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The mechanisms by which resin based materials induce adverse

effects in patients have not been completely elucidated. Here we

show that 2-hydroxyethyl methacrylate (HEMA) induces apopto-

tic cell death in oral keratinocytes. Functional loss and cell death

induced by HEMA was significantly inhibited in the presence of

N-acetyl cysteine (NAC) treatment. NAC also prevented HEMA

mediated decrease in vascular endothelial growth factor secretion.

The protective effect of NAC was partly related to its ability to

induce NF-kB in the cells, since HEMA mediated inhibition of

nuclear NF-kB expression and function was significantly blocked

in the presence of NAC treatment. Moreover, blocking of nuclear

translocation of NF-kB in oral keratinocytes sensitized these cells

to HEMA mediated apoptosis. In addition, since NAC was

capable of rescuing close to 50% of NF-kB knockdown cells from

HEMA mediated cell death, there is, therefore, an NF-kB
independent pathway of protection from HEMA mediated cell

death by NAC. NAC mediated prevention of HEMA induced cell

death in NF-kB knockdown cells was correlated with a decreased

induction of c-Jun N-terminal kinase (JNK) activity since NAC

inhibited HEMA mediated increase in JNK levels. Furthermore,

the addition of a pharmacologic JNK inhibitor to HEMA treated

cells prevented cell death and restored NF-kB knockdown cell

function significantly. Therefore, NAC protects oral keratinocytes

from the toxic effects of HEMA through NF-kB dependent and

independent pathways. Moreover, our data suggest the potential

involvement of JNK pathway in NAC mediated protection.
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Resin-containing materials are now used widely in dental

practice and are found in direct filling materials, in fissure

sealing agents, and in bonding resins or resin cements for

metal, porcelain and resin inlays, veneers, crowns and bridges.

They are part of ‘‘bonded’’ amalgam restorations, ‘‘bonded’’

posts and ‘‘bonded’’ orthodontic brackets. Most dentin bonding

technologies use a primer containing the hydrophilic resin

HEMA (2-hydroxyethyl methacrylate) (molecular weight 130)

in combination with acid treatment to create a ‘‘hybrid layer’’

or ‘‘interdiffusion zone.’’ HEMA is also found in many medical

devices and materials such as soft contact lenses, electrosur-

gical grounding plates and drug delivery systems (Karlgard

et al., 2003). However, HEMA in such materials are

polymerized. In contrast, in dentistry such materials require

polymerization intraorally, thus they may at least contain 30%

unpolymerized monomers which is shown to leach out to the

surrounding tooth area, and in the oral environment causing

significant adverse effects (Gerzina and Hume, 1994; Hamid

and Hume, 1997; Hamid et al., 1998). The potential risks are

direct damage to the cells and immune-mediated hypersensi-

tivity reactions (Auzerie et al., 2003; Kanerva et al., 2002).

To find novel strategies to minimize or significantly prevent

adverse effects of dental materials, studies should be designed to

(1) understand the exact mechanisms by which these materials

induce cell death and (2) find strategies to decrease or eliminate

their toxicities while preserving their beneficial effects.

We have previously shown that cell death induced by HEMA

is apoptotic and it occurs in a variety of cell types (Paranjpe et al.,
2005). Apoptosis or programmed cell death is a genetically

controlled and evolutionary conserved process which ensures

disposal of damaged or altered cells in diverse organisms.

N-acetyl cysteine (NAC) is shown to inhibit cell death

mediated by a variety of compounds including that induced by

HEMA, through its anti-oxidant activity (Schweikl et al., 2007),

since the involvement of reactive oxygen species (ROS) and

oxidative stress in HEMA mediated apoptotic cell death has

previously been reported (Schweikl et al., 2006; Spagnuolo

et al., 2006). However, recent reports from our lab and those

from others, suggested different mechanisms for the inhibitory

function of NAC on cell death (Gustafsson et al., 2005; Paranjpe

et al., 2008a; Parasassi et al., 2005). In addition, even though the

involvement of NF-jB (nuclear factor kappa B) in HEMA

mediated cell death was suggested previously, contrary to our

findings, treatment with HEMA was found to activate rather than

inhibit NF-jB activity in fibroblasts (Spagnuolo et al. 2004).
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Therefore, the exact mechanism(s) by which HEMA induces cell

death, and NAC protects the cells from HEMA mediated cell

death requires further investigation. We show in this paper that

NAC resists HEMA mediated cell death via NF-jB dependent

and independent and c-Jun N-terminal kinase (JNK) dependent

pathways.

