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Abstract 

Introduction: The growth factors IGF-1 and TGF-β are protective to dental 

pulp cells in culture against the toxicity of the composite materials Durafill VS 

and Flow Line. Since the toxicity of these materials is mediated by oxidative 

stress, it seemed possible that the protective effects of IGF-1 and TGF-β were 

through enhancement of an endogenous antioxidant mechanism. 
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Methods: We used cultured dental pulp cells to determine the mechanism of 

the protective effects of IGF-1 and TGF-β, focusing on the glutathione system 

and the role of cystine/glutamate exchange (system xc-). 

Results: We found that the toxicity of Durafill VS and Flow Line was 

attenuated by addition of glutathione monoethylester, suggesting a specific 

role for the cellular antioxidant glutathione. Supporting this hypothesis we 

found that IGF-1 and TGF-β were protective against the toxicity of the 

glutathione synthesis inhibitor buthionine sulfoximine. Since levels of cellular 

cystine are the limiting factor in the production of glutathione we tested the 

effects of IGF-1 and TGF-β on cystine uptake. Both growth factors stimulated 

system xc- mediated cystine uptake. Furthermore, they attenuated the 

glutathione depletion induced by Durafill VS and Flow Line. 

Conclusions: The results suggest that IGF-1 and TGF-β are protective 

through the stimulation of system xc- mediated cystine uptake leading to 

maintenance of cellular glutathione. This novel action of growth factors on 

dental pulp cells has implications not only for preventing toxicity of dental 

materials but also for the general function of these cells. 

Keywords: dental pulp, toxicity, cystine, system xc-, glutathione 

Introduction 

Death of dental pulp cells following exposure to the 

environment, and how it may be prevented, is of great interest. 

Trauma, rapidly progressing caries, or overly aggressive restorative 

procedures can cause exposure of dental pulp often resulting in death 

of the pulp (1). The damaged dental pulp must then be removed by a 

root canal procedure. Treatment options to attempt to save the dental 

pulp following exposure involve pulp capping therapies (2). The goal of 

these procedures is to use a pulp capping material to stimulate the 

formation of a dentin bridge over the exposed pulp followed by the 

application of a restoration. Calcium hydroxide (Ca(OH)2) containing 

materials are widely used for pulp capping because of their ability to 

stimulate reparative dentin formation (3). However, Ca(OH)2 has been 

found to be toxic to dental pulp cells (4). Reports of the success rate of 

pulp capping treatments vary greatly (5) and the effectiveness of such 

treatment has been questioned (1). Clearly, better treatments are 

required. The use of mineral trioxide aggregate (MTA), originally 

developed as a root-end filling material, is gaining popularity as a pulp 
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capping material (6). However, it has a long setting time 

(approximately 4 hours) that may limit its usefulness as a pulp 

capping agent (7), and its long-term effects still need to be fully 

analyzed. A potential alternative, or adjunct therapy, is the use of 

growth factors in pulp capping procedures. Growth factors are 

naturally occurring proteins that can alter cell proliferation, 

differentiation, maturation, and survival. Interestingly, they have been 

shown to stimulate odontoblast differentiation and dentin formation 

(8,9). A potential advantage of growth factors over Ca(OH)2 is that 

they stimulate the formation of reparative dentin that is primarily 

superficial to the pulp tissue, while Ca(OH)2 effects are often at the 

expense of the pulp tissue (10). We have shown previously that a 

number of growth factors can alter pulp cell differentiation and make 

them resistant to the toxicity of restoration materials (11,12). 

In the current study we set out to determine the mechanism of 

the protective effects of two growth factors: insulin-like growth factor 

(IGF-1) and transforming growth factor (TGF-β). We chose these 

growth factors because of their known effects on dental pulp cells. 

