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Purpose: The complex nature of cancer-induced bone pain (CIBP) has led to investigation

into cancer-targeted therapies. This has involved targeting glutamate release from the tumor,

secreted as a byproduct of antioxidant responses and metabolic disruption. Cancer cells

undergo many metabolic changes that result in increased glutamine metabolism and subse-

quently the production of glutamate. Glutaminase (GLS) is the enzyme that mediates the

conversion of glutamine to glutamate and has been shown to be upregulated in many cancer

types including malignancies of the breast. This enzyme, therefore, represents another

potential therapeutic target for CIBP, one that lies upstream of glutamate secretion.

Methods: A recently developed inhibitor of GLS, CB-839, was tested in an animal model of

CIBP induced by intrafemoral MDA-MB-231 xenografts. CIBP behaviors were assessed

using Dynamic Weight Bearing and Dynamic Plantar Aesthesiometer readings of mechanical

hyperalgesia and allodynia.

Results: CB-839 failed to modulate any of the associated nociceptive behaviors induced by

intrafemoral MDA-MB-231 tumor growth. Further investigation in vitro revealed the sensi-

tivity of the drug is dependent on the metabolic flexibility of the cell line being tested which

can be modulated by cell culture environment.

Conclusion: Adaptation to metabolic disturbances may explain the failure of CB-839 to

exhibit any significant effects in vivo and the metabolic flexibility of the cell line tested

should be considered for future investigations studying the metabolic effects of glutaminase

inhibition.
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Introduction
Circulating glutamine is the most abundant amino acid in the plasma.1,2 Glutamine

is readily consumed by rapidly dividing cells, including cancer, for both energy

synthesis and carbon/nitrogen source. Rapidly proliferating cancer cells have a

modified metabolism increasing their dependence on glutamine to sustain uncon-

trolled proliferation at rates that exceed normal intracellular glutamine production,

making this otherwise non-essential amino acid become conditionally essential.1,2

The nitrogen from glutamine supports the levels of many amino acids in the cell via

aminotransferase activity,3 where at least half of the non-essential amino acids used

for protein synthesis in cancer are derived from glutamine.4,5

Cancer-induced bone pain (CIBP) is a multifaceted pain state that poses a

clinical challenge for effective treatment and control in oncology patients with

advanced, metastatic disease. In particular, colonization of cancer in the bone

most commonly results in the development of CIBP6 with cancer-secreted factors
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playing a major role in modulating the bone microenvir-

onment and eliciting nociceptive stimuli.7,8 Previously, we

have targeted the cystine/glutamate antiporter system

xc
- (xCT) to modulate CIBP induced by intrafemoral

inoculation of an aggressive breast carcinoma, MD-MB-

231.9,10 Targeting the secretion of glutamate from malig-

nant cells via xCT inhibition has contributed to the delay

in severity and/or onset of CIBP in animal models bearing

an intrafemoral tumor.9,10 Although effective in pre-clin-

ical models, existing inhibitors of xCT are limited for

clinical use. We, therefore, investigated other targets that

contribute to the production of cancer-derived glutamate.

Glutaminase (GLS) is the enzyme responsible for the

generation of glutamate from glutamine and therefore

offered a new therapeutic target to investigate the role of

cancer-derived glutamate in CIBP.

