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Abstract Hypoxia can promote invasive behavior in

cancer cells and alters the response to therapeutic inter-

vention as a result of changes in the expression many

genes, including genes involved in intermediary metabo-

lism. Although metabolomics technologies are capable of

simultaneously measuring a wide range of metabolites in

an untargeted manner, these methods have been relatively

under utilized in the study of cancer cell responses to

hypoxia. Thus, 1H NMR metabolomics was used to

examine the effects of hypoxia in the MDA-MB-231

human breast cancer cell line, both in vitro and in vivo.

Cell cultures were compared with respect to their metabolic

responses during growth under either hypoxic (1% O2) or

normoxic conditions. Orthogonal partial least squares dis-

criminant analysis (OPLS-DA) was used to identify a set of

metabolites that were responsive to hypoxia. Via intracar-

diac administration, MDA-MB-231 cells were also used

to generate widespread metastatic disease in immuno-

compromised mice. Serum metabolite analysis was con-

ducted to compare animals with and without a large tumor

burden. Intriguingly, using a cross-plot of the OPLS

loadings, both the in vitro and in vivo samples yielded a

subset of metabolites that were significantly altered by

hypoxia. These included primarily energy metabolites and

amino acids, indicative of known alterations in energy

metabolism, and possibly protein synthesis or catabolism.

The results suggest that the metabolite pattern identified

might prove useful as a marker for intra-tumoral hypoxia.
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Abbreviations

HIF Hypoxia inducible factor

MCT Monocarboxylate transporter

MDA-MB-231-Luc2 MDA-MB-231 Luciferase

OPLS-DA Orthogonal partial least squares

discriminant analysis

PCA Principal component analysis

VIP Variable influence on projection

Introduction

Tumor progression is accompanied by number of meta-

bolic events, some of which facilitate the processes of

tumor invasion and metastasis to distant organs. One well

established metabolic phenomenon is the abnormal induc-

tion of glycolysis occurring under either aerobic or anaer-

obic conditions. The former was made famous by Otto

Warburg, and hence has been referred to as the ‘Warburg
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effect’ (Warburg 1956). In this case, there is a down-reg-

ulation of oxidative phosphorylation, and an up-regulation

of processes that are typically observed in cells grown

under conditions of reduced oxygen tension. Of particular

note is the up-regulation of the transcription factor,

hypoxia-inducibile factor-1a (HIF-1a), that triggers a

number of protective and pro-invasive events in tumor cells

(DeBerardinis et al. 2008). There are indications that a

number of complex phenomena that occur in addition to

the Warburg effect play key roles in hypoxia-mediated

events (recently reviewed in (Weljie and Jirik 2010)).

The various metabolic perturbations seen in cancers

suggest the possibility of identifying tumor-associated

metabolites that could prove of value in following the

course of this disease. For example, there have been reports

of hypoxia-related metabolites in tumors, although pri-

marily in a pathway-specific manner. Thus, studying the

effects of HIF-1b, Griffith and colleagues used 13P MRS

and 1H NMR to examine phosphorylated nucleotide

(NTP)-related metabolites, making the surprising finding of

significant decreases in the absolute concentrations of ATP,

but not the ratio of NTP/phosphate ratio (Griffiths et al.

2002). Another example of targeted metabolite flux anal-

ysis, using hypoxic glioma cells, employed the addition of
13C-glucose and 13-pyruvate to the cell culture media, and

demonstrated a central role for pyruvate under hypoxic

conditions (Perrin et al. 2002).

The effects of hypoxia in cancer have been less well

studied by broad-based metabolite profiling methods,

commonly referred to as ‘metabolomics’ studies. This

approach is particularly important to the search for bio-

markers that can be detected within clinically accessible

fluids such as urine or serum. For such applications, we

have found 1H NMR to be a valuable tool owing to the

quantitative (Weljie et al. 2006) and reproducible (Lindon

et al. 2003) nature of NMR profiling. These two advantages

are further enhanced by the application of sophisticated

post-processing tools such as ‘targeted profiling’ that allow

for a quantitative library-based data-reduction of an NMR

spectrum into its latent metabolites (Weljie et al. 2006;

Chang et al. 2007), or unknown peaks (Weljie et al. 2008).

Our group has pioneered the use of these tools for analysis

of complex bio-fluid spectra, as was used in a study of

serum derived from a murine inflammatory arthritis model

(Weljie et al. 2007).

