cancer cells themselves.84 This
model has been called the reverse Warburg effect because
the increased glycolysis occurs in the surrounding stromal
cells, rather than the tumor cells.91 From this perspective,
cancer is viewed as a parasitic disease that steals energy-rich
metabolites from the host organism.91e93

Summary of Molecular Mechanisms of Cancer
Metabolism

In summary, although studies have recently questioned the
glucose flux paradigm,87,91 the prevailing model is that
there is higher flux of glucose through most metabolic
pathways in tumor cells compared with normal cells. More
glucose is transmitted to metabolic intermediates, lactate,
citrate, and fatty acid synthase, and possibly even more to
oxidative phosphorylation.78 Meeting all of these condi-
tions would seem to require a large increase in glucose
uptake in tumors. PET imaging has confirmed the
increased glucose consumption in many, but not all, tu-
mors, and glucose consumption rates exceed the amounts
that can be easily explained by needs for energy or me-
tabolites.2 Glutamine consumption follows a similar
pattern of excess consumption.79 We consider now the
mechanisms that enforce this metabolic shift and possible
explanations for its occurrence.

Oncogenes and Tumor Suppressors Enforce the
Metabolic Shift

The key to understanding the mechanism(s) affecting
changes in metabolism in tumors lies in the discovery that

oncogenes and tumor suppressors consistently activated or
deleted in tumors are important regulators of meta-
bolism.78,94 The oncogenic molecules AKT, MYC, and
hypoxia-inducible factor-1 (HIF-1) can all contribute to the
metabolic shift that occurs during carcinogenesis (Figure 3
and Table 1), whereas the tumor suppressor p53 acts to
minimize the glycolytic phenotype and its loss contributes
to aerobic glycolysis and the tumor metabolic phenotype. In
tumors, multiple oncogenic mutations likely cooperate with
each other to result in a phenotype in which cells absorb
nutrients to meet or even exceed the bioenergetic demands
of cell growth and proliferation.

PI3K/AKT

In non-transformed cells, the phosphatidyl inositol-3-kinase
(PI3K) pathway is activated in response to growth signals.15

In a sizable fraction of all cancers, the PI3K pathway is
constitutively activated through mutation or amplification,95

resulting in constitutive activation of AKT kinase and a
growth-promoting metabolic program. AKT activation in-
creases the glycolytic rate, in part by increasing GLUT1
expression15 and translocation of GLUT1 to the plasma
membrane.16 AKT causes the glycolytic enzyme, hexoki-
nase, to associate with the mitochondrial outer membrane.30

AKT also performs an activating phosphorylation of PFK
that releases its inhibition by ATP.33 Finally, AKT promotes
the conversion of citrate to fatty acids by phosphorylating and
activating ACL.57 By simultaneously reducing the expres-
sion of carnitine palmitoyltransferase 1A,96 an enzyme that
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Figure 3 Metabolic effects of oncogenes and tumor suppressors.
Scheme shows the metabolic reactions in central carbon metabolism
affected by AKT (orange), MYC (blue), HIF (green) and p53 (red). Arrows
indicate activation; lines, repression. DHAP, dihydroxyacetone phosphate;
GAP, glyceraldehyde 3-phosphate; GDH, glutamate dehydrogenase; GLS,
glutamine synthetase; HK, hexokinase; KG, a-ketoglutarate; LDH, lactate
dehydrogenase; OAA, oxaloacetate; PEP, phosphoenolpyruvate.

Coller
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• The oncogenic molecules 
AKT, MYC, and hypoxia-
inducible factor-1 (HIF-1) 
can all contribute to the 
cancer metabolic 
phenotype, whereas the 
tumor suppressor p53 acts 
to minimize the glycolytic 
phenotype and its loss 
contributes to aerobic 
glycolysis.

• Oncogene – gene that  
causes cancer – mutated or 
highly expressed

• Tumor suppressor gene –
anticancer function Coller HA. The American Journal of Pathology 2014;184:4–17.



Model systems used to  study metabolomics by MR 
spectroscopy

§ In vitro 

• Cell/tissue extracts

• Intact cells

§ Ex vivo 

• Patient derived tissue

• Perfused organs

§ In vivo

High resolution aqueous NMR spectroscopy

High resolution magic angle spinning NMR 
spectroscopy

Micro imaging spectrometers + perfusion 
systems

Requires localization via imaging gradients or 
surface coils

Model systems – Ex vivo – cell extracts

Per-chloric	acid	

Aqueous	
layer

Lyophilizer

Lyophilized	
powder	
reconstituted	in	
D2O	with	TSP

MR compatible 3D cell/tissue culture bioreactor

§Precision engineered
§Susceptibility matched 

§Perfusion system with well controlled temperature and 
oxygen delivery

§Enables serial dynamic multinuclear measurement 
on the same sample
§ Small sample chamber 

§ Minimized use of sample

§ High mass sensitivity 
§ High B0 field homogeneity

7/30/15BioE297 Hyperpolarized MR Seminar9

RF Coil

Susceptibility matched plug

Inlet

Alginate Microspheres

Cells

Restrictive Baffle

5mm NMR tube

Perfusate

Keshari KR, Wilson DM, Van Criekinge M, Sriram R, Koelsch BL, Wang ZJ, VanBrocklin HF, Peehl DM, 
O'Brien T, Sampath D, Carano RAD, Kurhanewicz J. Metabolic response of prostate cancer to 
nicotinamide phophoribosyltransferase inhibition in a hyperpolarized MR/PET compatible bioreactor. 
Prostate doi:10.1002/pros.23036.