TGF-β stimulates primary odontoblasts (13), increases dentin 

formation (14), is expressed in developing teeth (15), and increases 

alkaline phosphatase activity and formation of mineralization nodules 

(16). IGF-1 has been shown to increase alkaline phosphatase activity 

in cultured dental pulp cells (17) and can enhance reparative dentin 

formation in vivo (18). Determining the mechanism by which growth 

factors are protective against dental material toxicity is important for 

understanding which growth factors should be used in conjunction with 

each dental material. The commonly used composite materials Durafill 

VS and Flow Line are known to induce oxidative stress mediated death 

of pulp cells (12) and this served as the basis to explore the 

mechanism of protective effects of the growth factors. We focused on 

the role of the cystine/glutamate exchanger (system xc-), which 

regulates the influx of cystine, which is the rate limiting factor in the 

production of the main intracellular free radical scavenger, glutathione. 

The purpose of the current studies is to determine whether growth 

factors make dental pulp cells resistant to cell death by upregulating 

system xc-. 
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Material and Methods 

Materials 

Serum was obtained from Atlanta Biologicals (Atlanta, GA, 

USA). Flow Line and Durafill VS were obtained from Henry Schein Inc. 

(Melville, NY, USA). Growth factors were obtained from ProSpec-Tany 

Technogene (Rehorot, Israel). All other chemicals were obtained from 

Sigma (St. Louis, MO, USA). 

Subjects and human dental pulp cell cultures 

Normal human impacted third molars were collected from adults 

at the Marquette University School of Dentistry Surgical Services 

Department with informed consent under a protocol approved by the 

Institutional Review Board at Marquette University. Ten third molars 

from 6 patients were used in the current students. Tooth surfaces 

were cleaned and cut around the cementum-enamel junction by using 

sterilized diamond stones to access the pulp chamber. The pulp tissue 

was separated from the tooth and digested in a solution of 3 mg/ml 

collagenase type I and 4 mg/ml dispase for 1 hour at 37°C (11,19). 

The cells were plated onto 24-well plates coated with poly-D-lysine 

and laminin in Eagle’s medium supplemented with 20% fetal calf 

serum/100 μM L-ascorbic acid 2-phosphate/2 mM L-glutamine/100 

units/ml penicillin/100 μg/ml streptomycin, and then incubated at 

37°C with 5% CO2. Growth factors (100 ng/ml) were added at the 

time of plating on 24 well plates for experiments. Experiments were 

performed on cultures 7–9 days in vitro. 

Preparation of dental materials 

Flow Line and Durafill VS were prepared according to the 

manufacturer’s instructions. Briefly, they were dispensed on a sterile 

glass slab, and light cured with a visible light curing gun from 3M 

Unitek for 60 seconds and cut into uniformly sized pieces. 
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Exposure of dental materials to cell cultures 

Freshly prepared dental materials were placed into 96 well 

plates in 250 μL of media similar to plating media except lacking 

serum. After 24 hours the media was removed from the 96 well plates 

and placed on the cells growing on 24 well plates for 6 hours 

(glutathione assays) or for 48 hours (toxicity assays). For experiments 

where glutathione monoethylester was tested, it was present during 

the 48 hour exposure of the cells to the dental material treated media. 

The weights of the materials used were: Flow Line: 9.5 ± .4 mg; 

Durafill VS: 10.0 ± .4 mg. 

Cell Viability Assessment 

Cell injury was quantified by the measurement of the reduction 

of yellow 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bromide 

(MTT) to produce a dark blue formazan product (20). MTT was added 

to each well 48 hours after the beginning of insult to the cells. After a 

30-minute incubation, the media was removed, and cells were 

dissolved in dimethyl sulfoxide. The formation of formazan was 

measured as the amount of reaction product by absorbance change at 

a wavelength of 590 nm by using a VersaMax tunable microplate 

reader. Levels of formazan formation from cultures exposed to 10 

μmol/L of the calcium ionophore A23187 (100% cell death) were 

subtracted from insult formazan levels, and results were normalized to 

control (12,21). The possibility exists that cultures prepared from 

different teeth have different properties. To mitigate this potential 

complication all experiments include control conditions on the same 24 

well plate. Therefore, cell death for each experimental condition is 

compared to a control from the same pulp source. 