In the current study, we set out to search for biologically

relevant biomarkers of hypoxia in cancer cells by exam-

ining the relationship between metabolites altered in a cell

culture model of MDA-MB-231 breast cancer cells, and in

serum from mice with multiple metastases derived from

these cells. Examination of the extracellular metabolome

for cell studies has been referred to as the metabolic

‘footprint’, and previously studied, for example, in yeast

(Allen et al. 2003), and plants (Dowlatabadi et al. 2009),

and has also been applied to breast cancer cells (Claudino

et al. 2007). Using quantitative NMR metabolomics

methods and orthogonal partial least squares discriminant

analysis (OPLS-DA) chemometric methods, we have

identified a subset of metabolites common to both the in

vivo and in vitro models. Although other tumor models

would need to be examined, the metabolite pattern

described herein has the potential of serving as a useful

biomarker of solid tumor hypoxia.

Materials and methods

Cell growth

A derivative of the human breast cancer cell line MDA-

MB-231 (kindly provided by Dr. T. Guise, Vanderbilt

University) that we generated (Bondareva et al. 2009),

designated MDA-MB-231-Luc2, was plated at low density

and incubated either in ambient, or 1% oxygen (using a

triple-gas incubator), and 5% CO2 at 37�C. Culture med-

ium was DMEM (Invitrogen), supplemented with 19

Serum Replacement I (Sigma) and 1% penicillin/strepto-

mycin, and cells were grown until they reached 100%

confluency. Medium in the confluent plates was then

replaced with fresh medium that had been pre-equilibrated

to the specific oxygen conditions, with the day of medium

replacement being considered as day ‘‘0’’. Aliquots of the

medium were then collected every day during the incuba-

tion of cells. After the 3 days of the incubation the medium

was collected and replaced completely with fresh pre-

equilibrated medium to ensure adequate nutrient avail-

ability throughout the course of the experiment. Cell

viability, evaluated by trypan blue staining at the end of the

5-days period of incubation, was [95% for both the

normoxic and hypoxic groups. Cells were harvested at

either day 3 or 5, collected as cell pellets containing

1.2 9 107 cells per sample, and stored at -80�C until

ready for analysis.

In vivo metastasis model

To generate metastases, 5–6 week old female NIH-III

(nu/nu; beige/beige) mice (Charles River Laboratories,

St-Constant, QC) were anesthetized by intraperitoneal (i.p.)

injection of ketamine (100 mg/kg) and xylazine (6 mg/kg),

and 2 9 105 MDA-MB-231 cells stably expressing firefly

luciferase (MDA-MB-231-Luc2) suspended in 100 lL of

PBS were injected into the left ventricle of each mouse as

previously described (Bondareva et al. 2009). Mice were

housed under viral antibody-free conditions in the bio-

hazard area of the University of Calgary Animal Resources
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Center in compliance with Canadian Council of Animal

Care guidelines and with ethical approval from the

University of Calgary Animal Care Committee. Food and

water was given ad libitum. Development of metastases

was monitored via bi-weekly bioluminescence imaging as

described elsewhere (Bondareva et al. 2009). Briefly, the

mice were administered D-luciferin (Gold Bio Technology;

St. Louis, MO), at a dose of 150 mg/kg in PBS by i.p.

injection, and anesthetized with 1.5–2% isofluorane for

10–12 min prior to imaging. Mice were then placed onto

the warmed stage inside of the light-tight box of a Xenogen

IVIS Lumina system (Caliper Life Sciences) and imaged in

both the dorsal and ventral positions. Imaging parameters

were f/stop 1, bin 4, field of view 12.5 cm, and exposure

times ranged from 20 s to 2 min, depending on the strength

of tumor photon emission rates. Results were analyzed

using Living Image 3.0 software (Caliper Life Sciences).

Signal intensity was quantified as the total photons/s of the

whole body image with the background bioluminescence

subtracted out. Mice were sacrificed 21 days after the

MDA-MB-231-Luc2 cell injections, and blood samples

were collected via cardiac puncture. The blood was

allowed to clot for 10 min at room temperature. The clotted

material was removed by centrifugation at 10,000 rpm for

10 min. Hemolysis was not observed. Serum obtained from

the blood samples was frozen immediately and stored at

-80�C. Micro-computed tomography (lCT) of the femora/

tibia was performed as described previously (Bondareva

et al. 2009) using a lCT40 instrument (Scanco Medical,

Brüttisellen, Switzerland).