NF-jB is the major transcription factor which is involved in

the regulation of a variety of genes responsible for survival of the

cells (Beg and Baltimore, 1996; Jewett et al., 2006). The activity

of NF-jB is tightly regulated by cytokines and other external

regulators (Baeuerle and Henkel, 1994; Verma et al., 1995). In

most cell types, NF-jB is present as a cytoplasmic heterodimer

consisting of 50-kDa (p50) and 65-kDa (p65) subunits.

JNK belongs to the family of mitogen-activated protein

kinases (MAPKs) that comprise of a group of serine/threonine

kinases, which are responsible for phosphorylation and

mediation of signal transduction from extracellular stimuli. It

is believed that activation of JNK inhibits cell growth and

induces cell death (Kyriakis and Avruch, 1996a,b; Kyriakis

et al., 1994; Xia et al., 1995). JNK was first identified as

a protein kinase that binds and phosphorylates its nuclear target

c-Jun (Hibi et al., 1993). Several isoforms of JNK have been

isolated to date (Gupta et al., 1996), of which JNK1 and JNK2

have been studied extensively. Extracellular stimuli which

activate JNK1 and JNK2 include ultraviolet irradiation (Liu

et al., 1995), mechanical forces (Hu et al., 1999), tumor

necrosis factor-a (TNF-a) (Kyriakis et al., 1994), epidermal

growth factor, and nerve growth factor (Minden et al., 1994)

among many others.

The race to elucidate the role of NF-jB and JNK in the

regulation of cell death has generated conflicting reports

(Arsura et al., 2003; Jewett, 2001; Tang et al., 2002). Although

many reports demonstrated an apoptotic role for the function of

JNK (Arsura et al., 2003; Castrillo et al., 2003; Jewett, 2001;

Tang et al., 2002), others have attributed an anti-apoptotic role

for JNK when NF-jB is suppressed (Reuther-Madrid et al.,
2002).

In the present study we demonstrate that HEMA induces

apoptotic cell death in oral keratinocytes through the inhibition

of NF-jB and increased activation of JNK. Moreover, the key

role of nuclear NF-jB and JNK modulation by NAC in

protection against HEMA mediated effects was investigated. In

addition, we have also identified an NF-jB independent and

JNK dependent pathway of protection for NAC. Overall, the

results reported in this paper indicate that NAC is an effective

chemo-protectant which can safely be used to protect the pulp

and the surrounding tissues from adverse effects of dental

restorative materials.

MATERIALS AND METHODS

Cells and reagents. 293T and HEp2 cells were cultured either in RPMI or

DMEM (Cellgro, VA) supplemented with 10% fetal bovine serum (FBS), 1%

nonessential amino-acids, 1% sodium pyruvate, 1% antibiotics-antimycotic,

and 1% L-glutamine (Invitrogen, Carlsbad, CA). HOK16B (human oral

keratinocytes) were cultured in KGM medium supplemented with 4% bovine

pituitary extract, 1% hydrocortisone, 1% gentamycin-sulfate, 1% bovine

insulin, 1% epidermal growth factor obtained from Cambrex-Bio (Walkersville,

MD). Propidium iodide (PI), NAC, HEMA, Phorbol 12-myristate 13-acetate

(PMA), and HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) were

purchased from Sigma (St Louis, MO). PMSF (phenylmethylsulphonyl

fluoride) was purchased from Roche Applied Science (Indianapolis, IN). The

antibodies used for the western blotting were obtained from Cell Signaling (San

Diego, CA). The fluorescein isothiocyanate (FITC) conjugated Annexin V/PI

kit was purchased from Coulter Immunotech (Miami, FL).

DNA staining and apoptosis. Staining was performed by labeling the cells

with PI and Annexin V as described previously (Jewett et al., 1997). Cells were

cultured and treated as stated in the Results section, and they were washed

twice and resuspended in binding buffer containing FITC-Annexin V/PI as

suggested by the manufacturer. After 15 min of incubation on ice, Annexin

V/PI stained cells were analyzed by flow cytometry. EGFP transfected HOK-

16B cells were only stained with PI and analyzed using Forward angle side

scatter and PI as indicated in the result section. Flow cytometric analysis was

performed using EPICs-ELITE flow cytometer (Coulter, Miami, FL). Dead cell

fragments and debris were gated out by forward and side scatter analysis.

Preparation of the nuclear extracts. Treated and untreated samples were

incubated for fifteen minutes at 37�C, after which they were washed in buffer A

(l0mM HEPES, 1.5mM MgCl2, 10mM KCl, 0.5mM dithiotreitol, and 0.5mM

PMSF) without NP-40. The pellets were resuspended in 300 ll of Buffer A

with 0.1% NP-40. The incubation was continued for 5 min on ice. The

insoluble fraction was washed in Buffer A without NP-40 once and Buffer C

(25% Glycerol, 20mM HEPES, 0.6M KC1, 1.5mM MgCl2, and 0.2mM

ethylenediaminetetraacetic acid [EDTA]) was added to the pellets for 30 min.