Alginate microspheres

7/30/15BioE297 Hyperpolarized MR Seminar10

Power	Injector

3-4kV	applied	
between	
electrodes

Magnetic	stirrer

alginate,	red	dye

Microspheres
left	in	CaCl2 to	
polymerize	for	
10	minutes.	

150mM	CaCl2
bath

Identification of Metabolic Targets for Imaging Studies
MRI-guided Human Tissue Analyses

High Resoltuion NMR

PET/HP MR cell and tissue 
culture bioreactor Studies

lac/pyr

Patient Studies

MRI

PET
PET/MRIImage guided

Biopsies

13C1

lac/pyrMurine Model Studies

NMR approaches to study metabolic alterations

§Steady state metabolite profile

§ Isotopomer based flux analysis

§Hyperpolarized real time enzyme kinetics

1H / 31P spectroscopy

13C enriched substrate 
based spectroscopy

DNP based 13C enriched 
metabolites. Requires 
“live” cells/tissue

§ 31P  spectroscopy has been used for studying bioenergetics, 
pH and physiology using steady state spectroscopy as well as 
magnetization transfer techniques



Steady state metabolism using 1H spectroscopy

§ Models implemented in 

• Cell / Tissue extracts

• Intact cells

§ Ex vivo 

• Patient derived tissue

§ In vivo

1D à CPMG, presat
2D à TOCSY

High resolution magic angle spinning NMR 
spectroscopy

Requires localization via imaging gradients or 
surface coils

1H NMR Spectroscopy – Extracts & Intact Tissues
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High Resolution 1H NMR of Cancer Tissue

Immunohistochemistry
MIB-1-Proliferation

Molecular Analysis

High Resoultion Magic Angle Spectroscopy of image targeted human biopsy sample, By spinning at the magic
angle (54.7°) and using moderate spin rates (2,250 Hz), solution-like spectra can be acquired prior to pathologic,
immunohistochemical, proteomic, and/or genetic analysis of the same samples.

Swanson Magn Reson
Med, 2003;50(5):944-54; 
Magn Reson Med, 
2006;55(6):1257-64; Magn
Reson Med. 2008 
Jul;60(1):33-40. Zektzer
AS, Magn Reson Med, 
2005;53(1):41-8.;  Keshari
KR, Magn Reson Med, 
2005;53(3):519-27; Albers 
MJ, Magn Reson Med. 
2009 Mar;61(3):525-32; 
Santos CF, NMR Biomed. 
2010 May;23(4):391-8.
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Citrate
Spermine

Long echo CPMG + TOCSY

Metabolic  Biomarkers of Prostate Cancer

40% glandular, 
60% HS

Prostate Cancer

Ala

LacPC+GPC

Snap Frozen -
Human Biopsy 

Tissue

50% G(3+4), 50% HS

Cho



Keshari, et. al. NMR Biomed. Correlation of phospholipid metabolites with 
prostate cancer pathologic grade, proliferative status and surgical stage - impact 
of tissue environment. NMR Biomed. 2011; 24(6),691-699. 

Phospholipid Metabolism
Kennedy Cycle

Grade é
PC + GPC é

Phospholipid Metabolism – Cancer Aggressiveness(Pathologic Grade)

Metabolic Biomarkers of Prostate Cancer
HR-MAS spectroscopy of 98 snap frozen Patient Prostate biopsies
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• [PC + GPC] and [lactate] obtained from post-radiation 
MRI targeted prostate cancer biopsies discriminated 
residual cancer after failed radiation therapy.

• [PC + GPC] was able to discriminate 
proliferating/aggressive (Ki-67 > 5%,  Primary Gleason 
score 4) prostate cancer from indolent/dying prostate 
cancer after failed radiation therapy.

tCho
Cr

Metabolic Biomarkers of Therapeutic Response – Radiation Therapy

Zhang VY, et. al. The role of metabolic imaging in radiation therapy of 
prostate cancer. NMR in Biomedicine. 2014 Jan;27(1):100-11



Unique Glucose Metabolism in Prostate Cancer

• Both	Benign	and	malignant	prostate	exhibits	high	glycolytic	metabolism	
limiting	FDG	PET	imaging.1-3

• Fundamental	switch	in	cancer	is	the	utilization	of	carbons	not	the	uptake	of	
glucose.