Sample preparation and NMR spectroscopy

All samples from in vitro culture and serum samples were

prepared using an ultrafiltration protocol as previously

described (Weljie et al. 2007). Briefly, serum (*200 lL)

or supernatants (300 lL) were filtered using a 2 mL, 3 kDa

membrane centrifuge filter (Pall) after washing to remove

preservative compounds. The filter was washed with 50 lL

D2O and all flow-through collected and buffered to

100 mM Na2HPO4/NaH2PO4, pH 7.00 ± 0.05. DSS (4,4-

dimethyl-4-silapentane-1-sulfonic acid) as an internal

standard, 0.5 mM, and 0.02% NaNa3 added as a pre-

servative in a final volume of 650 lL. NMR spectroscopy

was conducted on a Bruker Avance II 600 spectrometer

with a proton frequency of 600.22 MHz with a TXI probe

(5 mm) at a temperature of 298�K. One-dimensional

experiments used a standard 1D-NOESY pulse sequence

(noesypr1d) with irradiation of the water peak during the

relaxation delay (1 s) and mixing time (100 ms). Spectra

were acquired with 64 K datapoints and a sweepwidth of

12,195 Hz, with 512 transients and a total recycle delay of

5 s. Spectra were processed in a standardized manner using

Chenomx NMR Suite v. 4.6 (Chenomx Inc, Edmonton,

Canada) with 0.2 Hz line-broadening, Fourier-transforma-

tion, phasing and baseline correction. 2-D spectra were

acquired in order to confirm identification of the metabo-

lites using 1H- and 13C-chemical shifts compared to those

in the HMDB (Wishart et al. 2007), including 1H-1H-

TOCSY and 1H-13C HSQC. Proton spectra were quantified

using the ‘Targeted Profiling’ approach (Weljie et al.

2006), as implemented in the Chenomx Software.

Statistical analysis

Metabolite concentrations were exported from the

Chenomx software and imported directly into SIMCA-P

(Umetrics, Umeå, Sweden). Concentrations were mean-

centered and scaled to unit-variance and a per-metabolite

basis prior to pattern recognition analysis. Prinicipal

component analysis (PCA) was conducted on all data sets

initially to evaluate overall patterns and check for outliers.

Fig. 1 Cultures of MDA-MB-231-Luc2 cells growth in either

ambient oxygen or 1% oxygen. a Shows the proliferation of cells

plated at 40 cells/mm2 and grown under normoxic (black diamonds)

and hypoxic (grey squares) conditions. b Cells were plated at

confluency and then maintained in culture for a period of 5 days.

Medium was replaced on Day 3. The data shows that cell numbers

were equivalent under the two experimental conditions when cells

were growing at near-confluency. Viability at all time points was

[95%
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Subsequently, supervised regression analysis was con-

ducted using orthogonal partial least squares discriminant

analysis for model interpretation. The supervising Y-vari-

able consisted either of day of sampling (cell culture

experiments), or a binary hypoxia or normoxia growth

status (cell cultures) or binary tumor or control status

(mouse model). Metabolites with higher than average sig-

nificance on each supervised model were evaluated using

the variable influence on projection (VIP) parameter. VIP

values C1 within a 95% were considered significant for

biological interpretation. Univariate significance testing

was conducted in gnu R (www.R-project.org) using a

unpaired, two-sided, Welch two sample student t-test.

Results

In vitro cell culture experiments

In order to determine the effect of hypoxia on growth of

tumor cells, we examined the effect of low oxygen (1% O2)

on the growth of MBA-MB-231-Luc2 cells. Hypoxia led to

a slowed growth rate (*50% reduction) as compared to

growth under normoxic conditions as demonstrated by cell

counts obtained over a 5 days period of growth of cells

initially plated at equivalent numbers (Fig. 1a). In order to

ensure that subsequent analyses were reflective of meta-

bolic differences related to culture conditions as opposed to

media nutrient depletion resulting from rapid cell growth,

the cultures were normalized so that they reached equiva-

lent levels of confluency by day 5 (Fig. 1b).