Not only have breast cancer cells been shown to derive a

large proportion of intracellular glutamate from glutamine,11

but GLS is transcriptionally upregulated in triple-negative

breast cancer (TNBC) cells increasing their reliance on exo-

genous glutamine.12,13 Increased glutamine oxidation results

in increased reactive oxygen species (ROS) production via

the mitochondrial electron transport chain14 but is also

required for ROS detoxification via glutathione (GSH).15

Glutamate production is essential for GSH synthesis with

glutamate itself as a component of the antioxidant but also as

a driver of xCT activity to acquire cystine, the rate-limiting

substrate in GSH synthesis. Amino acid utilization by cancer

cells is therefore essential for both cellular metabolism and

redox homeostasis.16–18

CB-839 is a potent allosteric inhibitor of GLS in Phase

I clinical trials with TNBC cells reported to show great

sensitivity to this compound. CB839 exhibits antiprolifera-

tive effects, depletion of key metabolic intermediates and

anti-tumor activity in TNBCs exploiting a metabolic

alteration in these cells for therapeutic benefit.19 Based

on this work, GLS appeared to be an attractive target for

CIBP based on the glutamate-induced nociception hypoth-

esis as GLS represents a glutamate-modulating target

upstream of its release through the activity of xCT.

Despite the results reported by Gross et al 2014, we did

not observe any significant delay in the development of CIBP

in our MDA-MB-231 xenograft animal model after chronic

CB-839 treatment. Subsequent in vitro analysis suggests its

susceptibility to CB-839 may be nutrient-dependent.

Therefore, the metabolic flexibility of this cell line and its

ability to adapt to different nutrient conditions which may

provide variable responses in vivo versus in vitro.

Materials and methods
Cell culture
MDA-MB-231 human breast adenocarcinoma (American

Type Culture Collection) were maintained at sub-confluent

densities with 5% CO2 at 37°C in DMEM supplemented

with 10% fetal bovine serum and 1X antibiotic/antimyco-

tic (Life Technologies).

Animals
Female athymic Balb/c nu/nu homozygous nude mice

(Jackson Laboratories) at 4–6 weeks of age were used.

The mice were housed in a sterile environment with room

temperature and lighting maintained at 24°C with a 12 hrs

light/dark cycle, respectively. Autoclaved food and water

were provided ad libitum. All procedures involving ani-

mals were approved by the McMaster University Animal

Research Ethics Board in accordance with the Canadian

Council on Animal Care’s Guidelines to the Care and Use

of Experimental Animals (Volume 1, 2nd edition).

Quantification of extracellular glutamate
Media samples are collected after incubation with CB-839 for

72 hrs and the concentration of glutamate is quantified using

the Amplex Red Glutamic Acid Kit (Life Technologies). Cells

are fixed with 10% formalin and stained with crystal violet to

quantify cell number. Final glutamate concentrations are nor-

malized to cell number.

Quantification of intracellular ROS

production
Intracellular ROS was quantified using a choloromethyl 2ʹ,7ʹ–

dichlorofluorescein diacetate derivative (CM-H2DCFDA).

The DCFDA reagent is loaded onto the cells prior to drug

treatment in phenol-red-free DMEM supplemented with 10%

FBS, sodium pyruvate (1 mM) and L-glutamine (4 mM).

Fluorescence was quantified after either 24 or 72 hrs of

CB-839 treatment. Fluorescence was then read at 529 nm

following the indicated time points.

Assessing xCTactivity by monitoring

uptake of radiolabeled cystine (14C-cystine)
The uptake of radiolabelled [14C]-cystine was measured as

previously described.9 MDA-MB-231 cells incubated with

CB-839 or DMSO for 72 hrs were washed and incubated

in the uptake buffer (HBSS +0.45uCi 14C-cystine) for 5

mins and then subjected to washes with ice-cold HBSS

and lysed in lysis buffer consisting of 0.1 N NaOH and
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0.1% Triton-X for 15 mins. One hundred microliters of

lysate is then added to 1 mL of scintillation fluid for

quantification of radioactivity. Protein concentration for

each sample is quantified using the Bradford reagent and

used to normalize scintillation counts.

Development of subcutaneous MDA-MB-

231 xenograft
Slow release (0.25 mg, 21-day release) 17β-estradiol pel-
lets (Innovative Research of America, Sarasota, FL, USA)

were implanted subcutaneously 3 days prior to tumor cell

inoculation. Three million MDA-MB-231 cells were

injected subcutaneously in the right flank of Balb/c nude

mice. Tumors were allowed to develop until they reached

on average approximately 75 mm3 before compound

administration. CB-839 (n=4) or vehicle (n=4) was admi-

nistered 2x per day at a dose of 200 mg/kg by oral gavage

due to the high clearance of the drug (Calithera

Biosciences). The treatment period extended for 17 days

with daily tumor volume measurements.

