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Abstract

Inhibition of the monocarboxylate transporter MCT1 by AZD3965 results in an increase in 

glycolysis in human tumour cell lines and xenografts. This is indicated by changes in the levels of 

specific glycolytic metabolites and in changes in glycolytic enzyme kinetics. These drug-induced 

metabolic changes translate into an inhibition of tumour growth in vivo. Thus, we combined 

AZD3965 with fractionated radiation to treat SCLC xenografts and showed that the combination 

provided a significantly greater therapeutic effect than the use of either modality alone. These 

results strongly support the notion of combining MCT1 inhibition with radiotherapy in the 

treatment of SCLC and other solid tumours.
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Introduction

The presence of hypoxia is a microenvironmental characteristic of the majority of solid 

tumours. A hypoxic microenvironment is associated with malignant progression, 

development of metastases and presents a challenge for conventional cancer therapeutics 

[1-4]. In addition to genetic changes acquired during tumour development, micro-

environmental constraints can dictate the adaptive metabolic pathways used within a 
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tumour. In particular, tumour hypoxia can direct the metabolic phenotype towards 

glycolysis. This glycolytic adaptation can persist even in the presence of oxygen where it is 

referred to as the Warburg effect [5]. This altered metabolic phenotype has recently been 

identified as an emerging hallmark of cancer [6]. Increased glycolysis results in the 

generation of lactate, this is not only a waste product of increased glycolytic rate, but it is 

also thought to act as a signalling molecule, an antioxidant, and is reported to enhance 

immune escape [7]. Consequently, increased tumour hypoxia, glycolytic rate and lactate 

concentration are linked with tumour aggressiveness, treatment failure and metastasis. In 

fact, lactate itself is a powerful independent prognostic indicator of disease progression, 

metastasis and reduced survival in many tumour types [8-12].

Lactate production results in a requirement for lactate transport, both to prevent lactate 

accumulation and to provide a respiratory substrate. The majority of lactate transport occurs 

via the family of proton linked monocarboxylate transporters (MCTs) that are responsible 

for the facilitated diffusion of a carboxylate ion and a proton across the plasma membrane. 

This transport is not an active process and is reliant on the overall concentration gradient of 

the metabolite [13, 14]. Of this family, MCT1 and MCT4 are the predominantly expressed 

isoforms in cancer. MCT1 has a ubiquitous expression pattern and mediates the bidirectional 

high affinity transport of monocarboxylates including L-lactate, pyruvate, acetate and D,L-

β-hydroxybutyrate [15]. In contrast, MCT4 is hypoxia regulated; it has a lower affinity for 

lactate, a higher turnover rate and is adapted towards lactate efflux in glycolytic cells [16, 

17].

Lactate lost from one cell population can be taken up and used as a respiratory substrate in 

others. This metabolic co-operation is seen in some normal tissues such as in fast twitch 

muscle fibres ([18-20] and between neurons and glia [21-23]. Analogous to this, increasing 

evidence suggests that lactate shuttling may play an important role in tumour growth and 

metastasis. Sonveaux et al. [24] hypothesised that a metabolic symbiosis may exist in solid 

tumours whereby lactate produced during glycolysis in the hypoxic tumour cell 

compartment is preferentially taken up by the oxygenated tumour cell population and used 

as a fuel source for oxidative metabolism. Similarly, it has been suggested that metabolic 

coupling may occur between aerobic tumour cells and the cancer-associated stroma within 

multiple cancer types including cancers of the breast [5] ovary [25] and prostate [26]. In this 

model, tumour cells are able to induce oxidative stress, glycolysis, up-regulation of MCT4 

and lactate efflux in cancer-associated fibroblasts, providing metabolic substrates for aerobic 

MCT1-expressing epithelial tumour cells. The transport of lactate is therefore critical to the 

maintenance of the symbiotic micro-environment and MCT1 is identified as the major 

transporter involved in lactate influx into tumour cells. In addition to the important 

functional role of MCT1 in tumour metabolism, MCT1 protein expression in tumours has 

been linked with variables associated with disease progression and prognosis in a variety of 

tumour types including breast [27] ovarian [28], gastric [29] and colorectal cancer [30].

For these reasons, MCT1 is an attractive therapeutic target for inhibiting the metabolic 

interplay between cell populations within tumours. The non-specific MCT1 inhibitor α-

cyano-4-hydroxycinnamate (CHC) has been reported to produce anti-tumour effects by 

interfering with this metabolic coupling, by inhibiting lactate uptake into oxygenated tumour 
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cells, increasing glucose uptake, and indirectly starving hypoxic tumour cells of glucose 

[24]. In addition, CHC has been shown to increase necrosis and alter tumour volume in vivo 

[31-33]. However, CHC is not a specific MCT1 inhibitor and as a consequence these data 

should be interpreted with caution [34, 35].

