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ABSTRACT 

The most common cancer types have a high likelihood of metastasizing to the bone and can cause 

cancer-induced bone pain (CIBP).  Current therapeutic options do not offer proper management and 

thus CIBP can severely affect a patient’s quality of life.  Dysregulation of the excitatory neurotransmitter, 

glutamate, may be involved in the complex and multifaceted mechanisms of CIBP.  Because 

glutamatergic signaling promotes pain, a local rise in glutamate in the bone-tumor microenvironment 

may contribute to CIBP.  Glutamate levels are regulated in part by the cystine/glutamate antiporter, 

system xc
-.  System xc

- is known to be expressed by many different cancer cell types.  It functions by 

transporting cystine into cells and in return releasing glutamate into the extracellular space.  Elevated 

glutamate levels driven by the upregulated expression of this antiporter may contribute to CIBP.  Here 

we demonstrate that system xc
- is expressed on a spontaneously occurring murine mammary tumor cell 

line (66.1) and that treatment of these cells with the established inhibitor and anti-inflammatory agent, 

sulfasalazine, decreases glutamate secretion in a time and dose-dependent manner.  Furthermore, in a 

novel model of breast CIBP, systemic sulfasalazine treatment not only reduces glutamate levels within 

the femur, but also significantly attenuates CIBP behaviors.  Studies utilized 66.1 cells implanted into the 

femur intramedullary space of immunocompetent mice.  Measurements of spontaneous and evoked 

pain were made 7 and 10 days post cancer cell inoculation.  Systemic administration of sulfasalazine for 

4 days (on days 7-10) significantly reduced spontaneous pain-related behaviors and glutamate in femur 

extrudate as compared to vehicle treated controls.  In summary, we demonstrate that pharmacological 

inhibition of the system xc
- transporter attenuates CIBP related behaviors in mice.  These data support a 

role for system xc
- in CIBP and validate it as an analgesic target.  Further research is warranted to 

evaluate the potential repurposing of sulfasalazine as an antinociceptive agent for patients with CIBP.  
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INTRODUCTION 

1.1  Cancer-induced bone pain 

Cancer is the number one leading cause of death in developed countries.  Breast cancer specifically is 

the most prevalent cancer for women, comprising 23% or 1.38 million of the total new cancer cases, and 

causing approximately 350,000 deaths each year worldwide.  Cancers preferentially metastasize to 

particular organs, in the case of breast cancer, approximately 70% of patients’ cancer will metastasize to 

the bone. (3)  Of these patients, about 75-90% with advanced metastatic cancer will experience 

significant cancer pain. (4,9)  This cancer-induced bone pain (CIBP) is the most common and disabling 

pain condition for cancer patients, and is a major contributing factor in reducing the quality of life and 

functional status for patients. (1,2,9) 

Bones are required for structural support, movement, protection of internal organs, mineral and growth 

factor storage and release, as well as for the production and growth of blood cells.  Therefore bone pain 

causes secondary effects including loss of bone and muscle mass, loss of cardiovascular function, and 

loss of cognitive health, which can all lead to a diminished functional life for patients. (5)  Moreover, 

CIBP causes unique neurochemical changes.  Surprisingly, most bone tumors lack nerve fibers within and 

around the tumor mass; it is the acidic tumor environment and substances secreted by the tumor cells 

that stimulate nearby primary afferent nociceptors that cause pain sensation. (15) 

CIBP is characterized by the presence of allodynia, hyperalgesia, and spontaneous pain. (4)  CIBP 

categorized by severity and temporal features, specifically by the onset, duration, frequency, and 

pattern.  These categories can be classified as either breakthrough pain or ongoing pain.  Ongoing pain is 

described as a “dull aching sensation, constant in presentation and progressive in intensity,” whereas 

breakthrough pain is described as “transient and debilitating exacerbation of sharp pain sensations that 

‘breaks through’ an analgesic regimen designed to control a patient’s ongoing pain.” (7)   



7 
 

1.2  Mechanisms of cancer-induced bone pain 

Cancer pain is generated by three mechanisms: compression of bone, soft tissue, or peripheral nerve, 

vascular occlusion, and/or tumor infiltration. (4)  These mechanisms have the potential to disrupt 

normal bone cell metabolism which can result in the development of lesions that can off balance bone 

resorption and deposition, which can cause the release of proinflammatory and pain-producing 

substances into the microenvironment of the bone.  This acidic environment can cause activation of low 

pH receptors acid-sensing ion channels and capsaicin receptors that are both present on bone 

nociceptors. (7)  Once the tumor cells change the bone microenvironment, they can lead to alterations 

in the normal remodeling processes, resulting in bone destruction, pain, and significant morbidity. (6) 