• Normal	prostate	– a	majority	of	glucose	carbons	end	up	in	citrate,	not	
utilized	in	the	TCA	cycle,	but	secreted	into	ducts	and	ending	up	in	semen.

• Prostate	Cancer	– glucose	carbons	end	up	in	a	combination	of	lactate	
(aerobic	glycolysis),	citrate	which	is	subsequently	utilized	in	TCA	cycle	and	
lipid/phospholipid	metabolism.

1Costello and Franklin Mol Cancer 2006, 2Costello and Franklin Mol Cell Biochem 2005, 3Keshari, Kurhanewicz et al. The Prostate, 2013 

In vivo 31P spectroscopy in prostate

§Cancer tissue had increased 
PME and PDE and reduced 
PCr compared to normal 
prostate

410 KURHANEWICZ ET AL. 

normal volunteer, a 74-year-old patient with BPH, and a 67-year old patient with 
stage C prostatic cancer are shown in Fig. 5 .  TRUS indicated that the BPH patient 
had an enlarged prostate and no evidence of malignancy. Morphometric evaluation 
of the prostate indicated that the cancer patient had a large peripheral zone cancer 
having a mean diameter of 2.8 cm, occupying approximately 60% of the peripheral 
zone. Due to the overall decrease in signal-to-noise evidenced in cancer compared to 
normal spectra ( 18% based on the B-ATP resonance), all spectra were processed with 
a larger line broadening of 20 Hz. These spectra show progressively increased PME 
in BPH and prostatic cancer, resulting in a significantly different (P < 0.01) PME/ 
MDPA ratio for malignant prostates (2.4 k 0.3) compared to normal prostates ( 1.2 
+. 0.2). Additionally there was no overlap between the individual PME/MDPA ratios 
of normal and malignant prostates. There was, however, substantial overlap between 
the individual PME/MDPA ratios of patients with BPH (1.4 f 0.3) and those of 
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FIG. 5 .  Transrectal "P MR prostate spectra from (A )  a normal volunteer, 28 years of age; (B)  a 74-year- 
old patient with BPH; (C) and a 67-year-old patient with stage C prostate cancer. 31P spectra were typically 
obtained from 200-600 acquisitions with a pulse having an in-plane 180"-2 10" flip angle, an interpulse 
delay of 3 sand a total acquisition time of 10-30 rnin using the 2.0-cm-diameter transrectal coil. AU spectra 
were processed using convolution difference and a 20-Hz exponential apodization prior to Fourier trans- 
formation. Kurhanewicz, J., Thomas, A., Jajodia, P., Weiner, M. W., James, T. L., Vigneron, D. B., & Narayan, P. (1991). 31P spectroscopy of the human prostate glandin vivo using a 

transrectal probe. Magnetic Resonance in Medicine, 22(2), 404–413. 

Isotopomer based metabolism using 1H/ 13C spectroscopy

§ Models implemented in 

• Cell / tissue extracts

• Intact cells

§ Ex vivo 

• Organs

§ In vivo

1H (1D , 2D), 1H{13C}
13C

Dynamic acquisition in a perfusion set-up

Requires localization via imaging gradients or 
surface coils

§ Quantification of intracellular fluxes 
§ Isotopomer (Isotope + Isomer)
§ Implies

• “live” cells
• Requires 13C enriched substrate



Isotopomer detection using 1H spectroscopy
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(PDAC).24 With this method we were able to readily quantify
this phenomenon as compared to other cancer cell lines.
Interestingly, we also observed high rates of tryptophan

consumption (Figure 1B) in both HK-2 and UOK-262 renal
cells, as compared to the other cell lines. A recent study
demonstrated the importance of tryptophan metabolism in
RCC tumorigenesis. First, the catabolism of tryptophan
produces kynurenine, which has the capability to reduced
immune response interfering directly with infiltrating tumor T
cells. Moreover the catabolism of this amino acid leads to the
production of quinolinate and NAD+, a reducing cofactor
essential to increase the energetic potential of cancer cells.25 In
this study, we confirm tryptophan as an important biomarker
for renal cancer cells.
In Vitro [1,6-13C]Glucose Tracing Studies Using 1H

NMR. Numerous metabolomics studies, using NMR as a tool
to quantify and track metabolites, have been performed with
direct 13C measurement. Here, we demonstrate a reduced
acquisition time of many orders of magnitude than the time for
recording 2D NMR or direct 13C NMR (30 min each sample
compared to several h) as well as the acquisition of quantitative
data. 13C−1H coupling of 13C enriched metabolites derived
from [1,6-13C]glucose has been determined by 1H NMR.
Figure 2B shows an example of the effect of the enrichment in
[3-13C]lactate derived from incubation of cells with enriched
glucose. 1H of the methyl group of unlabeled lactate resonates
at 1.32 ppm. Isotopic enrichment of 3-13C lactate was detected
by J-splitting (128 Hz) of the methyl resonance (1.32 ppm).
Using this phenomenon we are able to easily distinguish
between the lactate derived from the tracing study and the
lactate from total pool size and accurately measure both