Specific inhibitors with greater inhibitory potency and selectivity towards MCT1 have been 

developed for use in immunosuppression [36, 37], and these have been shown to influence 

lactate transport [38]. Recent improvements on these compounds have resulted in the 

generation, by AstraZeneca, of AZD3965. This compound is a selective MCT1 inhibitor; it 

inhibits MCT1 with a binding affinity 1.6 nM and it is 6 fold selective over MCT2 and does 

not inhibit MCT3 or 4 at 10 μM concentrations [39]. In addition, the compound has good 

oral bioavailability, and it has entered phase I clinical trial for treatment of advanced solid 

tumours [40].

In this study, we evaluate the metabolic and therapeutic effects of AZD3965 in small cell 

lung cancer and gastric cancer cell lines. In particular, we demonstrate the ability of 

AZD3965 to inhibit both lactate efflux and influx into cells and cause an increase in 

glycolysis and an up-regulation of glycolytic enzymes. These changes were sufficient to 

inhibit tumour growth in vivo. In addition, we combined AZD3965 with radiotherapy in vivo 

and showed that the combined treatment produced a substantially greater anti-tumour effect 

than either modality when used alone.

Materials and Methods

Cells

DMS114, and H526 small cell lung cancer cells and HGC27 gastric cancer cells were 

maintained in RPMI1640 with 10% FCS and 1% L-glutamine (complete media). Cell lines 

were chosen on the basis of relatively high sensitivity to AZD3965 [39]. DMS114 and 

HDC27 cells were obtained from AstraZeneca and H526 cells were provided by the CR-UK 

Manchester Institute. All cells were subsequently authenticated while used in the University 

of Manchester laboratories by the use of an in-house DNA sequencing and authentication 

service. Cells were also shown to be mycoplasma free during the course of this work. For all 

experiments, cells were plated overnight prior to treatment with AZD3965 and/or different 

oxygen concentrations for a further 24hr (unless an alternative treatment time is indicated). 

Some experiments also included exposure to cobalt chloride as a hypoxia-mimetic. Cobalt 

chloride is able to mimic hypoxia by preventing HIF degradation, this is at least partially 

due to its occupation of the VHL-binding domain of HIF- 1α thus preventing its degradation 

[41].

Glucose and Lactate uptake assay

After treatment cells were washed prior to the addition of uptake cocktail consisting of 

buffer (25mM glucose, 137mM NaCl, 5.37mM KCl, 0.3mM Na2HPO4, 0.44mM KH2PO4, 

4.17mM NaHCO3, 1.26mM CaCl2, 0.8mM MgSO4, 10mM HEPES pH 7.4) containing 

100nM AZD3965 or equivalent volume of DMSO vehicle. For the glucose and lactate 

assays, 2mM glucose and 3H-2-deoxyglucose at an activity of 2μCi and 14C-lactate at an 
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activity of 0.2μCi were added respectively and incubated for one hour at 37°C. 

Subsequently, the cocktail was removed and the cells washed and lysed in 0.5ml of lysis 

buffer (0.1% SDS and 0.1% Triton-X in HEPES buffer); 0.4ml of this was transferred to a 

scintillation vial with 4ml of scintillation fluid (Ecoscint A, National Diagnostics), the 

addition of 0.4ml of the original lactate or glucose cocktail was used as a positive control, to 

establish the total amount of radioactive metabolite added. The remaining 100μl was used 

for a protein assay. The uptake was normalised to both the amount of radioactive metabolite 

present in the media (positive control) and also to protein concentration, to control for 

variation in cell number which may have been caused as a result of the treatments.

Lactate, ATP and GSH/GSSG assay

Lactate concentration was determined by colorimetric assay (Trinity Biotech, Bray, Ireland) 

and compared to a standard curve of known lactate concentrations. The lactate present as a 

result of efflux from the cell was determined by measuring cell free samples and deducting 

the amount of lactate originally in the media (derived from the FCS). Intracellular lactate 

was evaluated using the same assay; cells were washed in PBS prior to lysis in Tris/NaCl 

lysis buffer (20mM Tris, 150mM NaCl, 1% Triton-X100, pH 7.6).

The ATP concentration in cell lysates was determined by a luminescent assay (ENLITEN 

ATP system, Promega, Southampton, UK) and comparison made to the cellular ATP 

concentrations in lysates derived from untreated normoxic controls.