Neurotrophins are a family of proteins upregulated in inflammatory or injury states that regulate 

survival, growth, and function of sensory and sympathetic neurons making them essential in generating 

pain symptoms.  Active neurotrophins can modulate the function of proteins expressed by nociceptors 

by up-regulating protein expression that play a role in nociceptive activity.  Neurotrophins are also 

expressed within tumor, inflammatory, and immune cells which add to the CIBP. (15) 

Breast cancer can create an acidic extracellular environment which upregulates osteoclast activity. (7)  A 

tumor mass is comprised of prototypical cancer cells, cancer stem cells, pericytes, cancer-associated 

fibroblasts, stem and progenitor cells, and immune pro-inflammatory cells.  These tumor cells release 

various signaling molecules that create an acidic environment.  They also have a reversed pH gradient 

from that of normal cells, with higher intracellular pH and lower extracellular pH, which provides these 

cancer cells with many advantages.  High cancer cell proliferation can cause an oxygen deficiency; to 

compensate for this shortage of oxygen cells up-regulate glucose transporters and enzymes of the 

glycolytic pathway resulting in increased acid production by cancer cells.  In CIBP, the tumor causes an 
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up-regulation of acid-sensing ion channel 1a/b expression in the primary sensory neuron which leads to 

hyperalgesia.  (15) 

Cytokines and chemokines, pro-inflammatory proteins that participate in communication between 

immune and immune-related cells, contribute to inflammatory and neuropathic pain.  Cytokines 

regulate osteoclastogenesis, tumor development and metastasis, central and peripheral pain 

neurotransmission, and the ability to stimulate bone resorption making it a likely contributor to cancer-

induced bone pain. (15) 

Tumor burden causes elevated levels of oxidative stress in the bone-tumor microenvironment through 

cancerous cells and tumor stromal cells that elicit stress response from both local cells and innervating 

sympathetic and nociceptive fibers.  Oxidative stress in cancer-induced bone pain causes increased 

production of glutamate by cancer cells and alterations in the response to glutamate by primary afferent 

neurons, both leading to pro-nociceptive actions. (15) 

Osteoblasts indirectly control osteoclast differentiation and function, therefore activity changes in both 

cell types are relevant in cancer-induced bone pain. (7)  In addition to cancer-induced pain, a reported 

30% of patients have also experienced pain brought on by the very therapies used to treat the cancer. 

(4)  For example, complications due to surgery, chemotherapy or radiation therapy.  All these skeletal-

related events can cause impaired mobility, reduced quality of life, increased mortality, and higher 

healthcare costs. (3) 

1.3  Current treatment options 

Current treatment options are relatively ineffective against bone cancer pain which leaves almost half of 

cancer patients with inadequate pain control. (1)  CIBP has not yet been successfully alleviated through 

individually targeting any one possible mechanism: inflammation, acidosis, neurotrophin-induced 
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neurogenesis. (9)  The few therapies that can fully control the pain come with significant unwanted side 

effects, often impairing the patient’s quality of life through these severe dose-limiting side effects. (5,9)  

Current treatment options for cancer-induced bone pain range from non-opioid analgesics through 

strong opioids.  The first line of treatment, non-steroidal anti-inflammatory drugs, typically come with 

gastrointestinal and renal side effects. (7)  Opioids are the mainstay of cancer pain management but 

come with many dose-limiting side effects such as nausea, constipation, vomiting, respiratory 

depression, sedation, cognitive impairment, tolerance, dependency and hyperalgesia. (1,7) 

1.4  Role of glutamate in bone homeostasis 

Glutamate signaling is involved in many aspects of metabolic homeostasis in healthy bone, including the 

communication between osteoclasts and osteoblasts.  In cases of bone metastasis, this normally 

balanced communication system is disrupted which leads to pathological changes in the rates of bone 

resorption and formation. (12)  There are many chemical mediators secreted by cancer cells involved in 

disrupting the communication between osteoclasts and osteoblasts.  For instance, we have shown 

specifically that the murine mammary tumor cell line used in our cancer-induced bone pain model 

secretes glutamate and identified the transport mechanism responsible for this glutamate release. 