Metabolomics analysis of cell cultures

Supernatants from the cell cultures were sampled initially

when the fresh media (O2 condition equilibrated) was

added to the cultures, and the again daily for 5 days

(T = 0, 1, 2, 3, 4, 5). Sample processing, NMR spectros-

copy and targeted profiling analysis were conducted as

described in the methods, with a total of 69 metabolites

considered for quantitative analysis. The scores plot from

multivariate pattern recognition using PCA is shown in

Fig. 2a. In this analysis, the extracellular metabolite pools

are visibly distinct between the cells grown under hypoxic

and normoxic conditions. The metabolic trajectory (deno-

ted by the lines between the various time points) is

somewhat similar, but there is a clear difference in the

direction. Cells grown under both hypoxic or normoxic

conditions demonstrated a modest retrograde shift between

days 3 and 4 which was due to tissue culture medium

replenishment. Interestingly, the main difference in the

orthogonal component (y-axis of Fig. 2b) was related

primarily to the hypoxic growth. As a result, another

supervised OPLS-DA model was built in which the growth

condition (i.e. the O2 level) was used as the supervisory

variable (Fig. 2c). This model was subsequently used for

further interpretation of metabolite responses.

Fig. 2 Multivariate analysis of 1H NMR metabolomics data from

supernatants of cell cultures. a Scores plot from PCA analysis. Each

point represents a single cell supernatant, and the day of collection is

labeled. Each day is connected by a line to form a metabolic trajectory

during the collection. (R2 = 0.656, Q2 = 0.332). b Scores plot from

the OPLS-DA analysis of the same samples, with the hypoxia/

normoxia status used as the supervisory variable. (R2 = 0.969,

Q2 = 0.901, p = 1.5e-4). c Loadings plot from the OPLS-DA

analysis, with the most influential metabolites labeled (VIP C 1)
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Xenograft model of metastatic breast cancer

MDA-MB-231 cells readily generate systemic metastases

when introduced into NIH-III mice via the intra-cardiac

route. Figure 3a demonstrates how tumor growth can be

readily assessed by bioluminescence imaging owing to

luciferase present within the MDA-MB-231-Luc2 cells.

The most common site of metastasis is bone, as shown by a

representative lCT-scan exhibiting massive osteolytic

damage in the distal femur as well as the proximal tibia of a

mouse knee (Fig. 3b). As shown in Fig. 3c, tumor growth

was exponential, with total tumor burdens (as reflected by

whole-mouse photon emission rates) being relatively con-

stant across the panel of animals from which serum was

sampled at day 21. Depending on the detection scale

selected, anatomical sites with the largest tumors lead to

the highest photon emission rates (represented by the red

coloration), and by day 21 significant levels of metastatic

disease were evident. Large MDA-MB-231-Luc2 metas-

tases, such as we see in the mice, have been shown to have

necrotic and/or ischemic regions within them (Erler et al.

2006; Erler et al. 2006).

Metabolomics analysis of mouse serum

Metabolites within the mouse serum were quantified in the

same manner as described for the cell culture supernatants.

Figure 4a depicts the PCA scores plot of serum from mice

with and without tumors. There was significant separation

of the two groups, indicating that a substantial metabolic

imprint of the tumor was evident in the circulation. A

subsequent OPLS-DA analysis (Fig. 4b) was used to

ensure that the variance in metabolites related to the tumor

growth was rotated into the primary component (t[1]) in

order to allow for a comparison of specific metabolites

altered under hypoxic cell culture conditions. The loadings

plot from the OPLS-DA analysis is shown in Fig. 4c, with

the most influential variables highlighted (VIP C 1).

Comparison of in vitro and in vivo studies

In order to compare the specific metabolites that were

altered between the MDA-MB-231-Luc2 cells grown under

hypoxic conditions and the serum from animals with

metastases, a two step-filtration process was used. First, the

most influential metabolites from both models were

selected based on the criteria of VIP C 1 in the respective

OPLS-DA models. Subsequently, these were compared,

and only metabolites that were significant in both models

retained. This final set of metabolites is presented in

Fig. 5a which as a cross-plot of the loadings values for

these compounds from the two OPLS-DA models. This

representation draws inspiration from previously published

shared and unique structure plots (SUS) (Wiklund et al.