components. With 12C and 13C measurements in hand, we can
then calculate the Fractional Enrichment (FE) of each
compound of interest, here comparing a sample, which is
unlabeled to a labeled sample.
In order to overcome the problem of peak overlap, we

identified nonoverlapping parts of a metabolite spin system to
quantify the compound concentration and then deconvolution
of overlapping peaks for separation of resonances of interest
with a minimal residual. A table of identified and quantified
compounds (Figure S1A) illustrates the 21 metabolites we
assessed in these cell lines. For example, using the 1Hs attached
to the C4 of glutamate (2.33−2.36 ppm) we were able to
quantify this metabolite. The multiplets of C4 glutamate are in
a region of the spectra with less overlap in comparison to other
regions, and therefore easy to fit. To confirm fit, along with
good quantification, we were able to assess the expected area of
another glutamate resonance at 2.0 ppm as a control (Figure
S1B). All resonances were fit using the complete spin system in
our nonenriched samples.
To study glucose metabolism, we performed tracing

experiments using [1,6-13C]glucose. Figure 2A illustrates the
fate of [1,6-13C]glucose in cells with the respective labeling
position of the 13C enriched metabolites. [1,6-13C]glucose
enters the cells via glucose transporters (GLUTs) and is rapidly
converted by hexokinase to [1,6-13C]glucose-6-P, which
continues through the glycolytic pathway ending in [3-13C]-
pyruvate. In the setting of normal cells under typical normoxic
conditions, [3-13C]pyruvate continues into the tricarboxylic
acid cycle (TCA cycle) with first a decarboxylation by PDH to
yield [2-13C]Ac-CoA, which can continue through the cycle to
[4-13C]α-KG. [4-13C]α-KG can then continue through the

Figure 2. (A) Simplified schematic of [1,6-13C]glucose metabolism in glycolysis and the TCA cycle. Open circles are 12C atoms, filled red circles are
13C atoms, and black dots are protons attached to 13C atoms. Numbers refer to the position of the 13C atom. (B) 1H spectra of UOK-262
demonstrating the effect of 13C enrichment on lactate and alanine. The green bar indicates the change in the 1H−12C resonance for each metabolite,
here lactate and alanine, and by fitting it in both instances we derive a ΔMetabolite, which corresponds to the contribution of 13C labeling. (C)
Labeled intracellular and (D) extracellular pool size of 13C labeled water-soluble molecules with their respective FE after 3 h incubation with
[1,6-13C]glucose. HK-2, UOK-262, PANC-1, and GIST-T1 are represented with red, blue, yellow, and green bars, respectively.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.6b03307
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(PDAC).24 With this method we were able to readily quantify
this phenomenon as compared to other cancer cell lines.
Interestingly, we also observed high rates of tryptophan

consumption (Figure 1B) in both HK-2 and UOK-262 renal
cells, as compared to the other cell lines. A recent study
demonstrated the importance of tryptophan metabolism in
RCC tumorigenesis. First, the catabolism of tryptophan
produces kynurenine, which has the capability to reduced
immune response interfering directly with infiltrating tumor T
cells. Moreover the catabolism of this amino acid leads to the
production of quinolinate and NAD+, a reducing cofactor
essential to increase the energetic potential of cancer cells.25 In
this study, we confirm tryptophan as an important biomarker
for renal cancer cells.
In Vitro [1,6-13C]Glucose Tracing Studies Using 1H

NMR. Numerous metabolomics studies, using NMR as a tool
to quantify and track metabolites, have been performed with
direct 13C measurement. Here, we demonstrate a reduced
acquisition time of many orders of magnitude than the time for
recording 2D NMR or direct 13C NMR (30 min each sample
compared to several h) as well as the acquisition of quantitative
data. 13C−1H coupling of 13C enriched metabolites derived
from [1,6-13C]glucose has been determined by 1H NMR.
Figure 2B shows an example of the effect of the enrichment in
[3-13C]lactate derived from incubation of cells with enriched
glucose. 1H of the methyl group of unlabeled lactate resonates
at 1.32 ppm. Isotopic enrichment of 3-13C lactate was detected
by J-splitting (128 Hz) of the methyl resonance (1.32 ppm).
Using this phenomenon we are able to easily distinguish
between the lactate derived from the tracing study and the
lactate from total pool size and accurately measure both

components. With 12C and 13C measurements in hand, we can
then calculate the Fractional Enrichment (FE) of each
compound of interest, here comparing a sample, which is
unlabeled to a labeled sample.
In order to overcome the problem of peak overlap, we