The pellets were spun down at 13,000g for 10 min in cold and the supernatants

recovered were frozen in -80�C until used.

Cytoplasmic extracts and Western blotting. Western blotting was

performed as described previously (Cacalano et al., 2008). Briefly, treated

and untreated cells were lysed in the lysis buffer containing 50mM Tris-HCl

(pH 7.4), 150mM NaCl, 1% Nonidet P-40 (vol/vol), 1mM sodium

orthovanadate, 0.5mM EDTA, 10mM NaF, 2mM PMSF, 10 lg/ml leupeptin,

and 2 U/ml aprotinin for 15 min on ice. The samples were then sonicated for

3 s. The cell lysates were centrifuged at 13,000g for 10 min and the

supernatants were removed and the levels of protein were quantified by the

Bradford method. The cell lysates were denatured by boiling in 53 sodium

dodecyl sulfate (SDS) sample buffer. Equal amounts of cell lysates were loaded

onto 10% SDS-polyacrlamide gel electrophoresis and transferred onto

Immobilon-P membranes (Millipore, Billerica, MA). The membranes were

blocked with 5% nonfat milk in PBS plus 0.1% Tween-20 for 1 h. Primary

antibodies at the predetermined dilution were added for 1 h at room

temperature. Membranes were then incubated with 1:1000 dilution of

horseradish peroxidase-conjugated secondary antibody. Blots were developed

by enhanced chemiluminescence (purchased from Pierce Biotechnology,

Rockford, IL).

Luciferase reporter assay. 293T cells and HEp2 oral keratinocytes were

plated and maintained in RPMI and DMEM medium supplemented with 10%

FBS and 1% penicillin/streptomycin before transfection. Transfections were

done using an NF-jB Luciferase reporter vector (Doyle et al., 2002) and

Lipofectamine 2000 reagent (Invitrogen, CA) in Opti-MEM media (Invitrogen,

CA) for 18 h after which they were treated with HEMA, NAC, and TNF-a as

indicated in the Result section. The cells were then lysed with lysis buffer and

the relative Luciferase activity was measured using the Luciferase assay reagent

kit obtained from Promega (Madison, WI)

Enzyme-linked immunosorbent assay. Enzyme-linked immunosorbent

assays (ELISAs) for measuring VEGF (vascular endothelial growth factor)

and bFGF (basic-fibroblastic growth factor) were purchased from R&D
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systems (Minneapolis, MN) and used according to the manufacturer’s

recommendations.

Multiplex cytokine protein arrays. The fluorokine MAP cytokine

multiplex array kits for measuring VEGF and bFGF (please see the results

section) were purchased from R&D Systems (Minneapolis, MN) and the

procedures were conducted as suggested by the manufacturer. Briefly, the

microparticle concentrates containing monoclonal antibodies against different

cytokines were diluted with the microparticle diluent (provided in the kit). Fifty

microliters of each of microparticle concentrate was mixed with 5 ml of the

diluent in a mixing bottle. Fifty microliters of this mixture was then added to

50 ll of the culture supernatants in each well of a microplate. The microparticle

mixture contained desired combination of microparticle cytokine beads for

a given protein array. The plate was incubated on a horizontal orbital

microplate shaker at room temperature. After 3 h of incubation the liquid was

removed from the wells using a vacuum manifold. One hundred microliters of

wash buffer was then added to each well and the wash step was repeated three

times. Fifty microliters of the secondary Biotin antibody cocktail specific for

each analyte was then added to each well and the plate was incubated for an

additional hour on a shaker at room temperature. The secondary antibody was

prepared in the same way as the microparticle mixture/primary antibody. This

was followed by the wash step as described above. The PE conjugated

Streptavidin provided in a 1003 concentration was diluted to a 13

concentration with wash buffer just before use. Fifty microliters of the

Streptavidin-PE was then added to the wells for 30 min, after which the wash

step was repeated. The microparticles were resuspended in 100 ll of Wash

Buffer, incubated for an additional 2 min on a shaker and subsequently read

using the Luminex 100 Analyzer (Austin, TX). To analyze and obtain the

cytokine and chemokine concentrations, a standard curve was generated by

a threefold dilution of recombinant cytokines provided by the manufacturer.

The analysis was performed by the software provided by Luminex.

Retroviral transduction. HOK-16B cells were infected with culture

supernatants of NIH 3T3 packaging cells infected with either GFP expressing

transdominant negative allele of IjB (Van Antwerp et al., 1996) or GFP alone.