2008). Metabolites with similar coefficients from the

modeling process appear on the diagonal of this plot. The

Fig. 3 Imaging of MDA-MB-

231-Luc2 metastatic tumors in a

representative NIH-III mouse.

a Ventral view of the mouse

with typical pattern of

metastases at 21 days following

intracardiac injection of MDA-

MB-231-Luc2 cells. Each

animal had multiple metastases,

primarily in bones, but also

various internal organs. Color
bar reflects the photon emission

rates from the different

metastatic sites (photons/cm2)

following luciferin

administration. b lCT images of

the knees of normal (upper
panel) and xenografted (lower
panel) mice, with the latter

showing severe osteolytic

damage in both the distal femur

and proximal tibia. c Time

course of total body light

emission from NIH-III mice

carrying MDA-MB-231-Luc2

metastases (log scale, n = 10)
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majority of compounds are close to the diagonal, indicating

that higher concentrations in animals with tumors corre-

lates with elevated levels in hypoxic cell cultures. The

notable exception to this relationship was observed for

pyruvate, which was elevated in the serum of animals with

tumors (relative to control animals), but reduced in the

hypoxic cell cultures (relative to cells grown under nor-

moxia). The specific levels of each one of these metabolites

is further described in Fig. 6, along with the univariate

significance.

One of the notable features of the hypoxia-specific

markers we identified was the absence of lactate, a

metabolite regarded as one of the key products of anaerobic

metabolism. The VIP scores for lactate indicate that

although it was reasonably influential in the murine

metastasis model analysis (VIP = 0.944), it was com-

pletely non-influential in the cell culture analysis

(VIP = 0.363). The concentrations of lactate determined

by NMR in both the serum samples from mice with tumors

and cell cultures is shown in the last panel of Fig. 6.

Discussion

A key question in translational research, and in particular

biomarker discovery, lies in the applicability of in vitro

analyses to ‘real life’ human clinical scenarios. In this

study, we have taken an intermediate approach by com-

paring the in vitro responses of hypoxic tumor cells to the

responses of mice bearing well-characterized xenograft

tumor model replicating many of the features of the tumor-

host interaction that occur in human breast cancer. It is

notable that we did find a degree of overlap between

metabolites from the in vitro and in vivo studies, and the

results are much stronger than would be expected by

chance alone.

Metabolite markers of hypoxia

The majority of markers similarly regulated between the cell

supernatants and the serum samples, were increased in the

cell supernatants in response to hypoxia. This included the

amino acids Leu, Thr, Lys, Phe, 1-methylhistidine, as well

as 2-hydroxybutrate (2HB). 2HB is a downstream product of

(i) amino acid catabolism (Thr, Met and homoserine) and

(ii) glutathionine anabolism (Landaas 1975). The increase in

Thr observed is consistent with this observation. The amino

acids themselves may be present at higher levels due to a

number of possible mechanisms, including decreased pro-

tein synthesis due to hypoxia, and possibly as a result of

HIF-1 mediated induction of autophagy (Wouters and

Koritzinsky 2008; Zhang et al. 2008).

The lone metabolite whose concentration was reduced

across both experiments was 2-oxoglutarate (2OG). 2OG is

a key metabolite in the citric acid cycle of oxidative

phosphorylation in mitochondria, a process that is reduced

under hypoxic conditions, but also as a result of altered

Fig. 4 Multivariate analysis of 1H NMR metabolomics data from

serum of NIH-III mouse with metastatic MDA-MB-231-Luc2 xeno-

graft tumors after 21 days. a Scores plot from PCA analysis. Each

point represents a single serum sample. (R2 = 0.424, Q2 = 0.091).

b Scores plot from the OPLS-DA analysis of the same samples, with

the hypoxia/normoxia status used as the supervisory variable.

(R2 = 0.974, Q2 = 0.876, p = 6.4e-5). c Loadings plot from the

OPLS-DA analysis, with the most influential metabolites labeled

(VIP C 1)
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Fig. 5 Cross-plot of the OPLS-

DA coefficients for metabolites

significant in both the mouse

xenograft model (x-axis) and

cell culture model (y-axis).

Positive values indicate relative

increases in metabolite

concentrations in animals with

tumors and cells grown under

hypoxic conditions,

respectively. Diagonal line
indicates best fit line for the two

sets of coefficients (R2 = 0.538)

Fig. 6 Metabolite concentrations determined by targeted profiling for

all metabolites with significance in both the in vitro and in vivo

multivariate modeling, as well as lactate. Determined concentration

for each sample is plotted (black dot), as well as the mean value (red

dot) and 95% confidence interval of the mean (red line). Time of

sampling (in days) is denoted by the numbers on the cell culture

values. Univariate significance is denoted in the right hand margin (?,

p \ 0.1; *, p \ 0.05)
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HIF-1-regulation during aerobic glycolysis. Furthermore,

2-oxoglutarate-dependent dioxygenases are an important

part of oxygen-sensing mechanisms that regulate HIF-1

activity (Schofield and Ratcliffe 2004; Webb et al. 2009).