GSH and GSSG concentrations were determined in the same lysates by GSH/GSSG-Glo 

luminescent assay (Promega, Southampton, UK).

Assay of Reactive Oxygen Species

Following treatment cells were re-suspended in PBS and stained with 10μM carboxy-

DCFDA (Molecular Probes, Invitrogen), washed and then 10,000 events within a population 

gated to only include live cells was analysed by FACs (Cyan ADP flow cytometer, Ely, 

UK). Mean fluorescence in the live cell population was compared against the control for 

each oxygen tension and drug concentration.

Metabolomics

Cells were plated and allowed to adhere before washing and exchanging the media for one 

containing dialysed FCS devoid of constituents smaller than 1000amu such as small sugars 

and lactate (Sigma Aldrich). Hypoxic (1% oxygen) experiments were conducted in a 

hypoxic cabinet (Ruskinn Sci-tive-N). Samples were treated with DMSO vehicle, 10nM or 

1μM AZD3965 for 6 or 24hrs under normoxic or hypoxic conditions. To extract the 

metabolites media was removed and 400μl (−20°C) 40:40:20 acetonitrile: methanol: water 

added immediately to quench metabolism and extract metabolites. The plates were then kept 

on dry ice for 20 minutes prior to scraping the cell:solvent mixture into chilled tubes, 

precipitated proteins were then removed by centrifugation and the supernatant stored at 

−20°C. As an LC-MS quality control, a pooled sample (QC) was generated containing equal 

quantities of each sample. Samples (100 μl) and the pooled sample were evaporated using a 

SpeedVac Savant 1010 (Thermo Scientific), with no heat, for 60 min. Subsequently, 
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metabolites were re-suspended in 50 μl deionised water. For the liquid chromatography a 

Dionex U3000 RS pump was operated at 400μl/min and the column maintained at 60°C. 

Liquid Chromatography used: Buffer A, 10mM tributylamine, 15mM Acetic acid in water; 

and Buffer B, 20% isopropanol in methanol; Column: Waters Acquity HSS C18 100 × 

2.1mm, 1.7μm particles. Metabolites were eluted following a gradient profile starting at 

0-0.5min at 0%B changing after 4min to 5%B, 6min 5%B, 6.5min 20%B, 8.5min 20%B, 

14min 55%B, 15min to 100%B and column flushed with 100%B for another two minutes 

before changing to 100%A for 3min re-equilibration prior to next injection. After the 

column was conditioned using 10 injections of the pooled sample, all samples were analysed 

in random order on a 4000 Qtrap mass spectrometer using negative ionisation. A QC sample 

was injected every 10 samples to monitor instrument variability. Subsequently, peak 

integration was performed using the MultiQuant software and all sample peaks were 

compared to the standards (and standards + QC mix to ensure that the correct peak was 

selected). Data was further scaled to log base 2 and normalised to median sample metabolic 

profile. Coefficients of variation (CVs, stdev/mean × 100) were calculated for each QC 

analyte. Fold-changes, F-test and T-Tests between groups were calculated using Excel. 

Metabolites are considered to have changed when they met the following criteria: a) QC 

CV<30; b) p-value<0.05 and absolute log2 (fold change)>0.5 (log fold change calculated 

using the following formula: (average(treated))-(average(group(DMSO control)).

Determination of glycolytic enzyme kinetics

Cells were plated overnight and treated with 100nM AZD3965 or vehicle for 24 hours. The 

cells were then washed, once in PBS and twice with lysis buffer (50mM Mops, 100mM 

KCl, 5mM MgCl2, 1mM EDTA, 0.1mM DTT, 1mM PMSF supplemented with 1× mini 

complete protease inhibitor cocktail tablets (Roche). The cells were harvested by scraping 

and centrifugation, and the pellet snap frozen without buffer in liquid nitrogen. Frozen 

aliquots of cells were thawed on ice and re-suspended in lysis buffer. Cells were lysed by 3 

rounds of freezing in liquid nitrogen and thawing at 37°C for 2 minutes each. Lysates were 

subsequently centrifuged (13,000g, 10min, 4°C) until clear and then stored on ice. Enzyme 

activity in the cell lysates was determined using a micro-plate reader (Anthos Zenyth 3100) 

to measure either production or depletion of NADH/NADPH, through its absorbance at 

340/10 nm, occurring as a result of direct or coupled enzyme reactions. The 96-well plates 

used for the assays were pre-heated to 37°C for 10 minutes prior to starting reactions, 

initiated by the addition of 5μl cell lysate to 95μl of reaction buffer (50mM Mops pH 7.4, 