Osteoblasts and osteoclasts express ionotropic and metabotropic glutamate receptors and specific 

glutamate transporters.  Early differentiation of osteoclasts can be inhibited by N-methyl-D-aspartate 

(NMDA) type glutamate receptor or system xc
- inhibitors.  Differentiation of osteoblasts can also be 

reduced in the presence of an NMDA receptor inhibitor.  Blocking NMDA receptors has been shown to 

be ineffective at altering mature osteoblasts and osteoclasts, therefore these receptors seem more vital 

to the differentiation of these two cell types rather than mature cell functions. (12) 

Tumor derived glutamate, a metabolic waste product of cancer cell oxidative stress protection, is a 

predominant excitatory neurotransmitter involved in pain perception.  Glutamate receptors, AMPA, 
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NMDA, mGluR 1 and 5, are located at the peripheral terminals of primary afferent neurons and have 

been shown to be involved in nociceptive signaling from noxious stimuli.  It is well established that an 

increase in extracellular glutamate is a common feature of painful human conditions.  Glutamate alters 

both tumor and host cell function and directly stimulates nociception. (7) 

Glutamate signaling in a healthy bone is involved in many processes from cell differentiation to mature 

cell functions. (8)  It is important for normal osteoclast and osteoblast differentiation and function; 

therefore, healthy bone homeostasis is dependent on the glutamate signaling system and is susceptible 

to problems when there is an influx of exogenous glutamate.  Direct injection of glutamate into both 

rats and humans has elicited responses of pain.  Using a co-injection of NMDA receptor antagonist, 

specificity of this effect has been shown.  Unfortunately, glutamate receptor antagonists have shown to 

have dose-limiting side effects similar to opiate therapy. (7) 

The most common type of glutamate receptor found in healthy bone is the NMDA-type receptors, which 

have been confirmed to be located on osteoclasts and osteoblasts.  Glutamate receptor inhibitors have 

been shown to prevent differentiation between these two cell types.  Glutamate has also been shown to 

decrease osteoblast proliferation during the early stages of differentiation. (8) 

1.5  Antiporter system xc
- 
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(7) 

System xc
- is an antiporter for the cellular uptake of cystine in exchange for intracellular glutamate, 

which exchanges one extracellular cysteine for one intracellular glutamate by their gradients, driven by 

the intracellularly synthesized glutamate. (7,13)  The system xc
- transporter has a heavy polypeptide 

subunit, 4F2hc, and a light subunit, xCT, coupled via a disulfide bridge.  Functional system xc
- has been 

found in the CNS and periphery, as well as retained in breast cancer cells.  In the cancer cells, this 

antiporter serves to support multiple antioxidant mechanisms. (7)   
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System xc
- main function is cellular cystine uptake for glutathione synthesis and maintenance of the 

cystine:cysteine redox cycle. (13)  System xc
- imports cystine in order to synthesize the antioxidant 

glutathione or as a direct extracellular antioxidant through subsequent export as a reduced cysteine 

molecule.  Cystine is the common form of the amino acid in the extracellular oxidizing environment.  

Once imported into the cell it is reduced to two cysteine molecules.  In this form the amino acids are 

able to support two antioxidant pathways that require cysteine as the rate-limiting factor, the synthesis 

of glutathione and the cystine/cysteine redox cycle.  Glutathione is a cellular antioxidant and exported 

cysteine protects cells from lipid peroxidation.  Unfortunately the by-product of this cycle is the 

increased release of glutamate into the extracellular space. (7) 

Cancer cell growth is rapid and dysregulated, relying on glycolysis for energy rather than the citric acid 

cycle.  Because of this method of choice for energy production, cancer cells need an increased rate of 

glucose uptake for glycolytic ATP production, resulting in the generation of reactive oxygen species as 

normal byproducts.  This consistently elevated oxidative stress causes cancer cells to upregulate the 

expression and activity of system xc
- (xCT). (7)  Oxygen, electrophilic agents, and bacterial 

lipopolysaccharides can all trigger xCT expression in order to fight this increased oxidative stress by 

stimulating GSH synthesis. (14)  Tumor cells will secrete glutamate in order to increase cystine import, 

and this extracellular glutamate can have signaling effects that alter the activity of tumor and host cells 

in the bone environment leading to activation of peripheral nociceptors. (7) 

Cancer-induced bone pain can be caused by fractures, inflammatory responses, neuropathological 

changes and disruptive cell signaling in the bone.  Tumor cells can directly cause pain by releasing 

inflammatory factors, as well as by dysregulating host cells within the bone microenvironment.  The 

glutamate released by the upregulation of antioxidant mechanism system xc
- in cancer cells is one 

example of how tumor cells can lead to the development of cancer-induced bone pain. (7)   
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1.6  Sulfasalazine 

There have been many effective system xc
- inhibitors identified in several different structural classes.  Of 

these, an anti-inflammatory combination drug, sulfasalazine, has proven the most useful in studying the 

inhibition of system xc
-. (7) 

(7) 