The mutant IjB-alpha (IjBaM) cDNA was excised from pCMX by digesting

with BamHI and EcoRV, and cloned into the pMX-IRES-EGFP retroviral

vector and cut with NotI (Klenow-filled) and BamHI. Forty-eight hours after

infection the HOK-16B cells were sorted and high GFP expressing cells were

grown and used in the experiments.

Statistical analysis. An unpaired, two-tailed Student t-test was performed

for the statistical analysis. One-way ANOVA with a Bonferroni post-test was

used to compare the different groups.

FIG. 1. NAC increased the NF-jB levels and the activity in the cells: (A) HEp2 oral epithelial cells were treated with HEMA (8.2mM) and/or NAC (20mM)

and PMA (50 ng/ml) as indicated in the figure. After an overnight incubation the nuclear extracts from each sample were prepared, and equal amounts of protein

were loaded in each lane. The levels of p65 subunit of NF-jB in each lane were determined by the addition of monoclonal antibodies to p65 subunit of NF-jB.

b-Actin levels were used to control for the protein loading amounts in each sample. The band densities for each lane were determined based on the b-actin loading

levels and are shown in the lower panel (B) Vector-alone and IjB(S32AS36A) transfected HEp2 cells were transfected with the NF-jB Luciferase reporter vector as

described in the materials and methods section, and then treated with HEMA (8.2mM), NAC (20mM), and TNF-a (20 ng/ml) and in combinations as shown in the

figure for 18 h. The relative units of luciferase activity were then determined in the lysates according to the manufacturer’s recommendation. Fold induction of

NF-jB luciferase activity was assessed based on its comparison with untreated cells. Based on one-way ANOVA, the differences between the control group and

those treated with HEMA and NAC and TNF-a are significant at p �0.001.
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RESULTS

NAC Inhibits HEMA-Mediated Apoptosis through the
Induction of NF-jB

We have previously shown that HEMA induces apoptotic

cell death in a variety of cell types (Paranjpe et al., 2005). The

cell death induced by HEMA was shown to be dose and time

dependent (Paranjpe et al., 2005, 2007). In addition, our

previous studies clearly demonstrated that NAC prevented

HEMA mediated cell death in a number of cell types including

oral epithelial cells (Paranjpe et al., 2007). Since a correlation

between suppression of NF-jB by HEMA and increased

induction of cell death was observed in our previous studies,

we determined whether NAC was capable of increasing NF-jB

in oral epithelial cells. In our previous studies (Paranjpe et al.,
2008a) we established the dose dependent protection of NAC

against cell death, and determined that NAC at 20mM

concentration was the optimal dose for protection of oral

keratinocytes against HEMA mediated cell death. Thus we

used this dose for the following experiments. Treatment with

20mM of NAC increased p65 subunit of NF-jB in nuclear

extracts prepared from HEp2 cells (Fig. 1A). HEMA mediated

decrease in p65 subunit of NF-jB was prevented significantly

when NAC was added to HEMA treated HEp2 cells (Fig. 1A).

To assess whether modulation of p65 subunit of NF-jB

reflected on NF-jB activity we measured NF-jB activity using

luciferase reporter assay in HEp2 cells (Fig. 1B). HEp2 cells

transfected with NF-jB luciferase reporter vector were treated

with TNF-a, HEMA, and NAC alone or in combinations as

shown in Figure 1B, and the levels of NFjB activity were

determined. NAC was able to significantly upregulate NF-jB

activity in HEp2 cells, whereas HEMA inhibited NFjB activity

compared to untreated controls (Fig. 1B). Indeed, at the 4 and 8

h of treatments 20–43% reduction in the NFjB activity could

be observed when cells were treated with HEMA whereas 70%

reduction could be seen at the 24 h of treatment when

compared to untreated control cells (data not shown). NAC

prevented the decrease in NF-jB activity in HEMA-treated

cells (Fig. 1). As expected, TNF-a was also able to induce

significant NF-jB activity (Fig. 1B). Although HEMA de-

creased NF-jB activity in TNF-a–treated cells moderately, the

levels remained higher when compared to cells treated with

HEMA alone (Fig. 1B). NAC, however, when added in

combination with TNF-a had an inhibitory effect on NF-jB ac-

tivity. More importantly, as expected, no increase in NF-jB ac-

tivity could be observed with any of the treatments in NF-jB

knock down HEp2 cells transfected with the NF-jB luciferase

vector (Fig. 1B). Effect of NAC on the induction of NF-jB

activity was less than TNF-a. These data, therefore, may

suggest that NAC can inhibit HEMA mediated cell death partly

due to its ability to increase NF-jB in HEp2 cells. Following

experiments were then performed to study the extent and the

magnitude of NFjB contribution in NAC mediated protection

from cell death, and to establish the potential contribution of

JNK in this process.