100mM KCl, 5mM free magnesium). The standard reaction buffer was supplemented (for 

details see Supplementary Table 1) to assay the kinetics of the different enzymes. Data was 

processed using MatLab v.2011a. Absorbance values for controls were subtracted from 

absorbance of corresponding reactions. Gradients (Δabsorbance/Δtime) of the linear portion 

of the initial rates were calculated and divided by the extinction coefficient of NADH/

NADPH (6.220 mM−1cm−1) to give the initial rate Vo values. Absorbance readings were 

normalised to give a path length of 1cm. Initial (Vo) rates were calculated using 

KINETICSWIZARD [40]. Graphpad prism 6 was used to plot Vo values against substrate 

concentration and determine Vmax and Km values. The Vmax was then normalised to the 

protein concentration in the cell lysate.
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Tumour responses in vivo

Adult (8 weeks +) female CD-1 nude mice (Charles River, Wilmington, MA, USA) were 

implanted with 0.1ml of H526 cells at 5×107 cells ml−1. Cells were implanted 

subcutaneously in the mid-dorsal region and when tumour volumes reached 150mm3 the 

mice were assigned treatment groups (up to 8 mice per group) and tumour measurements 

subsequently made daily. 100mg/kg AZD3965 was administered bi-daily by oral gavage for 

a total of seven days. This drug dose was chosen on the basis of being well tolerated and 

maintaining MCT1 inhibition over a seven day period [39]. On the third day of drug or 

vehicle treatment mice received 2Gy locally to the tumour for three successive days 

(3×2Gy). In the radiation alone group the radiation was administered on the third day after 

the tumour volume reached 150mm3. Radiation treatment was given using a metal-ceramic 

MXR-320/36 X-ray machine (320kV, Comet AG, Switzerland) as previously described [42]. 

At the end of the seven day treatment period, three mice from each group were sacrificed for 

histological analysis of tumours. The remaining mice in each group were kept on study until 

tumours reached a volume of 1000mm3.

Animal study protocols were approved by the Institutional Ethics Committee and the Home 

Office (project license 40/3212,) and designed in accordance with the Scientific Procedures 

Act (1986) and the 2010 guidelines for the welfare and use of animals in cancer research 

[43].

IHC analysis

Tumours were harvested and snap frozen in two pieces in liquid nitrogen within 2 minutes 

of sacrifice. The tumours were cut into 10μM sections using a OFT5000 cryostat (Bright, 

Huntingdon, UK), fixed in chilled acetone and stained for MCT1, MCT4 (in- house 

[AstraZeneca] polyclonal antibodies), and CD31 (rat anti-mouse CD31, Pharmingen, BD 

Biosciences).

Statistics

Kaplan-Meier plots were evaluated using the log-rank (Mantel-Cox) test; otherwise 

significance was determined using an unpaired two tailed student’s T-test for two-sample 

equal variance.

Results

AZD3965 inhibits bidirectional lactate transport

AZD3965 (supplementary Figure 1) was designed to selectively inhibit MCT1 and would 

therefore be expected to influence the movement of lactate into and out of cells. In the first 

instance, the effect of AZD3965 on lactate efflux was studied. Equivalent numbers of cells 

were incubated in either normoxia, 1% oxygen (hypoxia) or anoxia in complete media 

supplemented with AZD3965 or DMSO vehicle for 24 hours. After this time media and cells 

were collected to determine lactate concentrations. Generally, treatment with AZD3965 

caused an increase in intracellular lactate (Figure 1A-C). There was a corresponding trend 

for reduction of extracellular lactate concentration, but these changes were not significantly 
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different; this may have been due to the inherent difficulty in measuring extracellular lactate 

in media which already contains significant amounts of serum-derived lactate (Figure 1D-F).

As MCT1 is a bidirectional transporter [13] the effects of AZD3965 on lactate influx were 

determined using a radioactive assay that measured the amount of lactate taken up by the 

cell (when other respiratory substrates were available) over one hour. Figure 2 (panels A and 

B) shows the effect of 24 hour treatment with AZD3965 on subsequent uptake of lactate. A 

significant decrease in lactate uptake was observed when the drug was administered 24 or 4 

hours prior to, or the same time as, the radioactive lactate (defined as acute in Figure 2E and 

F). These experiments suggest that AZD3965 inhibits lactate transport by MCT1 regardless 

of the direction of lactate movement. Figure 2 also shows that inhibition of lactate uptake 

was seen when the hypoxia mimetic cobalt chloride was applied to the cells concurrently 

with AZD3965, this suggests that the HIF-1 mediated induction of MCT4 does not 

counteract the effect of the drug on lactate influx. This also suggests that even in the hypoxic 

regions of tumours, where MCT4 might be up-regulated, there might be significant 

inhibition of lactate uptake.