The system xc
- inhibitor sulfasalazine decreasing pain behaviors in animal bone cancer models suggests 

that cancer-induced bone pain could possibly be treated with therapeutics targeting cancer cells and 

host factors. (7)  The following studies demonstrate the significant inhibition of breast-induced bone 

cancer pain, the significant reduction in glutamate levels within the microenvironment and demonstrate 

that in vitro and in vivo that drugs such as sulfasalazine, a system xc
- inhibitor, may be a novel 

therapeutic for bone cancer pain. 
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Sulfasalazine is currently on the market to treat ulcerative colitis and rheumatoid arthritis.  It’s noted 

side effects include upset stomach, nausea, vomiting, loss of appetite, headache, dizziness, or unusual 

tiredness.  It has been reported to cause skin and urine to turn orange-yellow and cause male infertility, 

but both side effects are temporary and completely reversible when the medication is stopped.  Serious 

but rare side effects include sun sensitivity, hearing changes, mood changes, changes in urination, 

numbness of limbs, allergic reactions, blood disorders, and liver damage. 

Studies show that sulfasalazine’s anti-inflammatory effects are mediated by an increase in extracellular 

adenosine. (18)  Sulfasalazine is absorbed in the gut and split into sulfapyridine and 5-aminosalicylate, 

the 5-aminosalicylate portion being responsible for the beneficial effects in treating inflammatory bowel 

disease. (18)  It is hypothesized that intact sulfasalazine itself is responsible for the anti-inflammatory 

effects when used for nongastrointestinal diseases. (18)  Intact sulfasalazine interferes with purine 

metabolism. (18)   

5-aminoimidazole-4-carboxamidoribonuceltodie (AICAR) transformylase, an enzyme involved in purine 

biosynthesis, activity is critical for the anti-inflammatory activity of sulfasalazine. (18)  An increase in 

intracellular AICAR concentration induces enhanced adenosine release through either direct release of 

adenosine or release of adenine nucleotides. (18)  Increased adenosine concentrations at the site of 

inflammation diminish inflammation by acting on adenosine A1 receptors which affect cells involved in 

inflammation. (18)  Adenosine mediates two inflammatory effects, the first being the adhesion of 

neutrophils to vascular endothelium and the elaboration of inflammatory cytokines that promote 

leukocyte emigration at inflamed sites. (18) 
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MATERIALS AND METHODS 

In vitro 

2.1  Cell culture 

Murine mammary tumor cell line 66.1 was cultured in Eagle’s minimum essential medium with 10% fetal 

bovine serum (FBS), 100 IU-1 penicillin, and 100 µg/mL streptomycin (P/S).  The cells were plated in 10-

cm tissue culture dishes and kept in an incubator at 37:C and 5% CO2.  Cells were centrifuged and 

counted using a gridded hemacytometer (Hausser Scientific, Horsham, PA, USA). 

Cell growth was measured using XTT viability assap in 96 well plates with the cell line seeded at 10,000 

cells per well.  Sulfasalazine was prepared for in vitro treatments in DMSO to a concentration of 100 

mM, then by serial dilution brought down to the desired concentration using a serum and glutamate 

free MEM modification.  Initial doses of sulfasalazine were chosen based on a previously cited Ki of < 1 

uM. (10)  Preliminary studies suggested a marked decrease in cell viability in the presence of 

sulfasalazine at some doses.  Subsequent results using those doses are not presented. 

2.2 Immunofluorescence microscopy 

Spontaneously occurring murine mammary tumor cells (66.1) was seeded at density of 300,000 

cells/well on a 6-well plate.  Each well contained a single gelatin-coated glass coverslip.  48 hours post 

seeding coverslips were removed from wells and rinsed with Dulbecco’s Phostphate-Buffered Saline 

(DPBS, Cellgro).  This rinse was followed by fixation with ice cold 70% ethanol for 30 minutes at 4°C.  

Following fixation, cells were permeabilized with 0.25% triton 100x in DPBS for 30 minutes.  Coverslips 

were blocked in 5% BSA in DPBS for 2 hours before incubation in anti-xCT polyclonal antibody (1:50 

dilution in 5% BSA) for 1 hour at room temperature.  Primary incubation was followed by two 5 minute 

washes in DPBS and incubation with Alexa Fluor® 488 Goat Anti-Rabbit (2.5 µg/ml) in 5% BSA with 1% 
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normal donkey serum for 40 minutes at room temperature in the dark.  Following an additional two 

rinses at 5 minutes each with DPBS, coverslips were mounted on glass slides with ProLong Gold antifade 

reagent with DAPI (Molecular Probes).  Slides were allowed to cure for 1 hour prior to imaging.  Slides 

were imaged on a Zeiss Axioskop 40 using a 63x/0.08 numerical aperture Achroplan objective lens.  

Images were obtained with a Zeiss AxioCam-Cm 1. 