Development of intrafemoral MDA-MB-

231 xenograft
The intrafemoral xenograft model is used to simulate the

effects of bone metastases including pain, a common

experience of cancer patients with bone metastases. As

mentioned above, estrogen pellet implantation preceded

tumor cell inoculation. Animals were subject to isofluor-

ane anesthesia and subcutaneous buprenorphine (0.05 mg/

kg) prior to intrafemoral injection. Animals receiving

MDA-MB-231 cells were injected with 500,000 cells sus-

pended in 25 uL PBS into the right, distal epiphysis of the

femur as previously reported.9,10 CB-839 (n=8) or vehicle

(n=11) was administered as indicated above.

Behavioral testing and radiographic lesion

assessment
Dynamic weight bearing (DWB) and dynamic plantar

aesthesiometer (DPA) testing was used to assess weight

distribution and mechanical withdrawal thresholds, respec-

tively, as previously described.9,10 Briefly, at least 3 base-

line measurements were collected before tumor

inoculation. After tumor development, behavioral testing

was done at least two times per week for continuous

assessment of CIBP progression. Experimenter was

blinded as to what treatment group each animal belonged.

As animals had to be administered vehicle or CB-839

twice per day by oral gavage which is a potentially stress-

ful procedure, animals were given ample time following

their first gavage on testing day. For DPA testing, animals

were allowed to equilibrate for 20 mins in the testing

chamber prior to testing. No equilibration time was

allotted for DWB testing as exploratory behavior (includ-

ing rearing) is important to these measurements.20

Assessment of intrafemoral lesions was conducted using

radiographic analysis at endpoint and blinded scoring of

radiographs on a scale of 0 (no lesion) to 3 (extensive

osteolysis) as described previously.10

Serum glutamate quantification by

HPLC-MS
To quantify the concentration of glutamate in serum, a

standard glutamate curve was made by spiking 10 μL

serum with 0.2 μg/mL L-glutamate acid-2,3,3,4,4-d5 as

an internal standard (Sigma 616,281). Injection volumes

of 0.1, 0.2, 0.5 and 1 μL corresponded to 0.1, 0.2, 0.5 and

1 ng/μL of the L-glutamate d5 in the standard curve.

Glutamine and glutamate elute in close proximity to each

other and therefore, pH of mobile Phase A is essential to

prevent overlap of peaks. Although not quantified, the

ratio of glutamine to glutamate was determined by com-

paring peak areas of both analytes.

Serum samples were subject to an ice-cold methanol

(MeOH) extraction at a ratio of 1:10 (serum:MeOH) for 1

hr on ice. Liquid chromatography was performed on an

Agilent 1290 Infinity liquid chromatography system in

isocratic mode equipped with a SeQuant ZIC-HILIC

PEEK column (3.5 μm, 100 A; 150×2.1 mm; Millipore).

Mobile phase consisted of (A) 10 mM ammonium formate

(pH 6.5) and (B) acetonitrile. Injection volume was 5 μL

with a flow rate of 0.2 mL/minute. LC/MS analysis was

performed on an Agilent 6550 iFunnel Q-TOF in negative

ion mode with a mass range of 100–200 m/z. Additional

parameters are as follows: gas temperature at 275°C,

nebulizer pressure at 30 psig, sheath gas temp at 320°C,

sheath gas flow at 11 L/min, capillary voltage (VCap) at

3500 V and nozzle voltage at 1500 V. Data acquisition was

performed using Agilent Mass Hunter (version B.07.00).