It is possible that the reduction in lactate uptake could contribute to the reduction in lactate 

efflux. This is because the reduction in lactate uptake creates a requirement for increased 

glycolysis to supply TCA cycle substrates, which must be immediately used by, and not lost 

from, the cell.

Metabolic analysis of the effect of inhibiting lactate transport

In order to determine the effects of inhibiting lactate transport on other metabolic pathways, 

116 intracellular metabolites were analysed using LC-MS (for details see supplementary 

information). Samples were prepared 6 and 24 hours after the addition of 10nM or 1μM 

AZD3965 or DMSO control in both normoxia and hypoxia. A hierarchical analysis of the 

levels of individual metabolites under each experimental condition is provided in 

Supplementary Figure 2. The data were processed using an in-house model (the AstraZeneca 

pathway annotation tool). This model considered 41 metabolic pathways and the change in 

metabolite levels in each pathway was calculated. In this analysis, the extent to which a 

pathway is altered is determined by measuring the number of metabolites that demonstrate a 

significant change (see below) between the two samples that are being compared (indicated 

on the left hand side of the heat map in Figure 3). The greater the alteration, the brighter the 

colour assigned on the heat map. Larger changes in metabolism were observed when the 

treatment with AZD3965 was conducted under hypoxic conditions consistent with the 

increased requirement for lactate transport under these conditions. Also, greater changes 

were observed when the drug treatment was relatively short (6hr) as opposed to longer 

exposure times (24hr).

In the hypoxic samples, significant changes were observed in pathways involved in amino 

acid metabolism, such as: alanine, aspartate, glutamine, arginine, proline and β-alanine, as 

well as amino-acyl tRNA biosynthesis and amino acid and nucleotide sugar metabolism. 

These data are consistent with previous reports of a shift to an anabolic phenotype caused by 

oxidative stress mediated by effects on the pentose phosphate pathway (PPP) [44, 45]. 

Consistent with this, changes in PPP were also observed.
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In order to consider whether the increased effects seen in the hypoxic samples are simply a 

reflection of the metabolic changes brought about by the hypoxic environment, the hypoxic 

samples were compared with their normoxic counterparts (matched for time and drug 

concentration). This analysis (shown in Supplementary Figure 3) also demonstrated 

evidence of a shift to an anabolic phenotype. This suggests that the comparable shift brought 

about by the drug could be as a result a heightened sensitivity of the cells to hypoxia as a 

result of treatment with AZD3965. Hypoxia also resulted in some changes to glycolytic 

intermediates, however, changes in glycolysis as a result of treatment with AZD3965 were 

observed in every 6hr time-point. Inspection of the individual metabolite levels indicated 

that there was a dose dependant increase in the concentration of intermediates early in the 

glycolytic pathway, and a similar dose dependant decrease in those appearing late (for 

example, pyruvate seen in Figure 4). The metabolite changes observed as a result of the 

treatment with AZD3965 are in the same direction as, but lesser in magnitude compared to 

the changes caused by hypoxia. As hypoxia is generally associated with an increase in 

glycolytic rate, this would suggest that the changes seen are indicative of a more glycolytic 

phenotype [46]. The drug-dose dependant nature of these changes, coupled with fact that 

there are dose dependant increases in both of the early glycolytic intermediates measured 

(glucose-6-phosphate and fructose-1-phosphate, see Figure 4), provide confidence in this 

conclusion.

We then analysed the effect of inhibting lactate transport on glycolytic enzyme kinetics 

(Figure 4). Changes in Vmax of both pyruvate kinase and hexokinase were demonstrated, 

however, for hexokinase there was no accompanying change in Km, and the Km change 

with pyruvate kinase was lower than the change in Vmax. Increases in Vmax indicate 

changes not in the kinetics of the enzyme reaction, but in the amount of enzyme present. 

These changes are partiularly noticable in the case of Hexokinase, the first enzyme in the 

glycolytic cascade. An up-regulation of hexokinase protein expression would be consitent 

with the increases in concentration of glucose-6-phosphate and fructose-1-phosphate. These 

expression changes would suggest that there has been a fundamental metabolic shift 

resulting in increased glycolysis in response to inhibition of lactate transport by AZD3965.