14C-Cystine Uptake 

Uptake of cystine was measured by exposure of cultures to 14C-

cystine (0.1 μCi/ml) for 20 minutes. Following the exposure to 14C-

cystine, the cultures were washed 3 times and dissolved in 1% SDS 

(250 μL). An aliquot (200 μL) was removed and added to scintillation 

fluid for counting. Values were normalized to control 14C-cystine 
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uptake (20 minute exposure to 14C-cystine without growth factor or 

dental material treatment). 

Monochlorobimane (MCB) assay of cellular glutathione 

Cellular glutathione levels were measured by MCB fluorescence. 

MCB forms a fluorescent compound when it reacts with glutathione 

through a reaction catalyzed by glutathione-S-transferase (22). MCB 

was added to the media following a six hour treatment with dental 

materials, a time point before gross cell death occurs. After 30 

minutes the cultures were excited at a wavelength of 355 nm and 

emission measured at a wavelength of 460 nm using a Thermo 

Labsystems Fluoroskan microplate reader. Background (no MCB 

added) was subtracted and values normalized to control (MCB but no 

dental material present). 

Statistical analysis 

Statistical calculations of the continuous variables assessed in 

the studies were performed using one-way ANOVA followed by the 

Bonferroni correction post-hoc test. Statistics were calculated using 

Sigma-Stat software. P-values <0.05 were considered to indicate 

significant differences. 

Results 

Durafill VS and Flow Line both caused significant toxicity after 

48 hour exposure as measure by the MTT metabolism assay (Fig 1A). 

The toxicity of the dental materials was no longer observed in cultures 

that were treated with IGF-1 or TGF-β (Fig 1B & C). Because the 

growth factors can alter the levels of MTT metabolism due to changes 

in cell growth and differentiation, the effects of the dental materials 

are compared to the starting level of MTT metabolism with each 

growth factor treatment. 
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Figure 1 Durafill VS and Flow Line cause significant toxicity to dental pulp cells (A) 

which is eliminated by treatment with IGF-1 (B) or TGF-β (C). Dental materials were 

incubated in media for 24 hours at which time the conditioned media was placed on 

the cultures for 48 hours. Bars show % cell survival (mean + SEM, n=12–16) 

quantified by inhibition of MTT reduction. Control represents MTT levels in untreated 

cultures (no dental materials) and is defined as 100% cell survival. * indicates 

significant difference from control (P < 0.05). 

The toxicity of Durafill VS and Flow Line was attenuated by 

addition of the cell permeable form of glutathione, glutathione 

monoethylester (Fig 2A). This finding suggests a specific role for 

glutathione depletion in Durafill VS and Flow Line toxicity and raises 

the possibility that the protective effects of IGF-1 and TGF-β may be 

mediated by enhancing cellular glutathione levels. In support of this 

idea we found that IGF-1 and TGF-β were also protective against 

toxicity induced by buthionine sulfoximine (BSO), an inhibitor of 

glutathione synthesis (Fig 2B). A potential mechanism for this 

protection is provided by the result that IGF-1 and TGF-β both 

increased 14C-cystine uptake (Fig 3). The increased cystine uptake 

http://dx.doi.org/10.1016/j.joen.2011.03.031
http://epublications.marquette.edu/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3122157/figure/F1/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3122157/figure/F2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3122157/figure/F2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3122157/figure/F3/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Journal of Endodontics, Vol. 37, No. 7 (July 2011): pg. 943-947. DOI. This article is © Elsevier and permission has been 
granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be 
further copied/distributed or hosted elsewhere without the express permission from Elsevier. 

8 

 

appears to be mediated by system xc-, as the selective inhibitor of 

that system, sulfasalazine, blocked the stimulated uptake (Fig 3). 

Since the levels of cellular cystine are the rate limiting step for the 

synthesis of glutathione it seemed possible that the protective effects 

of IGF-1 and TGF-β could be due to increased cystine uptake leading 

to the maintenance of cellular glutathione levels during an insult. Six 

hour exposure to Durafill VS and Flow Line caused a significant 

decrease in cellular glutathione as measured by the fluorescent dye 

MCB (Fig 4A). At this time point there was no overt cell death as 

determined by lack of release of the cytosolic enzyme lactate 

dehydrogenase (data not shown), a well established method of 

assessing gross cell death (21). In cultures treated with IGF-1 or TGF-

β, Durafill VS and Flow Line still caused a significant decrease in 

cellular glutathione, but the decrease was attenuated by the growth 

factor treatment (Fig 4B & C). 