Lactate and pyruvate

Two of the more intriguing findings from the study were

that (i) pyruvate was significantly altered both in vitro and

in vivo, but in an inverse manner, and (ii) lactate was not

significantly different in the cell culture media under

hypoxic conditions. 13C labeling experiments on cells

grown under hypoxic conditions have demonstrated an

increased conversion of 13C pyruvate to 13C lactate com-

pared to normoxic growth in rat glioma C6 and human

hepatoblastoma HepG2 cells (Perrin et al. 2002). This

hypoxia-driven reaction is mediated via pyruvate dehy-

drogenase kinase-1 (PDK-1), and has been associated with

poor prognosis in head and neck cancers (Wigfield et al.

2008). PDK1 is a mitochondrial matrix regulatory enzyme

of the pyruvate dehydrogenase (PDH) complex. PDH

converts pyruvate to Acetyl-CoA, and phosphorylation of

PDH by PDK inactivates PDH.

The pyruvate—lactate relationship is likely central to

the differences observed in the concentrations of both

metabolites in our in vitro and in vivo studies. Flux of

extracellular lactate through monocarboxylate transporters

1 and 4 (MCT1/4) may drive conversion of pyruvate to

lactate, and hence lead to lower concentrations in culture

supernantants. It has been demonstrated that MCT4 is

upregulated in a HIF-1a-dependent manner, leading to

increased lactate efflux under hypoxic conditions in Hela,

COS, and HL-1 cells (Ullah et al. 2006). This result,

combined with results from the 13C pyruvate labeling

experiments described above suggests an extracellular

increase in lactate levels. However, recent work suggests

that this increase may be offset under aerobic conditions, as

lactate can be taken up by cells via MCT1 for further

metabolism in SiHa cervical cancer cells, but not WiDr

colorectal cancer cells (Sonveaux et al. 2008). A con-

founding factor in these experiments resides in the defini-

tion of ‘hypoxia’ and the responsiveness of a given cell line

to hypoxia; for example, our study employed 1% O2, while

other studies have used O2 levels ranging from 0.1 to 3%. It

is possible that in our experiments of the net MCT1/MCT4

activity in the cell cultures resulted in different levels of

lactate and pyruvate. Also, there are clear difference in

lactate metabolism between different cell lines, making

general conclusions about hypoxic lactate metabolism of

cell cultures difficult. It should be noted that the levels of

lactate in the serum of animals with metastatic tumors was

elevated, consistent with model studies of energy metab-

olite gradients (Walenta et al. 2001).

Model system considerations

One of the advantages of this study was our ability to

examine metabolite responses in vivo, and then to extract

out those components that were likely due to hypoxia away

from those stemming from other metabolic processes.

Especially since animals with tumors may exhibit diverse

changes in metabolism due to factors other than hypoxia,

such a cachexia. Thus, for example, 1-methylhistidine was

found to be a putative marker in an NMR study of serum

from individuals with hepatocellular carcinoma (Gao et al.

2009). This compound is a marker of muscle breakdown,

and is present along with other amino acids in individuals

with a range of cancers (Eisner et al. 2010). The elevated

levels of 1-methylhistidine observed in our in vivo exper-

iments may have been due to a combination of both tumor

hypoxia and other metabolic changes in the host related to

pain, anorexia, cachexia, etc.

Conclusions

By NMR metabolomics we have shown that there appears

to be a hypoxia ‘signature’ evident in the serum from

animals and in supernatants from cells grown under defined

conditions. Identification of metabolite patterns that cor-

respond to different tumor states (such as hypoxia) not only

have the potential for being a clinically-relevant thera-

peutic or prognostic indicator, but may also point the way

to metabolic pathways tumors require for their growth. As

such, these would represent nodes for potential therapeutic

intervention. For example, PDK-1 has a central role in

lactate production and is indicative of poor prognosis in

head and neck cancers (Wigfield et al. 2008). Inhibition of

MCT1 leads to corresponding reduction of cancer growth

(Sonveaux et al. 2008). The metabolite pattern presented

herein may provide a tool for the detection of tumor

hypoxia, a factor that may not only promotes tumor pro-

gression, but also acts limit the effectiveness of many types

of anti-cancer treatments.
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