The pH of mobile phase (A) is very important to maximize

separation of glutamate from glutamine in the stationary

phase to prevent co-elution of these molecules. Although

not quantified, the ratio of glutamine to glutamate was

determined by comparing peak areas of both analytes.
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Statistics
Data are presented as means ± SEM. One-way ANOVA

and two-way repeated measures ANOVA were used for

statistical comparisons. P-values <0.05 were considered

statistically significant.

Results
CB-839 does not prevent growth of

MDA-MB-231 xenografts
Before testing CB-839 in the CIBP model, the effect of the

drug on the growth of MDA-MB-231 xenografts was

tested in a subcutaneous tumor-growth model. Differing

from results observed by Gross et al 2014 with another

TNBC cell line (HCC1806), CB-839 treatment did not

affect the growth of MDA-MB-231 cells relative to the

vehicle-treated control (Figure 1). Serum glutamate con-

centrations also did not differ significantly between groups

despite the trend illustrating a decrease in serum glutamate

concentrations from CB-839-treated animals (Figure 2).

Furthermore, the ratio of glutamine to glutamate in the

serum was significantly elevated in drug-treated animals,

indicative of an accumulation of glutamine due to inhibi-

tion of GLS which is in agreement with Gross et al 2014

who report elevated glutamine in plasma within 4 hrs of

CB-839 administration.

CB-839 does not prevent development of

CIBP behaviors
CB-839-treated animals did not show any delay in the

development of pain behaviors as measured by dynamic

weight bearing (Figure 3A) or dynamic plantar aesthesi-

ometer measurements (Figure 3B) relative to the vehicle-

treated controls. Treatment with this compound was,

therefore, not effective in preventing CIBP-related mechan-

ical allodynia. The degree of osteolysis also did not differ

significantly between vehicle and CB-839-treated groups

Figure 1 Growth of subcutaneous MDA-MB-231 tumors in Balb/c nude mice treated with CB-839 or vehicle. Tumor volume was measured daily. Treatment began once

they reached approximately 75 mm3. CB-839 treatment (n=4) does not affect result in a reduction in tumor volume relative vehicle-treated controls (n=4).

Figure 2 Concentration of glutamate in serum from animals with subcutaneous MDA-MB-231 tumors treated with CB-839 (n=4) or vehicle (n=4). (A) Concentration of

glutamate in serum relative to vehicle-treated animals (P=0.0781 by unpaired t-test). (B) The ratio of glutamine to glutamate in serum indicating that glutamine levels

significantly increase in the serum of mice-treated with CB-839 (P<0.001 by unpaired t-test).
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(Figure 4) suggesting CB-839 did not affect tumor devel-

opment consistent with our preliminary subcutaneous tumor

growth analysis.

CB-839 reduces glutamate release from

MDA-MB-231 cells
After seeing negative results in our in vivo model, we wanted

to confirm CB-839 reduces extracellular glutamate release

from MDA-MB-231 cells as reported. CB-839’s ability to

reduce extracellular glutamate is sensitive to the status of

sodium pyruvate in the culture media. Extracellular gluta-

mate concentrations decrease significantly in the absence of

sodium pyruvate in the media (Figure 5A). Furthermore,

only in the absence of sodium pyruvate is any significant

impact on cell density observed suggesting that the presence

of that metabolite in the media maintains cellular prolifera-

tion during GLS inhibition (Figure 5B).

ROS production and uptake of

radiolabeled cystine
In the absence of sodium pyruvate, there is an approximate

2.5 fold increase in ROS production by 72 hrs relative to the

DMSO control (Figure 6A). Interestingly, this is not accom-

panied by a significant influx of cystine uptake unless there

is sodium pyruvate present in the media (Figure 6B).