HEMA-Induced Significant Cell Death in NF-jB Knockdown
Oral Keratinocytes

To elucidate the role of NF-jB in rescuing cells from

apoptosis, we measured the effect of HEMA on oral

keratinocytes with impaired NF-jB function. Two sets of oral

epithelial cells were employed in these experiments to

demonstrate applicability to other oral keratinocyte models.

One was the established HEp2 cell line and the other was the

transformed human oral keratinocytes (HOK-16B). Vector-

alone and IjB(S32AS36A) transfected HEp2 cells (Jewett et al.,
2003) were treated with HEMA, NAC and the combination of

NAC and HEMA and cell viability and function were

determined by staining with Annexin V and PI and measuring

VEGF and bFGF release, respectively. Since we had established

a close relationship between the induction of cell death and loss

of VEGF secretion by a number of different cell types in our

previous studies, we chose to use the modulation of this growth

factor as a measure of functional competency (Paranjpe et al.,

FIG. 2. NAC inhibits HEMA mediated cell death. Vector-alone and

IjB(S32AS36A) transfected HEp2 cells were treated with HEMA (16.4mM) in the

presence and absence of NAC (20mM). After an overnight incubation the

levels of cell death were determined using PI and FITC-Annexin V staining.
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2007). Moreover, a significant increase in the release of bFGF

was also observed when the cells were induced to undergo cell

death under a number of different experimental conditions

(Figs. 3B, 6B and data not shown). Therefore, when Dental Pulp

Stromal Cells (DPSCs) (data not shown) or HEp2 cells (Figs. 3B

and 6B) were treated with HEMA, a significant release of bFGF

in the presence of decreased secretion of VEGF could clearly be

seen (Figs. 3A and 3B). Addition of NAC to HEMA treated cells

resulted in an increased survival of the cells and the prevention

of a drop in VEGF secretion and inhibition of bFGF release by

the cells (Figs. 3A and 3B). Moreover, as shown in Figure 2

HEMA induced cell death in both transfectants, albeit the levels

were higher in IjB(S32AS36A) transfected HEp2 cells. NAC was

protective and it inhibited HEMA mediated cell death in both

transfectants, although the effect was more potent against

vector-alone than IjB(S32AS36A) transfected HEp2 cells (> 90%

decrease in cell death for vector-alone versus ~50% decrease for

IjB(S32AS36A) transfected HEp2 cells) (Fig. 2). Similarly, NAC

prevented HEMA mediated decrease in VEGF secretion more in

vector-alone than in IjB(S32AS36A) transfected HEp2 cells (Fig.

3). It is, however, important to note that NAC reproducibly

inhibited HEMA mediated effects in IjB(S32AS36A) transfected

HEp2 cells. These results were also confirmed when HOK-16B

oral epithelial cells were used. Human oral keratinocytes (HOK-

16B) were transduced with EGFP alone or trans-dominant

negative allele of IjB (EGFP/IjBaM) retroviral constructs and

sorted for high EGFP expressing cells using flow cytometry

(Fig. 4A). IjBaM transduced HOK-16B cells secreted signif-

icantly lower amounts of interleukin-6 (IL-6) when compared to

EGFP-transduced cells (data not shown). Thus, transduction of

HOK-16B cells with IjBaM construct exhibited the same

functional profiles as those observed in HEp2 cell transfectants

(Jewett et al. 2003, 2006). HEMA treatment also inhibited IL-6

secretion by HOK-16B cells (data not shown). Untreated HOK-

16B cells transduced with IjBaM construct did not exhibit

elevated levels of cell death when assessed morphologically or

by flow cytometric analysis of FITC-Annexin V and PI stained

cells (Figs. 4B and 4C). However, as expected when treated with

HEMA almost all of the IjBaM transduced HOK-16B cells

underwent cell death (Figs. 4B and 4C). In contrast, very few

cells in EGFP alone transduced HOK-16B cells underwent cell

death when they were treated with HEMA (Figs. 4B and 4C).

Addition of NAC in combination with HEMA to IjBaM

transduced HOK-16B cells exhibited 22.9% cell survival as

FIG. 3. HEMA mediated decrease in VEGF secretion and increase in bFGF was prevented by NAC in HEp2 cells. (A) Vector alone and IjB super-repressor

transfected HEp2 cells were incubated with and without HEMA (16.4mM) and NAC (20mM) overnight, and the supernatants were removed and assayed for