2.3  XTT cellular viability assay 

Inhibition of cell proliferation by sulfasalazine was measured by XTT (sodium 3’-[1-(phenylamino-

carbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzene-sulfoic acid hydrate) assay (ATCC) according 

to manufacturer’s instructions.  Briefly, cells were plated in 96-well culture plates (1 x 104 cells/well) in 

serum and antibiotic-free OptiMEM.  The cells were treated with sulfasalazine (0 nM, 10 nM, 100 nM 

and 1 µM) added directly to culture media for 24 hours.  All treatments were performed in 

quadruplicate.  50 µl of XTT test solution, which was prepared by mixing 5 ml of XTT-labeling reagent 

with 100 µl of electron coupling reagent, was then added to each well.  After a three hour incubation, 

absorbance was measured on a microplate reader (Synergy, BioTek) at a test wavelength of 475 nm and 

a reference wavelength of 660 nm.  Specific absorbance was determined using the following formula: 

Specific absorbance = A475nM(Test) – A475nM(Blank) – A660nM(Test). 

2.4  Glutamate measurements 

To measure glutamate release by the 66.1 cell line in culture, cells were seeded at approximately 

100,000 cells per well in a 12 well plate.  They were allowed to grow exponentially to around 80-90% 

confluence before exchange with glutamate, serum, and dye free MEM containing the selected drug 

treatment. 
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At the denoted time points post-treatment, an 80 µL aliquot of culture media was removed.  Samples 

were stored frozen at -20 °C and subject to analysis for glutamate content using the Amplex Red 

Glutamic Acid/Glutamate Oxidase Assay Kit (Life Technologies).  To eliminate signal amplification, L-

alanine and L-glutamate pyruvate transaminase were omitted from the kit, as has been previously 

described. (11) 

In vivo 

2.5  Animals 

Female BALB/cfC3H mice (Harlan, IN, USA) were between 15 and 20 g at the start of the study.  Mice 

were maintained in a climate controlled room on a 12 hour light/dark cycle and allowed food and water 

ad libitum.  Animals were weighed on days 0 (day of surgery), 7, and 10 for clinical signs of morbidity or 

rapid weight loss. 

2.6  Intramedullary implantation of 66.1 cells 

Mice were anesthetized (ketamine 80 mg/kg/xylazine 12 mg/kg, i.p.) and an arthrotomy surgery was 

performed, in which the condyles of the right distal femor were exposed and a hole was drilled.  1 x 105 

66.1 cells in 5 µL complete MEM or 5 µL complete MEM without cells in control animals was injected 

into the intramedullary space of the mouse femor, injections were made with an injection cannula 

affixed via plastic tubing to a 10-µL Hamilton syringe.  Proper placement of the injector was confirmed 

with Faxitron X-ray imaging.  Holes were sealed with bone cement. 

2.7  Drug treatment 

Animals received sulfasalazine dissolved in a vehicle solution of 10% dimethyl sulfoxide, 10% Tween-80, 

and 80% saline.  Animals were given once daily intraperitoneal injection of sulfasalazine (30 mg/kg) 7-10 
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days after intramedullary cancer cell inoculation or medium.  Control groups included media only and 

vehicle treated animals. 

2.8  Spontaneous pain 

Animals were tested for spontaneous pain before surgery and at days 7 and 10 following surgery.  

Flinching and guarding were observed for a duration of 2 minutes during a resting state.  Flinching was 

characterized by the lifting and rapid flexing of the right hind paw when not associated with walking or 

movement.  Guarding was characterized by the lifting of the right hind limg into a fully retracted 

position under the torso.  Number of flinches and time spent guarding were recorded over the duration 

of 2 minutes.  Measurements were performed in a blinded fashion. 

Ex vivo 

2.9  Glutamate assay 

Glutamate was similarly measured within mouse femur extrudate, however these results were 

normalized using the protein content of each sample.  Protein concentration was determined using the 

Pierce BCA Protein Assay Kit (Fisher Scientific).  Relevant glutamate levels were then expressed as the 

ratio of glutamate per protein in each femur extrudate pool. 

2.10  Serum biochemical assay 

Animals were anesthetized (ketamine 80 mg/kg/xylazine 12 mg/kg, i.p.) and whole blood was collected 

by transcardial puncture.  Blood coagulated at room temperature for 30 minutes and then was 

centrifuged to isolate serum.  Serum was stored at -80:C until used for assays.  Enzyme immunoasays 

were used to measure concentrations of tartrate-resistant acid phosphatase form 5b (TRAP5b) for 

osteoclast number and C-terminal telopeptide α1 chain of type 1 collagen (CTX) for bone loss and 

osteocalcin in the serum.  Assays were performed according to the manufacturers’ instructions. 
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2.11  Bone marrow extrudate immunoassay 

Animals were euthanized on day 10 following inoculation of cell free media or 66.1 cells and 4 days of 

drug treatment.  The ipsilateral and contralateral femurs were removed.  Proximal and distal ends of 

each femur were clipped and the intramedullary extrudate was rinsed into a vial.  Each femur was rinsed 

three times with phosphate-buffered saline containing protease inhibitor cocktail and EDTA (Pierce, 

Rockford, IL, USA).  Four femurs from four animals were pooled per sample. 