identified nonoverlapping parts of a metabolite spin system to
quantify the compound concentration and then deconvolution
of overlapping peaks for separation of resonances of interest
with a minimal residual. A table of identified and quantified
compounds (Figure S1A) illustrates the 21 metabolites we
assessed in these cell lines. For example, using the 1Hs attached
to the C4 of glutamate (2.33−2.36 ppm) we were able to
quantify this metabolite. The multiplets of C4 glutamate are in
a region of the spectra with less overlap in comparison to other
regions, and therefore easy to fit. To confirm fit, along with
good quantification, we were able to assess the expected area of
another glutamate resonance at 2.0 ppm as a control (Figure
S1B). All resonances were fit using the complete spin system in
our nonenriched samples.
To study glucose metabolism, we performed tracing

experiments using [1,6-13C]glucose. Figure 2A illustrates the
fate of [1,6-13C]glucose in cells with the respective labeling
position of the 13C enriched metabolites. [1,6-13C]glucose
enters the cells via glucose transporters (GLUTs) and is rapidly
converted by hexokinase to [1,6-13C]glucose-6-P, which
continues through the glycolytic pathway ending in [3-13C]-
pyruvate. In the setting of normal cells under typical normoxic
conditions, [3-13C]pyruvate continues into the tricarboxylic
acid cycle (TCA cycle) with first a decarboxylation by PDH to
yield [2-13C]Ac-CoA, which can continue through the cycle to
[4-13C]α-KG. [4-13C]α-KG can then continue through the

Figure 2. (A) Simplified schematic of [1,6-13C]glucose metabolism in glycolysis and the TCA cycle. Open circles are 12C atoms, filled red circles are
13C atoms, and black dots are protons attached to 13C atoms. Numbers refer to the position of the 13C atom. (B) 1H spectra of UOK-262
demonstrating the effect of 13C enrichment on lactate and alanine. The green bar indicates the change in the 1H−12C resonance for each metabolite,
here lactate and alanine, and by fitting it in both instances we derive a ΔMetabolite, which corresponds to the contribution of 13C labeling. (C)
Labeled intracellular and (D) extracellular pool size of 13C labeled water-soluble molecules with their respective FE after 3 h incubation with
[1,6-13C]glucose. HK-2, UOK-262, PANC-1, and GIST-T1 are represented with red, blue, yellow, and green bars, respectively.
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Isotopomer detection using 1H TOCSY

In contrast to the ribose moieties of the nucleotides,
the cross-peak region of the uracil bases in rUXPs
(figure 2B) revealed the presence of five isotopomers,
corresponding to 13C6/12C5, 12C613C5, 12C612C5 and
13C613C5, with a substantial contribution from the
double label 13C613C5 (and see below). This pattern was
qualitatively similar to that of Asp, which is consistent
with Asp participating in the de novo synthesis of the
pyrimidine nucleotides in these cells.

Thus, it is clear that the cross-peak patterns are
highly diagnostic of the labeling pattern. Figure 3 shows
the possible isotopomer cross-peak patterns that can be
obtained for a 2-carbon fragment, e.g. XCHa–ChbY. In
the case that neither carbon is labeled significantly, only
a single cross-peak is observed (denoted as an open
circle). However, if either Ca or Cb is significantly
labeled, one of two patterns results, which immediately
indicates which of the two atoms is labeled. If both
atoms are labeled, but not in the same molecule, the
superposition of these patterns is obtained, which
appears as a Greek cross (figure 3). If both carbons are
labeled in the same molecule, then the satellite peaks
form a square, and so is readily distinguished from the
superposition of two singly labeled isotopomers. This is
the pattern observed for lactate (figure 2A). Other pat-
terns involving superpositions are also possible, as

shown in figure 3. For example, the metabolite could be
a mixture of unlabeled species, two singly labeled species
and the doubly labeled species, as was observed for all
cross-peaks of glutamate (figure 2A). It is also obvious
that the relative intensities of these patterns are not
identical. This reflects contributions from the pathways
leading to isotope incorporation into the metabolites.

3.2. Isotopomer quantification

Due to the spectral overlap, only a few metabolites
can be readily identified and quantified in 1D spectra.
The enrichment at a given 13C site is calculated as the
ratio of the satellite peak intensity to that of the satellite
plus the unlabeled peaks; quantification requires that
both the labeled and unlabeled forms be resolved. Fur-
thermore, protons attached to 13C relax faster than
protons attached to 12C. Thus, depending on the
experimental conditions, this differential relaxation of
the satellite and central peaks may need to be corrected
to avoid distortion of the intensity ratios or overesti-
mation of the % enrichment. To determine the degree to
which the observed ratio is affected by differential

Figure 3. TOCSY Isotopomer cross-peak patterns. Open circles rep-
resent a proton attached to 12C and filled circles protons attached to
13C. The figure shows all possible isotopomers for a Cha–CHb frag-
ment, including the mixtures of labeled and unlabeled species.