AZD3965 treatment results in increased oxidative stress

The metabolic changes observed above suggested that treatment of cells with AZD3965 

could result in changes in cellular redox and cause oxidative stress. To evaluate this, we 

measured cellular levels of ATP, GSH/GSSG and the generation of reactive oxygen species 

(ROS) following treatment of cells with AZD3965 in air, hypoxia and anoxia (results are 

given in supplementary Figure 4). Anoxia alone results in a 50% reduction in cellular ATP 

and AZD3965 appears to cause a further decrease in ATP; in normoxia, 1μM AZD3965 

causes a statistically significant 30% reduction in ATP. We further evaluated levels of GSH 

and GSSG; in air, AZD3965 has little effect on glutathione levels whereas in hypoxia a 

drug-dependent increase in the level of GSSG is observed. These changes in cellular redox 

were broadly reflected by the generation of ROS. In air, there was a decrease in ROS 

production following treatment with 1μM AZD3965, whereas in anoxia drug treatment led 

to a 50% increase in ROS. The different effects in air and anoxia probably indicate the 

different requirement of lactate transport under the different conditions. Interestingly, these 
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changes in redox and ROS production are not sufficient to mediate cytotoxicity 

(Supplementary methods and Supplementary Figure 5).

Treatment of tumours in vivo with AZD3965 causes increased lactate concentration, a 
reduction in growth and increased radiation sensitivity

Using conventional in vitro culture conditions, where glucose is abundant, cells are better 

able to compensate for the inhibition of lactate uptake. In contrast in tumours, cells are 

exposed to nutrient (oxygen) limitations as cells move further way from a functional 

vascular supply. Under these conditions it is likely that the use of lactate as a respiratory 

substrate is critical for tumour cell survival. This concept of metabolic symbiosis has been 

described by Sonveaux et al. [24], who suggested that hypoxic cells undergoing glycolysis 

will provide the aerobic fraction of a tumour with lactate to use as a respiratory substrate. 

This symbiosis has two advantages, firstly this allows the hypoxic, glycolytic fraction to 

benefit from sufficient glucose, but it also prevents acidification of the extracellular space 

that could be caused by lactate accumulation. In this model, MCT1 is likely to be pivotal to 

this shuttling of lactate between tumour compartments; hence the efficacy of AZD3965 was 

investigated in vivo.

Mice bearing H526 tumours were treated with AZD3965 for seven days. Figure 5A shows 

that treatment with AZD3965 resulted in a delay in tumour growth. Analysis of the time 

taken for individual tumours to grow from 150mm3 to 1000mm3 showed that this was 8 

days for tumours in mice treated with vehicle alone compared to 12 days for those given 

AZD3965 (P = 0.004, Figure 5B). One mouse in the treatment group was cured and omitted 

from this analysis. However, a Kaplan-Meier plot of AZD3965 treatment efficacy, where 

survival was linked to tumour size (with animals sacrificed when tumours reached 

1000mm3), also showed significance (P = 0.008). Tumours were harvested at the end of 

drug treatment, and at this time, higher concentrations of tumour lactate were found in the 

group that had received the AZD3965 suggesting in vivo efficacy in inhibiting lactate 

transport (Figure 6A). In order to ensure that this difference was not due to changes in 

angiogenesis, IHC analysis of CD31 was used to assess vessel number, size and overall 

coverage. Figure 6B shows there were no significant drug-induced changes in vessel number 

and similarly there were no changes in vessel size or coverage (Supplementary Figure 6). 

Thus, it is likely that the changes in lactate observed were a specific effect of MCT 

inhibition and not due to any changes in angiogenesis. Interestingly, a significant (p<0.05) 

increase was observed in the extent of MCT4 staining (Figure 6C) and this occurred without 

an increase hypoxia, as measured by Pimonidazole binding (data not shown), suggesting that 

the up regulation of MCT4 is not due to increased tumour hypoxia but rather indicative of 

increased glycolysis. This is consistent with our in vitro observations and the use of MCT4 

as a glycolytic marker which has been published previously [47].

We have shown above that treatment of anoxic cells with AZD3965 can profoundly alter 

their redox status. This, together the fact that AZD3965 will perturb the metabolic symbiosis 

between the hypoxic and aerobic cells within the tumour, strongly suggests that the hypoxic/

anoxic cells may be more vulnerable to adjuvant treatment. Since the effectiveness of 

radiotherapy is limited by the resistance of the hypoxic/anoxic cells [1], a combination of 
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AZD3965 with radiotherapy could be beneficial. To test this, H526 xenografts were grown 

to a volume of 150mm3; one group of mice received no treatment for two days followed by 

three daily fractions of 2Gy (3×2Gy); the second group received AZD3965 for two days 

followed by AZD3965 together with 3×2Gy fractionated radiotherapy followed by two 

further days of AZD3965. Mice were sacrificed at the end of drug treatment or tumours 

were allowed to grow to 1000mm3. In all cases, tumours were harvested for IHC analysis or 

assessment of lactate levels. At the end of the treatment period there was a considerable 

increase in the lactate levels observed in the tumours treated with AZD3965 (Figure 7A). By 

comparison with Figure 6, radiation alone has no discernible effect on tumour lactate levels.