VEGF secretion using bead based cytokine array kit (**p �0.0001 and *p �0.001, unpaired, two-tailed t-test). The results were confirmed using a sensitive and

specific single ELISA assay for VEGF (data not shown). (B) Vector alone were incubated with and without HEMA (16.4mM) and NAC (20mM) overnight, and

the supernatants were removed and assayed for bFGF secretion using the bead based cytokine array kit (*p �0.001, unpaired, two-tailed t-test).
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compared to 10.2% in the absence of NAC which is a 50%

increase in the number of surviving cells. Thus, the extent of cell

survival between HEMA or HEMA and NAC treated cells is

similar between NF-jB knock down HOK-16B and HEp2 cells

(Fig. 2). Therefore, the levels of NF-jB independent protection

from cell death by NAC is similar in HEMA treated HEp2 cell and

HOK-16B cell transfectants excluding involvement and differ-

ences in media composition or the levels of the supplementation

of the serum in the effect of NAC. Indeed, we did not observe

differences in either HEMA mediated cell death or the levels of

NAC protection when either serum free or complete medium was

used in the experiments (data not shown). Thus, these results

indicated that NAC protects the cells via both NF-jB dependent

and independent pathways since NAC was also capable of

decreasing cell death and loss of function in NF-jB knock down

cells.

NAC Prevents HEMA-Mediated Increase in JNK Expression

To characterize the potential involvement of other signaling

components such as JNK in NF-jB independent rescue from

cell death by NAC we first measured the levels of JNK

induction in NAC and HEMA treated samples. IjB(S32AS36A)

transfected HEp2 cells exhibited higher induction of JNK when

compared to vector alone transfected cells (Fig. 5A).

IjB(S32AS36A) transfected HEp2 cells were treated with HEMA

(8.2mM) and NAC (20mM) for 6-12 h after which the

cytoplasmic extracts were analyzed for the levels of phosphor-

ylated c-jun N terminal kinase (p-JNK). As shown in Figure 5A

in the presence of HEMA the levels of p-JNK were upregulated

and NAC lowered the levels of p-JNK in control and HEMA

treated IjB(S32AS36A) transfected HEp2 cells. Therefore, NAC

is capable of preventing HEMA mediated increase in p-JNK in

IjB(S32AS36A) transfected HEp2 cells. Similar results were also

obtained when c-jun was measured in NAC treated HEp2-

IjB(S32AS36A) cells (data not shown).

JNK Inhibitor Decreases the Levels of Cell Death in HEMA-
Treated Cells

Since HEMA causes an increase in the levels of JNK, and an

increase in JNK may be responsible for HEMA mediated cell

death, we opted to block HEMA-mediated increase in JNK

using a previously characterized JNK inhibitor with a broader

spectrum of action (SP600125) (Calbiochem, CA). As seen in

Figure 6A the levels of cell death in HEMA treated HEp2 cells

was lower in the presence of JNK inhibitor. Moreover, the

addition of JNK inhibitor to HEMA treated HEp2 cells also

prevented the loss of VEGF secretion, and decreased bFGF

secretion in HEp2 cell transfectants (Figs. 6B and 6C).

DISCUSSION

Local cell damage and increased inflammation are found to

contribute to the complex range of responses occurring

clinically in the dental pulp after tooth restoration with resin

containing materials (Hebling et al., 1999). Micrograms to

milligrams of resin based monomers such as HEMA is released

into the adjacent aqueous phase from a broad range of resin-

based bonding, cementing and direct filling materials from

clinically used amounts during the first days after placement

(Gerzina and Hume, 1996; Hume and Gerzia, 1996). We have

found that loss of mitochondrial membrane potential and

activation of effector caspases were two major hallmarks of the

intrinsic death pathway induced by HEMA (Paranjpe et al.,
2008a). Moreover, the analysis of the genes involved in

apoptotic pathways by microarray technology indicated that

several critical genes related to cell cycle checkpoints,

signaling proteins and cell death mediators were also elevated

in the presence of HEMA treatment (refer to supplemental data

of Paranjpe et al., 2005; http://www.dentalresearch.org).

Therefore, many of the inhibitors which have been shown to

block apoptotic cell death should in practice block HEMA

mediated cell death. However, inhibition of cell death should

also parallel gain of functional competency of the cells if

effective strategies are sought to reverse HEMA mediated

adverse effects. In this regard, the cell death inhibitor NAC

fulfills these criteria since both the death and loss of cellular

function were inhibited by NAC.