Table 2
Dependence of apparent 13C enrichment on relaxation delay in

TOCSY spectra

RD (s) % of total

Lactate methyl peak
12C 13Ca 13C (corrected by T1)

b

1.84 26.4 73.6 72.2
2.1 26.3 73.7 72.4
2.84 26.2 73.8 72.8
4.84 27.9 72.1 71.7
Analysis of Uri H6/H5

12C512C6 12C513C6 13C512C6 13C513C6
1.84 55.0 14.4 10.0 20.5
2.10 60 12.9 9.8 17.2
2.84 57 13 11.4 18
4.84 58.7 14.7 8.7 17.8
ATP and UTP + UDP riboses

12C (Pur) 13C (Pur) 12C (Pyr) 13C (Pyr)
1.84 5.1 94.9 16.7 83.3
2.1 4.1 95.9 18.9 81.1
2.84 6.2 93.7 22.2 77.3
4.84 4.0 96.0 20.5 79.5
Analysis of glutamate a c cross-peaks

12Ca12Cc 13Ca13Cc 12Ca13Cc 13Ca12Cc
1.84 54 27 18 <5
2.1 59 26 15 <5
2.84 49 28 21 2
4.84 53 25 22 <5

TOCSY spectra were recorded as described for figure 2. The relaxation
delay (RD) period was systematically increased. The apparent
enrichment is give as the % of total defined as the volume of the
satellite peaks normalized to the total cross-peak volume.
a1D integration with a 13 s relaxation delay, %13C = 74.
bPeak areas corrected assuming exponential relaxation and T1 values
given in table 1.
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§ Labeling studies using [3-13C] Glutamine

§ Androgen independent PC3 (representative of 
NEPC) cells have increased glutaminolysis
compared to prostate adenocarcinoma (LnCaP)
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• Human prostate tissues [3-13C] Pyruvate Labeling for 2 - hours in culture. 
• Increased conversion of [3-13C]pyruvate to [4-13C]glutamate, [3-13C]aspartate and 

[3-13C]lactate, and no labeling of citrate in malignant relative to benign tissue 
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Isotopomer detection using 13C spectroscopy
§ TCA cycle is the dominant player in metabolism

• Common pathway for oxidation 
• Provides anaplerotic substrates for biosynthesis 

§ Carbons flow at high rate although the TCA intermediates 
are at low concentration

§ Glutamate  a TCA intermediate in fast exchange with 
aKG
• Higher concentration
• Multiplets well resolved from other metabolites
• Rapid exchange relative to TCA flux. 

Isotopomer detection using 13C spectroscopy

FIG. 7. Evaluation algorithm for MFA. The different steps are described in the text.

by a sum of squares where each single residual value is
weighted by the corresponding measurement standard
deviation.

5. Based on the computed discrepancy, a systematic
variation of the guessed fluxes is performed by applying an
optimization algorithm like a simplex method, a simulated
annealing algorithm, an evolutionary strategy, or a
Newton-like algorithm. This implies an iteration of steps
2!4.

When using a gradient-based optimization strategy it is
quite important to have the sensitivity of the isotopomer
distribution with respect to the guessed fluxes. Although
these sensitivities can be calculated numerically, it is much
less time consuming to calculate them from an analytical
formula (Wiechert et al., 1999). Today the computation
time for sensitivity analysis is on the same order of
magnitude as the simulation time.

Several attempts have been published in the literature to
obtain a direct (i.e., noniterative) flux estimation procedure
(Klapa et al., 1999; Sauer et al., 1997). In that case, deriva-
tion of simple explicit formulas from the isotopomer balance
equations that relate the intracellular fluxes to the measured
quantities is attempted. This makes data evaluation very
simple even for the nonspecialist. However, all of those
methods are limited to a certain network structure or to a
certain type of labeling experiment. Moreover, they do not
consider the complete measured information and thus they
are suboptimal from a statistical point of view.

Statistical Analysis

After termination of the parameter-fitting procedure, a
detailed statistical analysis of the estimated fluxes is
necessary because biological systems and measurements are
usually extremely noisy and thus the error propagation
from the measurements to the estimated fluxes may lead to

seemingly precise but statistically worthless results. The
following statistical techniques have been established in
recent years for isotopomer systems (Mo" llney et al., 1999).

1. The sensitivities of the measured values with
respect to the estimated fluxes are collected in the output
sensitivity matrix. This matrix shows which of the fluxes
have the strongest influence on which measurements.

2. From the output sensitivity matrix the flux covari-
ance matrix of the estimated parameters can be immediately
computed. From this covariance matrix a confidence region
for fluxes can be derived. In particular, a confidence interval
can be assigned to each single estimated flux value.

3. Another matrix that can be directly computed from
the output sensitivities is the parameter sensitivity matrix
which explains how a change in a certain measurement
would change the estimated fluxes. This is valuable informa-
tion because it reveals the most influential measurement
values.

4. As a routine procedure a /2 test is applied to the
obtained minimal sum of squares. By this test the goodness
of fit can be judged and possible gross measurement errors
can be detected and excluded from the data set.