Administration of AZD3965 alone for seven days increased the time for tumours to reach 

1000mm3 from 8 to 12 days (Figure 5); for radiation alone this time was 18 days, which was 

increased to 25 days when combined with AZD3965 (P = 0.02, Figure 7B). Growth curves 

are given in (Figure 7C). Kaplan-Meier analysis (Figure 7D) showed that the difference in 

survival between the mice treated with radiation only compared to the group receiving 

radiation plus AZD3965 was significant (P = 0.011). Clearly, the therapeutic effect of 

combining AZD3965 with radiotherapy is greater than using either modality individually.

Discussion

Sonveaux et al. [24] used the non-specific MCT1 inhibitor CHC to propose a model 

whereby inhibition of lactate influx resulted in a switch from lactate fuelled oxidative 

metabolism to glycolysis in the oxygenated regions of the tumour. They demonstrated that, 

in oxygenated regions, lactate was used as a fuel source in preference to glucose while, 

when MCT1 was inhibited, the cells adopted a glycolytic phenotype using glucose as their 

fuel source. These data were of considerable importance for highlighting the potential 

therapeutic importance of inhibiting lactate transport; however, despite the rigorous controls 

employed by the authors there were still some concerns about the overall conclusions as 

CHC is not a specific inhibitor of MCT1. One of the off-target effects of CHC is inhibition 

of the mitochondrial pyruvate carrier. This inhibition is possible at the concentrations used 

in the study by Sonveaux et. al. [24], and could explain the inhibition of lactate oxidation 

observed [34]. In contrast, AZD3965 is a specific MCT1 inhibitor and therefore, we are able 

to demonstrate, unambiguously, that the abrogation of the symbiotic tumour 

microenvironment can be achieved by the inhibition of lactate transport by MCT1.

We have demonstrated that AZD3965 is able to inhibit lactate transport both into and out of 

the cell with the greater effect observed on lactate uptake. These data are concordant with 

the majority of published observations regarding the role of MCT1 in lactate transport [13, 

15, 24, 48] and thus treatment with AZD3965 will restrict lactate availability as a fuel source 

for aerobic metabolism. This metabolic change would force those cells utilizing lactate to 

use an alternative fuel e.g. glucose, thus increasing the rate of glycolysis. This hypothesis is 

supported by the observation that treatment with AZD3965 resulted in changes in glycolytic 

metabolites determined by metabolomics analysis, an up regulation of glycolytic enzymes 

measured by glycolytic flux analysis, and an increase in the rate of glucose uptake (although 

this was not statistically significant). In keeping with this, the increase in cellular lactate that 

is observed could be due to an increase in glycolysis.
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Inhibition of lactate transport resulted in a significant increase in tumour lactate in vivo and 

this effect was not as a result of perfusion changes brought about by changes to the blood 

vessels in the tumour. Moreover at the end of the treatment period a significant increase in 

MCT4 staining was observed; MCT4 is often considered a marker of glycolysis [47], and as 

such is concordant with previous observations surrounding increases in glycolytic rate. 

Despite the relatively brief treatment period (seven days), AZD3965 was also able to 

produce a statistically significant inhibition of tumour growth as a monotherapy.

On the basis of our hypotheses, AZD3965 would be particularly effective at killing the 

hypoxic areas of the tumour, as these would be the areas that would be starved of glucose 

when the aerobic fraction is unable to use lactate as a metabolic substrate. Moreover, the 

reduced cellular ATP, the increased percentage of GSSG and the increase in ROS in anoxic 

conditions are indicative of cells experiencing oxidative stress and as such these cells would 

be more sensitive to radiotherapy. As a consequence, AZD3965 was combined with 

radiotherapy. When mice bearing tumours were treated with AZD3965 concurrently with 

3×2Gy radiotherapy and with AZD3965 alone for two days either side of the radiation 

treatment, a significant decrease in tumour growth was observed in the AZD3965 combined 

with radiation group when compared to the groups that received either drug or radiation 

alone.