2.12  Statistical analysis 

Statistical comparisons between treatment groups were done using ANOVA.  Pairwise comparisons were 

made with the Student’s t-test, multiple comparisons between groups were done using Bonferroni’s 

Multiple Comparison Test. Significance was set at p<0.05.  All data is presented as mean ± SEM, plotted 

on GraphPad Prism 5.0 (Graph Pad Inc., San Diego, CA, USA). 
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RESULTS 

3.1  System xc
- present on murine breast cancer cells 

Immunofluorescence microscopy was used as a second method to a preliminary western blot to confirm 

the expression of system xc
- on the murine mammary tumor cell line used in this study’s CIBP model.  

Fluorescent labeled anti-xCT polyclonal antibody in tumor cells was used to confirm the presence of xCT, 

the small subunit unique to system xc
-, in order to show expression of system xc

- on the tumor cells.  To 

ensure that the transporter is expressed on the cell, the cell nuclei were labeled with 4’,6’ diamino-2-

phenylindole·2HCl (DAPI), an established nuclei marker.  Consistent with the preliminary results from a 

western blot analysis, immunofluorescence microscopy of tumor cells showed expression of the system 

xc
- transporter localized to the membrane (Fig. 1). 

 

Figure 1: 

Immunocytochemistry was used to visualize system xc
- on the murine mammary tumor cell line (66.1).  

The first image shows the xCT subunit of system xc
-, the second image uses DAPI to stain for the nucleus 

of the tumor cells, and the third shows the first two images merged together.  The merged images show 
that the transporter system xc

- is expressed by 66.1 cells

System X
c

-

 DAPI Merge 
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3.2  Sulfasalazine reduces cell viability 

Murine mammary tumor cell line 66.1 used in this study were shown to express the cystine/glutamate 

transporter system xc
- through western blot analysis and immunofluorescence microscopy.  These cells 

were treated in vitro with varying concentrations of sulfasalazine.  Sulfasalazine treatment showed a 

decrease in cell viability compared to vehicle treated cells in a concentration dependent manner (Fig. 2). 

 

Figure 2: 

A viability assay was run in order to test the inhibition of cell proliferation by sulfasalazine.  Cells were 
treated with sulfasalazine in various doses at 24 hours.  Results showed that concentrations below 10 nM 
did not affect the viability of the cells, but higher doses begin to decrease viability. 

3.3  Sulfasalazine decreases extracellular glutamate in vitro 
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In this experiment we asked whether sulfasalazine could decrease glutamate release from murine 

mammary tumor cells in vitro.  We used the Amplex Red Glutamic Acid/Glutamate Oxidase Assay Kit to 

detect glutamate release into the medium of a 66.1 culture.  Data was collected from four wells per 

treatment.  Following 1 nM sulfasalazine treatment the extracellular glutamate concentration decreased 

but was not significantly different from the control (Fig. 3).  Treatment with 10 nM sulfasalazine 

however resulted in significant decrease of extracellular glutamate compared to the control conditions 

(Fig. 3). 

 

Figure 3:  Sulfasalazine reduces extracellular glutamate in vitro 

Murine mammary tumor cell line 66.1 was treated with sulfasalazine at varying concentrations in order 
to determine whether there was function in vitro.  By 24 hours after treatment there is a significant 
decrease in extracellular glutamate between untreated cells and cells treated with 10 nM sulfasalazine.   

Sulfasalazine treated 66.1 tumor cells reduces extracellular glutamate in media.  66.1 tumor cells were 
either left untreated or treated with 1 nM or 10 nM of sulfasalazine.  Extracellular glutamate levels were 
measured at 10 hours and 24 hours after treatment.  24 hours after treatment there is a significant 
decrease in the 10 nM treated group compared to the untreated group. 
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3.4  Sulfasalazine decreases extracellular glutamate in vivo 

In this study we wanted to know whether sulfasalazine could inhibit glutamate release from cancer cells 

into the extracellular space, in this case the intramedullary bone environment.  We collected 

intramedullary extrudate from the animals and used the Pierce BCA Protein Assay Kit to measure 

glutamate levels in the bone environment.  Cancer animals treated with sulfasalazine resulted in 

glutamate levels that were comparable to the control animals (Fig. 4).  Whereas cancer animals treated 

with vehicle had significantly higher intramedullary glutamate levels than the control and sulfasalazine 

treated groups (Fig. 4). 