 

Figure 2 The toxicity of Durafill VS and Flow Line is attenuated by the cell 

permeable glutathione monoethylester (GSH, 100 μM) (A), while IGF-1 and TGF-β 

protect against the toxicity induced by inhibition of glutathione synthesis induced by 1 
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mM buthionine sulfoximine (BSO)(B). Control represents MTT levels in untreated 

cultures (no dental materials) and is defined as 100% cell survival. Bars show % cell 

survival (mean + SEM, n=8–16) quantified by inhibition of MTT reduction. * indicates 

significant difference from control (P < 0.05). 

 

 

Figure 3 IGF-1 and TGF-β-glutamate exchange (system xc-) mediated 14C-cystine 

uptake. Sulfasalazine (SSZ, 200 μM) selectively inhibits cystine-glutamate exchange 

mediated cystine uptake. Bars show % 14C-cystine uptake normalized to control 

uptake (mean + SEM, n=12–24). *indicates significant difference from control 14C-

cystine uptake (P < .05). 

 

http://dx.doi.org/10.1016/j.joen.2011.03.031
http://epublications.marquette.edu/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3122157/figure/F3/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Journal of Endodontics, Vol. 37, No. 7 (July 2011): pg. 943-947. DOI. This article is © Elsevier and permission has been 
granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be 
further copied/distributed or hosted elsewhere without the express permission from Elsevier. 

10 

 

 

Figure 4 The decrease in cellular glutathione levels induced by Durafill VS and 

Flow Line (A) is attenuated by treatment with IGF-1 (B) or TGF-β (C). Total reduced 

glutathione is determined by MCB fluorescence. Bars show % MCB fluorescence 

normalized to control fluorescence (no dental material) (mean + SEM, n=8–16). * 

indicates significant difference from control (P < .05). 

Discussion 

The current studies demonstrate a novel mechanism of growth 

factor actions. That is, growth factors stimulate system xc- mediated 

cystine uptake in dental pulp cells making them resistant to cell death 

mediated by oxidative stress. We had shown previously that exposure 

to Durafill VS or Flow Line caused significant toxicity to dental pulp 

cells as measured by the MTT metabolism assay and that the toxicity 

of the dental materials was prevented by treatment with the growth 

factors IGF-1 and TGF-β (12). In the current studies we repeated 
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those experiments, with the change that to avoid possible physical 

damage to the cells from the dental materials, they are no longer 

placed directly on the cells but are instead incubated in media for 24 

hours and that media is then placed on the cell cultures for 48 hours 

(12). The main finding of the present study is that the mechanism of 

the protective effect of the growth factors is the stimulation of system 

xc- function. This result has broad implications due to the critical 

effects of system xc- on cell function and survival. 

System xc- mediates two important actions: the uptake of 

cystine and the release of glutamate. The levels of intracellular cystine 

are the rate limiting step in the production of the main intracellular 

free radical scavenger glutathione. Depletion of cellular glutathione has 

been implicated in multiple processes including neurodegenerative 

diseases and schizophrenia (23,24). An important aspect of the 

current studies is that growth factors are able to protect dental pulp 

cells against insults involving oxidative stress. Oxidative stress is a 

final common pathway of toxicity of many compounds, including dental 

materials (25). Oxidative stress has also been shown to be involved in 

the death of pulp cells induced by infection (26). Interestingly, we 

have found that IGF-1 and TGF-β are also protective against amalgam 

toxicity (11). While it is unclear whether amalgam toxicity is mediated 

by oxidative stress, mercury toxicity does involve oxidative stress 

(27). Also, we have found that amalgam toxicity can be mediated by 

release of zinc (28), and zinc toxicity involves oxidative stress (29). 