Blockade of cell death by NAC was suggested to relate to its

inhibitory effect on the generation of ROS and oxidative stress

in HEMA treated cells since NAC was previously shown to

have anti-oxidant effect (Chang et al., 2005; Spagnuolo et al.,
2006). However, since well known anti-oxidants such as

Trolox and Ascorbates not only did not change the course of

HEMA mediated cell death but also they contributed to it

(Paranjpe et al., 2007), it is therefore believed that NAC may

function via mechanisms which are distinct from those reported

for Trolox and Ascorbates (Walther et al., 2004). Indeed, we

report here that NAC is an important inducer of NF-jB in oral

epithelial cells. Increased activation of NF-jB in other

epithelial cells by NAC was also reported previously (Das

et al., 1995). However, in contrast to the previous reports our

data clearly demonstrate an NF-jB dependent and independent

protective effect of NAC on the cells. It is important to note

that the addition of a number of potent activators of NF-jB

such as TNF-a (Fig. 1B) and PMA/Ionomycin (data not

shown) to NFjB knock down HEp2 cells were unable to

increase NFjB in NF-jB knockdown HEp2 cells. Thus, the

NF-jB independent protection of HEp2 cells by NAC is

clearly not due to an increase in NF-jB in NF-jB knockdown

HEp2 cells (Fig. 1).

NAC may provide the protective mechanism in part by

increasing the anti-apoptotic proteins regulated by NF-jB. In

this respect MnSOD (Mn superoxide dismutase) may be

implicated in this process since NF-jB is an important

modulator of MnSOD (Murley et al., 2001). In our experi-

ments, the partial role of NF-jB in survival and function of the

cells is evident by the following observations. First, treatment
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FIG. 4. HEMA-mediated cell death in NF-jB knockdown HOK-16B. (A) To determine the efficiency of transduction, retrovirally infected HOKs (HOK-16B

EGFP and HOK-16B IjBaM) were analyzed for GFP expression by flow cytometry. Similar levels of GFP expression were observed in EGFP and IjBaM
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of HEp2 cells with HEMA significantly blocked nuclear NF-

jB expression and function. This is in contrast to the

previously published data where the addition of HEMA was

reported to increase rather than decrease the nuclear NF-jB

expression in fibroblasts (Spagnuolo et al. 2004). This

discrepancy could be due to the type of cells employed or

the timing of the treatment. However, we did not observe any

induction of NF-jB activity by HEMA from 4 to 24 h of

treatment in the cells tested. Second, the addition of NAC

significantly increased NF-jB expression in oral epithelial

cells, and restored NF-jB activity in HEMA-treated cells, with

concomitant rescue of cell viability and function. NAC had an

effect similar to TNF-a in this system. Third, when nuclear NF-

jB was inhibited in oral keratinocytes both HEMA (Figs. 4B

and 4C) and TNF-a (Jewett et al., 2003) exacerbated death of

the cells, and the protective effect of NAC on cell death was

partially lost (Paranjpe et al., 2007). Collectively, these results

are consistent with a model in which NAC blocks HEMA

mediated cell death partially through the induction of NFjB.

Even though a portion of NAC’s protective effect on HEMA

induced cell death is regulated by NFjB, a significant portion

of its effect is NF-jB independent. In this regard we

demonstrate that NAC prevents HEMA mediated induction

of JNK. Strong and sustained activation of JNK by a variety of

stresses such as UV light and hydroxy peroxides results in an

induction of significant apoptosis in the cells (Butterfield et al.,
1997; Chen et al., 1996). As determined by a cDNA array

analysis (data not shown) expression of JNK1 in NF-jB

knockdown HEp2 cells augmented MAPKK1/MKK1 gene

expression in HEp2 cells (data not shown). Thus, increased

activation of MAPKK1 could in turn increase the levels of JNK

expression in NF-jB knockdown HEp2 cells resulting in

FIG. 5. NAC decreases the protein levels of p-JNK in treated cells. (A) pRcCMV vector alone (HEp2-Vec) and IjB(S32AS36A) transfected HEp2 cells (5 3

106) were cultured in DMEM and subsequently treated with HEMA (16.4mM) and NAC (20mM) for 6 h after which the cells were lysed and the cytoplasmic

extracts analyzed for p-JNK protein using Western blot analysis. b-Actin levels were used to control for the protein loading amounts in each sample. The band

densities for each lane were determined based on the b-actin loading levels and are shown in the lower panel.

transduced HOK-16B cells. (B) Retrovirally transduced HOKs (HOK-16B EGFP and HOK-16B IjBaM) were incubated with and without HEMA (8.2mM)

overnight after which photographs were taken using an inverted microscope (203). (C) Retrovirally transduced HOKs (HOK-16B EGFP and HOK-16B IjBaM)

were incubated with and without HEMA (8.2mM) and NAC (20mM) overnight, and cell death were determined using forward angle light scatter and staining with

PI. The numbers in each quadrant represent the percentages of cells positive for that quadrant. Ten thousand events were analyzed for each sample.
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a sustained increase in the levels and function of JNK (Reuther-

Madrid et al., 2002). JNK is also an important regulator of p53

tumor suppressor protein (Fuchs et al., 1998). Activation of

p53 in many different tumor cells induces growth arrest and

apoptosis (Eliyahu et al., 1984; Lane, 1984). JNK prolongs the

half-life of p53 (Fuchs et al., 1998). In accordance, we have

observed significant induction of p53 associated protein,

proline dehydrogenase (proline oxidase 1) gene when JNK

was expressed in NF-jB knock down HEp2 cells (manuscript

submitted). HEp2 cells do not express p53 tumor suppressor

protein and thus loss of p53 expression is believed to be one of

the contributory mechanisms to their transformation and

survival. Thus, increased JNK activity may serve to increase

the levels of p53 and its target protein proline dehydrogenase

(proline oxidase 1) gene resulting in the augmentation of cell

death seen in this study. These possibilities are currently under

investigation in our laboratory.