 

Figure 4:  Sulfasalazine reduces extracellular glutamate in vivo 

Glutamate assays were used to measure the amount of extracellular glutamate in the bone marrow 
extrudate collected from untreated and treated sham animals as well as untreated and treated 66.1 
animals.  There is a significant increase between the untreated 66.1 animals compared to both sham and 
treated animal groups, whereas there is no significant difference between the treated 66.1 group and 
the sham groups. 

Cancer animals treated with sulfasalazine had no significant difference in extracellular glutamate levels 
in the bone compared with sham animals.  Animals were either implanted with 66.1 cells or cell free 
media, those groups were then divided in half and either given sulfasalazine or vehicle treatment.  At the 
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end of the four day treatment course, intramedullary extrudate from each animal was extracted and 
pooled into their corresponding groups.  Extracellular glutamate levels were measured from these 
samples to reveal a significant increase in extracellular glutamate in the vehicle treated animal group 
when compared to both sham groups and the treated cancer group whereas there is no significant 
difference between the cancer group treated with sulfasalazine and the sham control groups. 

3.5  Acute administration of sulfasalazine reduces spontaneous pain behaviors 

Flinching and guarding behaviors were observed in order to measure the acute effects of sulfasalazine 

on cancer-induced spontaneous pain.  Eight days after intramedullary implantation of murine mammary 

cancer cells, mice displayed significant bone cancer-induced flinching and guarding behaviors.  One time 

administration of sulfasalazine resulted in a significant, time related reduction in these spontaneous 

pain behaviors.  Onset of the drug began at 30 minutes, peaked between 30-60 minutes, and returned 

to baseline between 150-210 minutes after administration. 
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Figure 5:  Sulfasalazine acutely reduces cancer-induced bone pain spontaneous behaviors 

Acute systemic administration of sulfasalazine attenuates breast cancer-induced spontaneous pain eight 
days after femoral inoculation.  Bone cancer-induced spontaneous (A, B) flinches and (C) guarding were 
all significantly attenuated in a time-related manner in animals treated with sulfasalazine (i.p.). 
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3.6  Sustained sulfasalazine decreases pain behaviors in CIBP model 

Cancer groups implanted with murine breast cancer cells and treated with vehicle showed signs of 

spontaneous pain measured by flinching and guarding behaviors beginning on day 7 and increasing 

through day 10 (Fig. 5A, B).  Sustained treatment of sulfasalazine (30 mg/kg, i.p., q.d., from day 7 to day 

10) in tumor inoculated mice resulted in decreased flinching and guarding by day 10 when compared to 

tumor inoculated animals treated with vehicle. (Fig. 6A, B) 
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Figure 6:  Sustained sulfasalazine reduces cancer-induced bone spontaneous pain behaviors 

Spontaneous pain behaviors, flinching and guarding, were observed to determine the effects of 
sulfasalazine on cancer-induced bone pain.  Treated and untreated control animals inoculated with 
media showed minimal signs of flinching and guarding throughout the 10 days.  Animals inoculated with 
66.1 cells displayed significant bone cancer induced flinching and guarding by day 10.  Continuous 
treatment with sulfasalazine in 66.1 inoculated mice resulted in a significant decrease in flinching and 
guarding by day 10 when compared to 66.1 inoculated mice that were only treated with vehicle. 

Chronic intraperitoneal administration of sulfasalazine reduces cancer-induced spontaneous pain 
behaviors.  Animal femurs were injected with either murine mammary cancer cells or media on day 0 
after baseline behavioral measurements.  Seven days after femoral inoculation animals showed signs of 
bone cancer-induced spontaneous pain behaviors.  Beginning on day 7 and ending on day 10 animals in 
treated groups were given a once daily dose of sulfasalazine at 30 mg/kg administered through 
intraperitoneal injection.   
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DISCUSSION 

4.1  Sulfasalazine is an analgesic for CIBP 

Bone pain can be induced through many different cancer factors, for example fractures, inflammation, 

neuropathy, and tumor associated cells disrupting normal signaling. (7)  The current study focuses on 

how inhibition of glutamate release from tumor cells can limit features of bone cancer such as 

nociception and bone loss.  Sulfasalazine, a system xc
- cystine/glutamate antiporter inhibitor, was 

assessed for tumor cell glutamate release inhibition both in vitro and in vivo, and for possible anti-

nociceptive behavioral responses in an in vivo model of cancer-induced bone pain. 