Identifiability Analysis, Optimal Experimental Design,
and Model Discrimination

The first ingredient of a rational design procedure for
CLEs is an identifiability analysis to find out whether or not
the information about the unknown fluxes is contained in
the measured values. The identifiability question must be
answered a priori (that is, before the CLE is actually carried
out) which makes the treatment of this problem particularly
difficult. Computational solutions to the identifiability
problem are now available (Wiechert et al., 2001). If it turns
out that the fluxes are not identifiable, the experiment is
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spectral simulations were performed using either the PC-
based software NUTS (Acorn NMR, Fremont, CA) or the
Varian software. A sample of [U-13C5]glu tamate (5 mM in
300 mM NaCl) was used to determine the pH sensitivity of
all one-bond and multip le-bond 13C-13C coupling con-
stan ts.

RESULTS AND DISCUSSION
It is well known that the 13C chemical sh ifts of glu tamate
are sensitive to pH, but it is perhaps less widely appreci-
ated that the 13C linewidths of glu tamate derived from a
tissue highly enriched in 13C are also pH sensitive. This
effect is partly due to multip le-bond 13C-13C spin-sp in
couplings that are sensitive to the protonation state of
glu tamate. Although some multip le-bond coupling con-
stan ts have been reported for glu tamate (9), we examined
the pH dependence of these couplings to determine whether
there is a particu lar pH where long-range spin-sp in in terac-
tions can be enhanced and thereby used in a 13C isoto-
pomer analysis. The pH dependence of all one-bond and
multip le-bond couplings in uniformly labeled ([U-13C5])
glu tamate is summarized in Table 1. All one-bond (1JCC)
and two-bond (2JCC) coupling constan ts are essen tially
independent of pH, while a sign ifican t increase (!30% ) is
seen in the three-bond 3J25 coupling at h igh pH (above the
pKa of the !-amino group ," 10.8). Thus, if one is in terested
in extracting isotopomer data from the information en-
coded by 3J25, one should record the 13C glu tamate spec-
trum at h igh pH to maximize th is coupling. With th is extra
information , groups of isotopomers with 13C at either C2 or
C5 (but not both) can be distinguished from isotopomers
having 13C at both C2 and C5.
In most situations 13C NMR spectra from tissues extracts

are acquired near neutral pH (7.0–7.4). Even here, 3J25 can
be detected in the C2 resonance whenever both carbons are
h ighly enriched in 13C. To demonstrate the influence of 13C
isotopomer populations on the appearance of glu tamate
C2, hearts were perfused with mixtures of [1,2,3-13C3]
propionate p lus either unlabeled acetate, [2-13C]acetate,
[1-13C]acetate, or [1,2-13C2]acetate. These mixtures were
chosen to produce a high level of 13C enrichment in
glu tamate C1, C2, and C3 plus either no enrichment in C4
or C5 (group I), enrichment in C4 only (group II), C5 only
(group III), or both C4 and C5 (group IV) while main tain ing constan t metabolic conditions. The glu tamate C2 reso-

nances from 13C NMR spectra of extracts of hearts perfused
to steady state with the above mixtures are compared in
Fig. 1. The top spectrum shows a ‘‘typ ical’’ n ine-line C2
resonance as it appears under most metabolic situations.
This complex multip let, reflecting one-bond couplings in
all four possible 13C isotopomers in glu tamate carbons 1–3,
consists of a singlet (S), two doublets (D12 and D23) with
differing one-bond coupling constan ts, and a doublet-of-
doublets or quartet (Q). In the spectrum of a group II heart,
the relative in tensities of the C2 multip lets change com-
pared with a group I heart because 13C entering the cycle as
[2-13C]acetyl-CoA enters glu tamate C2 after two turns of the
cycle and alters the distribu tion of 13C isotopomers in that
position . Furthermore, the linewidth of each multip let
component is increased due to unresolved two-bond cou-
p ling between C2 and C4 (2J24 !1 Hz). In the spectrum of a
group III heart, each of the 9 lines that comprises glu tamate
C2 is further sp lit by three-bond coupling between C2 and

Table 1
One-Bond and Multiple-Bond 13C-13C Couplings in Glutamate at
Neutral and High pH