Many dental materials contain zinc, usually in the form of zinc oxide, 

which may account for some of their toxicity. Thus the ability to 

attenuate oxidative stress induced cell death is of general importance. 

The mechanism of protection by IGF-1 and TGF-β appears to be 

through increased uptake of cystine leading to better maintenance of 

cellular glutathione during oxidative insults. While there was still a 

decrease in glutathione levels caused by Flow line and Durafill VS after 

growth factor treatment, the decrease was attenuated. In three of the 

conditions (Flow Line after IGF-1 or TGF-β treatment and Durafill VS 

after IGF-1 treatment) the decrease in glutathione was significantly 

attenuated (P < .05), while in one of the conditions (Flow Line after 

TGF-β treatment) there was only a trend toward less glutathione 

decrease with growth factor treatment. 
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The other action of system xc- is the release of glutamate into 

the extracellular space in exchange for cystine. This is likely of great 

importance in the central nervous system where glutamate acts as the 

main excitatory neurotransmitter, but where excess extracellular 

glutamate can cause neuronal death through excitotoxicity. Release of 

glutamate from system xc- can play a role in this toxicity. For 

example, activated astrocytes release glutamate via system xc- that 

can kill cortical neurons (30) and microglia can release glutamate via 

xc- that can kill cerebellar granule cells (31). However, such toxicity is 

unlikely to occur in dental pulp cells since excitotoxicity is not known 

to occur in these cells. Dental pulp cells do have glutamate receptors 

so the altered extracellular glutamate associated with upregulation of 

system xc- may alter dental pulp cell function or differentiation. An 

example of such an action is in the immune system where glutamate 

release from dendritic cells via system xc- inhibits T cell activation 

through actions on mGluR5 receptors (32). Interestingly, mGluR5 

receptors are also present in dental pulp, both on nerve endings and 

on odontoblasts (33). 

Growth factors have the potential for multiple uses involving 

dental pulp cells. They have the ability to differentiate pulp cells into 

odontoblast-like cells and may potentially play a role in total tooth 

regeneration (34). They may also be useful for the specific application 

of stimulating the formation of reparative dentin making them 

potentially useful in pulp capping procedures. It is possible that the 

ideal pulp capping treatment will be a combination of growth factors 

and a bioinert compound. The idea being that the growth factors 

induce differentiation of the pulp cells to provide the formation of 

reparative dentin and protection against toxicity of restoration 

materials, while the bioinert compound provides physical protection of 

the cells. Both IGF-1 and TGF-β have been shown to stimulate 

reparative dentin formation in animal models (19, 35). Also, TGF-β 

expression is increased at the odontoblastic-subodontoblastic layer in 

teeth with irreversible pulpitis (Piattelli et a., 2004), suggesting that 

endogenous TGF-β is involved in dentine repair during pulp 

inflammation. The finding that IGF-1 and TGF-β increase cystine 

uptake, while also attenuating oxidative stress induced cell death and 

glutathione depletion, suggests that they may have broad protective 

effects. Since oxidative stress is a common final mechanism of cell 

death under multiple conditions, the results suggest that IGF-1 and 
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TGF-β should be considered during situations in which growth factors 

are being used to differentiate dental pulp cells because those cells 

would be more resistant to cell death in a variety of conditions. 

Acknowledgments: This work was supported by NIH/NIDCR grant 

DE018250. 

Footnotes: The authors deny any conflicts of interest. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has 

been accepted for publication. As a service to our customers we are providing 

this early version of the manuscript. The manuscript will undergo copyediting, 

typesetting, and review of the resulting proof before it is published in its final 

citable form. Please note that during the production process errors may be 

discovered which could affect the content, and all legal disclaimers that apply 

to the journal pertain. 

References 

1. Ward J. Vital pulp therapy in cariously exposed permanent teeth and its 

limitations. Aust Endod J. 2002;28:29–37. 

2. Stockton LW. Vital pulp capping: a worthwhile procedure. J Can Dent 

Assoc. 1999;65:328–31. 