CIBP activates many nociceptive and inflammatory responses, leading to the recruitment of 

inflammatory cells such as macrophages, neutrophils, and T cells which are responsible for releasing 

various stimuli that act on the primary afferent fibers, bone cells, and cancer cells and initiate the 

cascade of mechanisms that lead to activation and sensitization of nociceptors, degradation of bone, 

and tumor growth. (16)  Inflammatory response to tumor growth releases various growth factors as 

well, including cytokines, interleukins, chemokines, prostanoids, endothelins, and other mediators 

thought to contribute to the development and maintenance of pain sensations. (16)  Purinergic 

receptors have also been found to be closely related to chronic pain. (16)  They are divided into ligand-

gated ion channel P2X receptors and G protein-coupled P2Y receptors. (16)  The receptor P2X3 has been 

selectively studied because it is specifically found on small-diameter nociceptive fibers and has been 

shown in CIBP models to inhibit neuronal responses to electrical, mechanical, and thermal stimulations 

with the use of an P2X3 antagonist and therefore reduce pain behaviors. (16) 

Breast cancer cell lines have been shown to release significant amounts of the neurotransmitter and 

cell-signaling molecule glutamate through the system xc
- antiporter. (9)  The current study showed that 

various concentrations of sulfasalazine could successfully inhibit glutamate release from the murine 
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mammary tumor cell line 66.1 used in the study’s cancer-induced bone pain animal model.  Based on 

these results, various doses of sulfasalazine were chosen for an in vivo application in the animal model 

in order to assess whether the inhibition of glutamate release would have an effect on animal pain 

behaviors.   

Behavioral testing on the mice treated with sulfasalazine showed a significant decrease in spontaneous 

pain behaviors using the flinching and guarding tests, which mimic the spontaneous pain sensations 

seen in humans with bone metastases.  Vehicle animals were also inoculated with murine mammary 

tumor cell line 66.1 but only treated with the drug vehicle.  Therefore they had the expected progression 

of increasing pain behaviors from baseline to day 10 as the bone tumor developed.  A significant 

reduction of this response in the sulfasalazine treated group showed drug effect.  This result is evidence 

that the system xc
- transporter could be a key target in cancer-induced bone pain. 

4.2  Sulfasalazine as an acute and chronic agent 

Glutamate is a signaling molecule involved in the regulation of bone remodeling. It is recognized by 

nociceptors in the bone to induce nociceptive behaviors after peripheral injections. (7)  An increase of 

extracellular glutamate can also disrupt normal bone signaling causing dysregulation of bone remodeling 

functions along with nociception. (7)  In further stages of bone cancer other effects begin to take place, 

including tumor induced nerve destruction and bone fractures, which would progress on their own 

accord regardless of glutamate signaling. (7)  When the study is taken out past day 10 we see a plateau 

and then a decrease in the difference between drug and vehicle treated groups, this may be reflective of 

the later stage effect. 

4.3  Sulfasalazine is disease modifying 
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The murine mammary cancer cells used in this study, 66.1, were shown to express the system xc
- 

transporter.  These mammary cancer cells were then treated with varying concentrations of 

sulfasalazine, a system xc
- inhibitor.  The viability assay run to test the inhibition of cell proliferation in 

the presence of sulfasalazine showed that concentrations above 10 nM will decrease cell viability 

compared to vehicle treated mammary cancer cells in a concentration dependent manner.  This 

discovery shows the potential for sulfasalazine to be a disease modifying drug by decreasing cancer cell 

proliferation. 

The next step in this study would definitely be to look at how sulfasalazine affects tumor burden in our 

CIBP model.  If the results are positive this could be further proof that sulfasalazine is a novel treatment 

in that it could modify the disease growth and maintenance completely. 

4.4  Potential clinical uses for sulfasalazine 

Cancer cells release glutamate as a response to high levels of oxidative stress through the upregulation 

of expression and activity of the system xc
- transporter.  The clinical implications  of lessening this 

mechanism extend to multiple types of cancers and other disease states in which oxidative stress plays a 

roll.  In regards to CIBP, this approach to pain management is novel in that it targets a biological 

mechanism of tumor cells to potentially prevent nociceptor activation. (9)  This strategy could delay the 

development of opiate-resistant CIBP, improve upon current therapies, and limit treatment induced side 

effects in current cancer pain management. 

The use of sulfasalazine in addition to an opiate could have the many benefits of lessening the amount 

of opiate use, opiate dependency, limit opiate side effects.  The common side effects overlap with the 

minor side effects seen with opiate use and sulfasalazine is already so widely and safely used today it 

seems cancer patients could only benefit from this potential combo therapy. 
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