There is recent work describing the potential importance of metabolic symbiosis as 

important factor for sustaining tumour growth [49]. It is likely that treatment of tumours 

with AZD3965 will perturb this symbiosis with the result of decreased tumour growth and 

enhancement of the effects of radiotherapy. Inhibition of MCT1 with AZD3965 represents a 

novel method of specifically targeting solid tumours by pinpointing weaknesses inherent in 

the tumour microenvironment and this suggests that systemic administration in combination 

with targeted radiotherapy could represent an effective therapeutic strategy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AZD3965 increases intracellular lactate whilst decreasing the amount of extracellular 
lactate
Cells were treated with 100nM AZD3965 in normoxia, hypoxia or anoxia for 24hrs prior to 

determining lactate concentrations. Intracellular lactate A), B) and C); extracellular lactate 

D), E) and F). H526 cells, A) and D); HGC27 cells, B) and E); DMS114 cells, C) and F). 

Significantly different; drug treated versus controls; *, **, ***, P<0.05, P<0.01, P<0.001 

respectively. Mean and SEMs are derived from 3 independent experiments.
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Figure 2. AZD3965 significantly reduces lactate uptake
The uptake of lactate (A and B) and glucose (C and D) was measured 24 hours after 

exposure to AZD3965 in the presence or absence of Cobalt Chloride. A and C DMS114 

cells and B and D HGC27 cells. Panels E) and F) show time course assays, where AZD3965 

was applied for the number of hours indicated; “acute” dosing is when drug was 

administered concomitant with radiolabelled metabolite. E) lactate, F) glucose. Significantly 

different; drug treated versus controls; *, **, P<0.05 and P<0.01, respectively. Mean and 

SEMs derived from 3 independent experiments.
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Figure 3. The effect of inhibiting lactate transport on metabolism
The heat map represents the extent of change in a pathway when the two conditions 

indicated in the right hand column are compared. The colours indicate the number of the 

metabolites in that pathway that show a significant change in concentration. No weighting is 

given to the extent or the direction of the change in the levels of individual metabolites.
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Figure 4. Inhibiting lactate transport increases glycolytic rate
A) Glycolytic flux analysis was used to compare the activity of three key glycolytic 

enzymes. Km and Vmax were calculated and are expressed as a ratio of the control cells to 

the cells treated for 24hr with 100nM AZD3965; the horizontal line indicates a value 

indicative of no change as a result of treatment with AZD3965. B) The concentrations of the 

individual metabolites measured in the glycolytic pathway (values represent area under 

curve (AUC) normalised to median AUC). Mean and SEMs derived from 3 independent 
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experiments. Significantly different; drug treated versus controls; *, **, ***, P<0.05, P<0.01 

and P<0.001 respectively.
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Figure 5. AZD3965 slows H526 xenograft growth in vivo
A) In vivo growth curves showing tumour volume (mean and SEM) in mm3 post start of 

treatment; the growth curve finishes when the first tumour in each group reaches 1000mm3. 

The control group contained 5 mice the AZD3965 group contained 11 mice three of which 

were sacrificed for histology at the end of drug treatment (day 7). B) Days (±SEM) taken to 

reach 1000mm3 for each treatment group (significantly different; *, P = 0.004). In the 

AZD3965 group one mouse was cured and observed for a further 100 days after the tumour 

ceased to be visible and no tumour returned. This reduction in tumour size resulted in the 

apparent dip at the end of the AZD3965 growth curve and is why the Kaplan-Meier plot (C) 

does not reach zero for the AZD3965 group.
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Figure 6. Effect of AZD3965 on lactate concentration, blood vessel density and MCT4 expression 
in H526 xenografts
A) Lactate concentration expressed as mM lactate per mg of protein; B) mean number of 

blood vessels per image of the tumour as visualised using the endothelial cell marker, CD31; 

C) proportion of tumour stained for MCT4. Significantly different; drug treated versus 

controls; *, **, P<0.05 and P<0.01 respectively.
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Figure 7. Combining AZD3965 with radiation to treat H526 xenografts
A) Tumour lactate concentration at the end of drug treatment (P = 0.14); B) Days taken to 

reach 1000mm3, (mean and SEM, cured tumour not included), significantly different; drug 

plus radiation versus radiation alone; **, P = 0.02. The radiation only group contained 8 

mice 3 of which were sacrificed at the end of the treatment period (7 days) for histology, the 

radiation plus AZD3965 group contained 10 mice 3 of which were sacrificed at the end of 

drug treatment for histology. C) In vivo growth curves showing tumour volume in mm3 

(mean and SEM), the growth curve finishes when the first tumour reaches 1000mm3. The 2 
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Gy fractions of radiation were delivered midway between the two doses of AZD3965 on the 

days indicated with an arrow. In the AZD3965 + radiation group, one mouse was cured and 

observed for a further 100 days after the tumour ceased to be visible and no tumour returned. 

This is why the Kaplan-Meier plot (D) does not reach zero for the AZD3965 group; the 

dotted lines are taken from figure 5, with both experiments being carried out at the same 

time.
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