Discussion
In an effort to target glutamate release from cancer cells

associated with clinical CIBP characteristics, we targeted

glutamate production at a major metabolic hub that is

often associated with the reprogrammed metabolism of

aggressive cancers. In such cells, GLS activity is a key

mediator of anaplerosis fueling the Tricarboxylic Acid

(TCA) cycle, as a result of a shunted glycolytic pathway

(Warburg effect). GLS expression and activity is, there-

fore, upregulated in many cancers including MDA-MB-

231 cells. In addition to generation of TCA metabolites,

glutamine-derived glutamate is essential for production of

the major antioxidant tripeptide, glutathione (GSH) com-

posed of glutamate, cystine and glycine where glutamate is

not only a component of the molecule itself, but is also

necessary for the acquisition cystine, the rate-limiting sub-

strate of GSH synthesis. This glutamate/cystine exchange

occurs through the xCT antiporter. Expression of xCT has

been identified as a marker for GLS inhibitor sensitivity21

Figure 3 Assessment of pain behaviors – dynamic weight bearing (A) dynamic plantar aesthesiometer (B) behavioral testing was done twice per week to monitor

development of CIBP behaviors until endpoint. No significant changes between CB-839 (n=8) and vehicle-treated (n=11) groups were observed in both tests.

Figure 4 Radiographic lesion scoring of MDA-MB-231 tumors at endpoint. Representative images of vehicle and CB-839-treated groups are presented and osteolysis from

tumor development is indicated by white arrows. A graphical representation of radiographic lesion scoring of all animals in each group is shown.
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as high xCT activity decreases intracellular glutamate

pools, thus increasing the cell’s reliance on glutamine

and GLS to replenish this pool. This allows the cell to

maintain antioxidant production at the expense of regen-

erating TCA cycle intermediates from glutamine.22

It has become clear that the metabolic flexibility of the

cancer must be considered when evaluating the efficacy of a

potential therapeutic that targets a major metabolic pathway in

the cell. To promote survival, the cell must balance fueling

energy production and biomass accumulation with ROS clear-

ance. This involves diverting potential metabolic intermedi-

ates, such as glutamate, toward antioxidant production rather

than anabolism, exporting a large amount of glutamate in

order to acquire cystine for GSH synthesis. Therefore, gluta-

mine-derived glutamate can be sacrificed to promote survival

over growth when ROS levels are high.23

Figure 5 Effect of sodium pyruvate on CB-839 induced changes in glutamate release and cell survival in vitro CB-839 reduces extracellular glutamate (A) relative to the

vehicle (DMSO) control at concentrations above 12 uM only in the absence of sodium pyruvate in culture media (P<0.005). No significant changes observed in the presence

of sodium pyruvate. CB-839-induced decrease in cell number after treatment for 72 hrs observed only in the absence of sodium pyruvate in culture media (B). Non-linear

regression of (B) results in a shift in EC50 values between “no sodium pyruvate” (EC50=4.997 nM) and “with sodium pyruvate“ (EC50=11.07) indicating that cellular

proliferation and/or survival is affected by CB-839 treatment only when sodium pyruvate is absent from culture media.

Figure 6 Production of reactive oxygen species over the course of 24 and 72 hrs (A) and cystine uptake after 72 hrs treatment with 1 μM CB-839 (B). A significant

increase in ROS (A) is observed after a 72 hrs incubation with 1000 nM CB-839 (P<0.05; 2-way repeated measures ANOVA). Similarly, [14C]-cystine uptake (B) increases
significantly by 72 hrs but only in the absence of sodium pyruvate (P<0.01; 2-way repeated measures ANOVA).
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After treatment with CB-839, in vitro, we observed an

increase in ROS levels possibly due to impaired mitochon-

drial function and limited GSH production in the absence of

GLS-derived glutamate. It was hypothesized that glutamate

flux via xCT would be limited as GLS inhibition was

expected to limit glutamate available to drive antiporter

activity and as a result reduce cystine acquisition.

Unexpectedly, however, a decrease in extracellular gluta-

mate was not accompanied by significant changes in cystine

uptake when sodium pyruvate was absent from the media.