3. Stanley HR. Pulp capping: conserving the dental pulp--can it be done? Is it 

worth it? Oral Surg Oral Med Oral Pathol. 1989;68:628–39. 

4. Camargo SE, Camargo CH, Hiller KA, et al. Cytotoxicity and genotoxicity of 

pulp capping materials in two cell lines. Int Endod J. 2009;42:227–37. 

5. Barthel CR, Rosenkranz B, Leuenberg A, et al. Pulp capping of carious 

exposures: treatment outcome after 5 and 10 years: a retrospective 

study. J Endod. 2000;26:525–8. 

6. Paranjpe A, Zhang H, Johnson JD. Effects of mineral trioxide aggregate on 

human dental pulp cells after pulp-capping procedures. J Endod. 

2010;36:1042–7. 

7. Ricketts D. Management of the deep carious lesion and the vital pulp 

dentine complex. Br Dent J. 2001;191:606–10. 

8. Tziafas D, Smith AJ, Lesot H. Designing new treatment strategies in vital 

pulp therapy. J Dent. 2000;28:77–92. 

9. Tziafas D. The future role of a molecular approach to pulp-dentinal 

regeneration. Caries Res. 2004;38:314–20. 

10. Rutherford B, Fitzgerald M. A new biological approach to vital pulp 

therapy. Crit Rev Oral Biol Med. 1995;6:218–29. 

http://dx.doi.org/10.1016/j.joen.2011.03.031
http://epublications.marquette.edu/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Journal of Endodontics, Vol. 37, No. 7 (July 2011): pg. 943-947. DOI. This article is © Elsevier and permission has been 
granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be 
further copied/distributed or hosted elsewhere without the express permission from Elsevier. 

14 

 

11. Cabrera S, Barden D, Wolf M, et al. Effects of growth factors on dental 

pulp cell sensitivity to amalgam toxicity. Dent Mater. 2007;23:1205–

10. 

12. Furey A, Hjelmhaug J, Lobner D. Toxicity of Flow Line, Durafill VS, and 

Dycal to dental pulp cells: effects of growth factors. J Endod. 

2010;36:1149–53. 

13. Bègue-Kirn C, Smith AJ, Ruch JV, et al. Effects of dentin proteins, 

transforming growth factor beta 1 (TGF beta 1) and bone 

morphogenetic protein 2 (BMP2) on the differentiation of odontoblast 

in vitro. Int J Dev Biol. 1992;36:491–503. 

14. Kalyva M, Papadimitriou S, Tziafas D. Transdentinal stimulation of tertiary 

dentine formation and intratubular mineralization by growth factors. 

Int Endod J. 2010;43:382–92. 

15. D’Souza RN, Happonen RP, Ritter NM, et al. Temporal and spatial paterns 

of transforming growth factor-beta 1 expression in developing rat 

molars. Arch Oral Biol. 1990;35:957–65. 

16. Nie X, Tian W, Zhang Y, et al. Induction of transforming growth factor-

beta 1 on dentine pulp cells in different culture patterns. Cell Biol Int. 

2006;30:295–300. 

17. Onishi T, Kinoshita S, Shintani S, et al. Stimulation of proliferation and 

differentiation of dog dental pulp cells in serum-free culture medium 

by insulin-like growth factor. Arch Oral Biol. 1999;44:361–71. 

18. Lovschall H, Fejerskov O, Flyvbjerg A. Pulp-capping with recombinant 

human insulin-like growth factor I (rhIGF-I) in rat molars. Adv Dent 

Res. 2001;15:108–12. 

19. Gronthos S, Mankani M, Brahim J, et al. Postnatal human dental pulp 

stem cells (DPSCs) in vitro and in vivo. Proc Nat Acad Sci U S A. 

2000;97:13625–30. 

20. Hansen MB, Nielsen SE, Berg K. Re-examination and further development 

of a precise and rapid dye method for measuring cell growth/cell kill. J 

Immunol Methods. 1989;119:203–10. 

21. Lobner D. Comparison of the LDH and MTT assays for quantifying cell 

death: validity for neuronal apoptosis? J Neurosci Methods. 