One-bond coupling
constants pH 6–8 pH 10–12

One bond
J12 53.3 53.1
J23 34.8 34.5
J34 34.5 34.4
J45 51.3 51.3

Multiple bond
J13 "1 "1
J14 2.3 2.3
J24 "1 "1
J35 "1 "1
J25 3.3 4.5

FIG. 1. Glutamate C2 resonances from 13C NMR spectra of extracts
of rat hearts perfused with mixtures of propionate and acetate. From
top to bottom, all hearts were perfused with [1,2,3-13C3]propionate
and either unlabeled acetate (group I), [2-13C]acetate (group II),
[1-13C]acetate (group III), or [1,2-13C2]acetate (group IV). In group I,
no long-range 13C-13C coupling is possible and a ‘‘typical’’ 9-line C2
resonance is observed. In group II, a small 2J24 coupling ((1 Hz)
increases the apparent line width of all nine lines contributing to C2.
In groups III and IV, three-bond 3J25 coupling is easily resolved. The
spectra of groups I and II hearts were collected at pH 7.4 while those
from groups III and IV hearts were acquired at pH 10.8 to enhance
3J25 coupling. The resonances labeled with an asterisk are from
metabolites other than glutamate.
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spectral simulations were performed using either the PC-
based software NUTS (Acorn NMR, Fremont, CA) or the
Varian software. A sample of [U-13C5]glu tamate (5 mM in
300 mM NaCl) was used to determine the pH sensitivity of
all one-bond and multip le-bond 13C-13C coupling con-
stan ts.

RESULTS AND DISCUSSION
It is well known that the 13C chemical sh ifts of glu tamate
are sensitive to pH, but it is perhaps less widely appreci-
ated that the 13C linewidths of glu tamate derived from a
tissue highly enriched in 13C are also pH sensitive. This
effect is partly due to multip le-bond 13C-13C spin-sp in
couplings that are sensitive to the protonation state of
glu tamate. Although some multip le-bond coupling con-
stan ts have been reported for glu tamate (9), we examined
the pH dependence of these couplings to determine whether
there is a particu lar pH where long-range spin-sp in in terac-
tions can be enhanced and thereby used in a 13C isoto-
pomer analysis. The pH dependence of all one-bond and
multip le-bond couplings in uniformly labeled ([U-13C5])
glu tamate is summarized in Table 1. All one-bond (1JCC)
and two-bond (2JCC) coupling constan ts are essen tially
independent of pH, while a sign ifican t increase (!30% ) is
seen in the three-bond 3J25 coupling at h igh pH (above the
pKa of the !-amino group ," 10.8). Thus, if one is in terested
in extracting isotopomer data from the information en-
coded by 3J25, one should record the 13C glu tamate spec-
trum at h igh pH to maximize th is coupling. With th is extra
information , groups of isotopomers with 13C at either C2 or
C5 (but not both) can be distinguished from isotopomers
having 13C at both C2 and C5.
In most situations 13C NMR spectra from tissues extracts

are acquired near neutral pH (7.0–7.4). Even here, 3J25 can
be detected in the C2 resonance whenever both carbons are
h ighly enriched in 13C. To demonstrate the influence of 13C
isotopomer populations on the appearance of glu tamate
C2, hearts were perfused with mixtures of [1,2,3-13C3]
propionate p lus either unlabeled acetate, [2-13C]acetate,
[1-13C]acetate, or [1,2-13C2]acetate. These mixtures were
chosen to produce a high level of 13C enrichment in
glu tamate C1, C2, and C3 plus either no enrichment in C4
or C5 (group I), enrichment in C4 only (group II), C5 only
(group III), or both C4 and C5 (group IV) while main tain ing constan t metabolic conditions. The glu tamate C2 reso-

nances from 13C NMR spectra of extracts of hearts perfused
to steady state with the above mixtures are compared in
Fig. 1. The top spectrum shows a ‘‘typ ical’’ n ine-line C2
resonance as it appears under most metabolic situations.
This complex multip let, reflecting one-bond couplings in
all four possible 13C isotopomers in glu tamate carbons 1–3,
consists of a singlet (S), two doublets (D12 and D23) with
differing one-bond coupling constan ts, and a doublet-of-
doublets or quartet (Q). In the spectrum of a group II heart,
the relative in tensities of the C2 multip lets change com-
pared with a group I heart because 13C entering the cycle as
[2-13C]acetyl-CoA enters glu tamate C2 after two turns of the
cycle and alters the distribu tion of 13C isotopomers in that
position . Furthermore, the linewidth of each multip let
component is increased due to unresolved two-bond cou-
p ling between C2 and C4 (2J24 !1 Hz). In the spectrum of a
group III heart, each of the 9 lines that comprises glu tamate
C2 is further sp lit by three-bond coupling between C2 and
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FIG. 1. Glutamate C2 resonances from 13C NMR spectra of extracts
of rat hearts perfused with mixtures of propionate and acetate. From
top to bottom, all hearts were perfused with [1,2,3-13C3]propionate
and either unlabeled acetate (group I), [2-13C]acetate (group II),
[1-13C]acetate (group III), or [1,2-13C2]acetate (group IV). In group I,
no long-range 13C-13C coupling is possible and a ‘‘typical’’ 9-line C2
resonance is observed. In group II, a small 2J24 coupling ((1 Hz)
increases the apparent line width of all nine lines contributing to C2.
In groups III and IV, three-bond 3J25 coupling is easily resolved. The
spectra of groups I and II hearts were collected at pH 7.4 while those
from groups III and IV hearts were acquired at pH 10.8 to enhance
3J25 coupling. The resonances labeled with an asterisk are from
metabolites other than glutamate.
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