Under these culture conditions, decreased cell proliferation

was also observed. When sodium pyruvate is present in the

media, extracellular glutamate was diminished slightly and

cystine uptake increased, as expected, in response to rising

ROS levels (Figure 6). Therefore, ROS production was not

dependent on the presence of sodium pyruvate in the media

potentially due to mitochondrial dysfunction that accompa-

nies CB-839 treatment,19 however, cystine uptake was. The

cell must regenerate this depleted intracellular glutamate

pool that accompanies xCT activity via glutamine uptake

and GLS activity.24 However, with GLS activity inhibited,

TCA cycle intermediates and GSH are depleted and in the

absence of sodium pyruvate there no alternatives to restore

glutamate levels; therefore, the growth of TNBCs is halted

(Figure 5B).19

CB-839 sensitivity is associated with an increased

basal ratio of glutamate to glutamine which is common

of TNBCs including MDA-MB-231 cells and is indicative

of GLS activity.19,25,26 Despite this, sensitivity of MDA-

MB-231 xenografts to CB-839 treatment was limited

(Figure 1). This has also been observed by Lampa et al27

where the same cell lines resistant to CB-839 treatment in

vivo exhibited increased sensitivity to GLS in vitro, sug-

gesting the metabolic profile of these cells differs under in

vitro and in vivo conditions. This differential response to

CB-839 in vitro and in vivo has also been observed with

pancreatic carcinoma and attributed to compensatory

metabolic networks.28

Flexibility to overcome perturbations in glutamine

metabolism is important for survival of cells convention-

ally labeled as glutamine addicted. Under conditions of

limited glutamine, pyruvate carboxylase (PC) has been

found to be a compensatory anaplerotic mechanism allow-

ing the cells to use glucose-derived pyruvate for anaplero-

sis over glutamine.29 In many cancer cells, glucose and

glutamine are compensatory under different metabolic

conditions in order to maintain the TCA cycle.30 Cells

deemed glutamine-addicted can therefore become

glutamine independent,29 using glucose to produce oxa-

loacetate (OAA) via pyruvate metabolism. When pyruvate

is limited or not present, there is a shift to glutamine-

dependent acetyl-CoA formation, which is suppressed

when pyruvate is present.30 This may explain why there

is an amplified impact of CB-839 on proliferation and

glutamate release when pyruvate is removed from tissue

culture media as under these conditions the cell is relying

more heavily on glutaminolytic machinery including GLS.

Pyruvate therefore aids in the cell’s resistance to this

metabolic stress. In glioblastoma cells, GLS suppression

is accompanied by glucose-dependent anaplerosis via PC

which produces OAA from pyruvate (glucose-derived).29

Furthermore, MDA-MB-231 cells have been shown to

have reduced TCA cycle activity due to oncogenic kRas

activity.31 As a result, glycolysis is enhanced and these

cells consume greater quantities of glucose relative to

glutamine. This redundancy in glutamate production

could be an explanation for why MDA-MB-231 cells

show varied survival after CB-839 treatment in the pre-

sence or absence of sodium pyruvate and also show per-

sistence of intrafemoral tumor development and CIBP in

vivo where nutrient conditions are less controlled than

those in vitro. This redundancy is further illustrated by

glutamate production from alpha-ketoglutarate (α-KG).
Pyruvate can feed the TCA cycle in the absence of GLS

activity generating α-KG which can be diverted to make

more glutamate and fuel system xc
- exchange for antiox-

idant production. Glutamate dehydrogenase (GDH) can

catalyze the conversion of α-KG to glutamate when there

are sufficient levels of TCA cycle intermediates.32 This

can explain the role of sodium pyruvate supplementation

and the ability for MDA-MB-231 cells to survive GLS

inhibition by CB-839. When pyruvate is absent in the

media, the pull remains on GLS-derived glutamate to

fuel the TCA cycle, increasing the cells' reliance on GLS

activity and, as a result, making it more sensitive to GLS

inhibition. However, when pyruvate is present, the TCA

cycle pool can be restored in the absence of GLS activity

making the cell less susceptible to GLS inhibition.