We have also found that the inverse increase in JNK and NF-jB

pathways in HEp2 cells is responsible for the synergistic

upregulation of IgFbp6 as determined by the gene and protein

analysis (Cacalano et al., 2008). Both the IgFbp6 and proline

dehydrogenase gene (proline oxidase 1) were previously shown

to play significant roles in programming for death of a variety

of cells (Hu et al., 2007; Pandhare et al., 2006). Whether

synergistic induction of abovementioned genes in combination

by HEMA are responsible for cell death of HEp2 cells should

await future investigations.

Although the pharmacologic JNK inhibitor SP600125 was

used to selectively target JNK1, 2, and 3 in previous studies, in

some recent studies the specificity of this inhibitor has been

challenged, pointing to perhaps the limitation of such an

approach in delineating the mechanisms involving the JNK

pathway (Bain et al., 2003). Therefore, although it is likely that

JNK is one of the important mediators of HEMA induced cell

death in HEp2 cells, further genetic as well as pharmacological

studies are warranted and will be performed in our future

studies to establish the extent and the level of the contribution

of this pathway in HEMA mediated cell death.

To determine the levels of functional competency under

different experimental conditions we opted to use the status of

VEGF and bFGF release by the cells. These two growth factors

exhibit different release profiles depending on the levels of cell

viability and can be used to determine the functional

competency of the cells under different experimental con-

ditions. Whereas viable HEp2 cells are capable of secreting

high levels of VEGF, cells which are signaled to undergo cell

death loose this ability and decrease the levels of VEGF

secretion (Figs. 3A and 6C). In contrast, those that are signaled

to undergo cell death release high levels of bFGF (Figs. 3B and

6B). Therefore, by using these two parameters we were able to

FIG. 6. JNK Inhibitor (SP600125) prevented HEMA-mediated death of HEp2 cells. (A) pRcCMV vector alone (HEp2 Vec) and IjB(S32AS36A) transfected

HEp2 cells were cultured in DMEM at a concentration of 2 3 105 cells per well and treated with HEMA (16.4mM), and the JNK inhibitor (25lM) for a period of

18 h. The cells were then stained with FITC-Annexin V and PI and analyzed using the EPICs ELITE flow cytometer. pRcCMV vector alone (HEp2-Vec) and

IjB(S32AS36A) transfected HEp2 cells were cultured, and treated as described in Figure 6A, and the supernatants were removed and assayed for bFGF (B) and

VEGF secretion (C) using bead based cytokine array kit (*p �0.01, unpaired, two-tailed t-test).
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demonstrate that JNK inhibitor was able to prevent cell death

and maintain the functional competency of the HEp2 cell

transfectants. Since blocking NF-jB in HEp2 cells abolishes

the ability of the cells to release bFGF, we could only

determine bFGF release in vector-alone transfected HEp2 cells

(Fig. 3B). Thus, NAC mediated decrease in bFGF release from

DPSCs or HEp2 cells is another piece of supporting evidence

regarding the role of NAC in increase functional activation of

NF-jB (data not shown and Fig. 3B).

The results reported in this paper indicated that the

protective effect of NAC on HEMA mediated cell death

maybe induced via mechanisms other than or in addition to an

anti-oxidant effect which was reported previously (Schweikl

et al., 2006). We have reported that protection of NAC is partly

due to its capacity to induce differentiation of the cells

(Paranjpe et al., 2007) due to the increased induction of

important transcription factors such as NF-jB and an increase

in a number of important differentiation genes reported

previously (Paranjpe et al., 2007). The full spectrum of signals

responsible for the induction of differentiation in the cells by

NAC is not established yet, but it clearly involves both the NF-jB

and JNK signaling pathways (Figs. 1A and 5). Overall, studies

reported in this paper and those which were performed in vivo
(Paranjpe et al., 2008b) indicated that NAC is an important

protective agent which could be used in dental restorations to

protect the pulp cells from toxic effects of restorative materials.

In addition, they indicated that there may be mutually inclusive

and exclusive effects of NF-jB and JNK in NAC mediated

protection from HEMA mediated cell death.
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