2000;96:147–52. 

22. Keelan J, Allen NJ, Antcliffe D, et al. Quantitative imaging of glutathione in 

hippocampal neurons and glia in culture using monochlorobimane. J 

Neurosci Res. 2001;66:873–84. 

23. Franco R, Schoneveld OJ, Pappa A, et al. The central role of glutathione in 

the pathophysiology of human diseases. Arch Physiol Biochem. 

2007;113:234–58. 

24. Wood SJ, Yücel M, Pantelis C, et al. Neurobiology of schizophrenia 

spectrum disorders: the role of oxidative stress. Ann Acad Med 

Singapore. 2009;38:396–406. 

http://dx.doi.org/10.1016/j.joen.2011.03.031
http://epublications.marquette.edu/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Journal of Endodontics, Vol. 37, No. 7 (July 2011): pg. 943-947. DOI. This article is © Elsevier and permission has been 
granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be 
further copied/distributed or hosted elsewhere without the express permission from Elsevier. 

15 

 

25. Goldberg M. In vitro and in vivo studies on the toxicity of dental resin 

components: a review. Clin Oral Investig. 2008;12:1–8. 

26. Marcato LG, Ferlini AP, Bonfim RC, et al. The role of Toll-like receptors 2 

and 4 on reactive oxygen species and nitric oxide production by 

macrophage cells stimulated with root canal pathogens. Oral Microbiol 

Immunol. 2008;23:353–9. 

27. Kaur P, Aschner M, Syversen T. Glutathione modulation influences methyl 

mercury induced neurotoxicity in primary cell cultures of neurons and 

astrocytes. Neurotoxicology. 2006;27:492–500. 

28. Asrari M, Lobner D. In vitro neurotoxic evaluation of root-end-filling 

materials. J Endod. 2003;29:743–6. 

29. Kim YH, Kim EY, Gwag BJ, et al. Zinc-induced cortical neuronal death with 

features of apoptosis and necrosis: mediation by free radicals. 

Neuroscience. 1999;89:175–82. 

30. Fogal B, Li J, Lobner D, et al. System x(c)- activity and astrocytes are 

necessary for interleukin-1 beta-mediated hypoxic neuronal injury. J 

Neurosci. 2007;27:10094–105. 

31. Piani D, Fontana A. Involvement of the cystine transport system xc- in the 

macrophage-induced glutamate-dependent cytotoxicity to neurons. J 

Immunol. 1994;152:3578–85. 

32. Pacheco R, Oliva H, Martinez-Navío JM, et al. Glutamate released by 

dendritic cells as a novel modulator of T cell activation. J Immunol. 

2006;177:6695–704. 

33. Kim YS, Kim YJ, Paik SK, et al. Expression of metabotropic glutamate 

receptor mGluR5 in human dental pulp. J Endod. 2009;35:690–4. 

34. Duailibi SE, Duailibi MT, Vacanti JP, et al. Prospects for tooth 

regeneration. Periodontol. 2006;41:177–87. 

35. Hu CC, Zhang C, Qian Q, et al. Reparative dentin formation in rat molars 

after direct pulp capping with growth factors. J Endod. 1998;24:744–

51. 

 

About the Authors 

Corresponding Author: Doug Lobner, Dept of Biomedical Sciences, Marquette 

University, 561 N. 15th Street, Rm 426, Milwaukee, WI 53233, Tel: 414-288-

6569, Fax: 414-288-6564, Email: doug.lobner@marquette.edu  

http://dx.doi.org/10.1016/j.joen.2011.03.031
http://epublications.marquette.edu/
mailto:doug.lobner@marquette.edu

	Marquette University
	e-Publications@Marquette
	7-1-2011

	Insulin-like Growth Factor 1 and Transforming Growth Factor-β Stimulate Cystine/Glutamate Exchange Activity in Dental Pulp Cells
	Katherine Pauly
	Kymberly Fritz
	Alyssa Furey
	Doug Lobner

	tmp.1445966210.pdf.7ajBp