Therefore, under these conditions, it is possible that suffi-

cient levels of glutamate are being produced from the α-
KG pool via transamination32 to drive system xc

- activity

under the pressure of increasing ROS as cystine uptake

increases after 72 hrs when ROS is also increased. This

compensatory mechanism is summarized in Figure 7.

Despite the fact that the majority of extracellular glu-

tamate released from TNBCs is derived from glutamine, it
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is clear that this can vary between cell types and under

different nutrient conditions. For example, where one

TNBC line, HCC1806 reported by Gross et al 2014

showed limited metabolic flexibility when it comes to

GLS inhibition, we have observed that another TNBC

line, MDA-MB-231, potentially has greater nutrient flex-

ibility and ability to overcome CB-839 treatment and

ultimately survive perturbations in glutamine metabolism.

The potential nutrient flexibility of MDA-MB-231 cells is

presented as a hypothesis for the persistence of CIBP in

our model despite GLS inhibition and highlights future

investigations that can be made into determining the meta-

bolic mechanisms behind cancer cell metabolism and

CIBP.

Conclusion
Sensitivity of MDA-MB-231 cells to GLS inhibition with

CB-839 is variable and dependent on culture conditions.

CB-839’s effect on cell survival and glutamate release in

these cells is dependent on the presence of sodium pyru-

vate in the culture media. Furthermore, the reported effect

on tumor growth following CB-839 therapy was not

observed with both the subcutaneous growth of MDA-

MB-231 tumors and the development of intrafemoral

lesions not differing significantly from vehicle-treated con-

trols. Of most significance, CB-839 treatment also failed to

modulate CIBP behaviors in vivo. It is possible the same

metabolic adaptations observed in vitro are occurring in

vivo and maintaining glutamate production in the absence

of GLS activity. Balancing cellular proliferation with ROS

homeostasis places different metabolic demands on the

cell. When these demands can be met, cell survival per-

sists even in the presence of metabolic perturbations.

By identifying what adaptations are taking place in

MDA-MB-231 tumors following CB-839 administration

will give more insight into the role of glutamine metabo-

lism and intratumoural glutamate production in CIBP and

reveal novel combinatorial treatment approaches to over-

come the metabolic plasticity of these cells.

Abbreviation list
GLS, Glutaminase; CIBP, cancer-induced bone pain;

DWM, dynamic weight bearing; DPA, dynamic plantar

aesthesiometer; ROS, reactive oxygen species; TNBC,

Figure 7 Glutathione synthesis for ROS detoxification drives metabolic adaptations to maintain glutamate production and cystine acquisition in the absence of GLS activity.

Glutathione synthesis for ROS detoxification drives metabolic adaptations to maintain glutamate production and cystine acquisition in the absence of GLS activity. In the

absence of GLS activity, glucose-derived pyruvate can feed the TCA cycle generating α-KG, which can then be used to generate glutamate via glutamate dehydrogenase.

With the intracellular pool of glutamate maintained, GSH production can continue, both with glutamate itself as a component for GSH and as an exchange factor for cystine,

the rate-limiting substrate of GSH synthesis. Bolded arrows represent the pathway that is hypothesized to compensate for loss of glutamine-derived glutamate under

conditions of GLS inhibition or low glutamine conditions. Under in vitro conditions, the addition of sodium pyruvate to cell culture media drives this process.

Abbreviations: CYS, cystine; CYS-CYS, cysteine; GSH, glutathione; ROS, reactive oxygen species; GLS, glutaminase; GDH, glutamate dehydrogenase; α-KG, alpha-
ketoglutarate; TCA, tricarboxylic acid.
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triple negative breast cancer; xCT, functional unit of sys-

tem xc-; DCFDA, choloromethyl 2ʹ,7ʹ–dichlorofluorescein

diacetate; TCA, tricarboxylic acid; α-KG, alpha ketogluta-
rate; GDH, glutamate dehydrogenase.
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