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Abstract
Resin based materials are now widely used in dental restorations. While the use of these materials
is aesthetically appealing in patients, they carry the risk of local and systemic adverse effects. The
potential risks are direct damage to the cells and induction of immune-based hypersensitivity
reactions. Dental Pulp Stromal Cells (DPSCs) and oral keratinocytes are the major cell types which
may come in contact with dental resins such as 2-hydroxyethyl methacrylate (HEMA) after dental
restorations. Here we show that N-acetyl cysteine (NAC) inhibits HEMA induced apoptotic cell
death and restores the function of DPSCs and oral epithelial cells. NAC inhibits HEMA mediated
toxicity through induction of differentiation in DPSCs since the genes for dentin sialoprotein (DSP),
Osteopontin (OPN), Osteocalcin (OCN), and Alkaline Phosphatase (ALP) which are induced during
differentiation are also induced by NAC. Unlike NAC, Vitamin E and C which known anti-oxidant
compounds failed to prevent either HEMA mediated cell death or decrease in VEGF secretion by
human DPSCs. More importantly, when added either alone or in combination with HEMA Vitamin
E and Vitamin C did not increase the gene expression for OPN, and in addition Vitamin E inhibited
the protective effect of NAC on DPSCs. NAC inhibited HEMA mediated decrease in NFκB activity
thus, providing survival mechanism for the cells. Overall, the studies reported in this paper indicated
that undifferentiated DPSCs have exquisite sensitivity to HEMA induced cell death, and their
differentiation by NAC resulted in an increased NFκB activity which might have provided the basis
for their increased protection from HEMA mediated functional loss and cell death.
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Introduction
Dental pulp contains a diverse population of the cells including odontoblasts, fibroblasts,
immune cells, nerve cells and vascular cells. [1,2]. Indeed, a population of putative post-natal
stem cells within the dental pulp stromal cells (DPSCs) was found to have the capability to
regenerate a dentin-pulp-like complex, which is composed of mineralized matrix with tubules
lined with odontoblasts, and fibrous tissue containing blood vessels in an arrangement similar
to the dentin-pulp complex found in normal human teeth [3,4]. Differentiation of the pulp
stromal cells into odontoblasts is essential as these cells are capable of laying secondary/
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reparative dentin which in turn is able to protect the pulp from further damage induced by a
number of mechanisms including those induced by resin materials. Odontoblasts are highly
specialized cells aligned in a single layer at the edge of the dental pulp and are responsible for
secretion and mineralization of the fibrillar extracellular matrix of the dentin [4]. Odontoblasts
are known to express specific proteins such as dentin sialoprotein (DSP), Osteopontin (OPN),
Osteocalcin (OCN), type 1- collagen, Alkaline Phosphatase (ALP) and Dentin Matrix Protein-1
(DMP-1). [1,2]. OPN which is an early stage osteoblastic marker is also expressed by
odontoblasts since this is a component of their matrix.

Resin based materials are now widely used in dental practice. While the use of these materials
is aesthetically appealing in patients, they carry the risk of local and systemic adverse effects.
The potential risks are direct damage to the cells (cytotoxicity) and induction of immune-based
hypersensitivity reactions. However, the mechanisms by which these materials cause adverse
effects in patients have not been completely elucidated. Resin monomers such as HEMA (2-
hydroxyethyl methacrylate) and TEGDMA (triethyleneglycol dimethacrylate) are shown to
influence the differentiation of human pulp cells into odontoblasts [5]. We have shown
previously that HEMA induces apoptosis in different cell types [6] and also in DPSCs and in
odontoblast like cells. HEMA induced apoptosis has been linked to the decrease in intracellular
glutathione (GSH) levels and the production of reactive oxygen species (ROS) in the cells.
[7–11].

N-acetyl cysteine (NAC) is a membrane permeable aminothiol compound with diverse
functions. NAC is shown to be the precursor of glutathiones (GSH) with a significant anti-
oxidant effect. Although previously published reports on the function of NAC have largely
been concentrated on its anti-oxidant effect, recent reports have underscored the significance
of this compound in inhibition of proliferation and induction of differentiation [12–14]. NAC
has also been regarded as an anti-inflammatory compound [15–17]. Therefore, NAC is shown
to have a number of different functions depending on the nature of the cells and their stage of
maturation. However, it seems one of the primary functions of NAC is inhibition of cell death.
At present it is unclear how NAC protects the cells from cell death. However, previous work
has attributed the protective effect of NAC in HEMA and TEGDMA mediated cell death to
their anti-oxidant effect [18–20]. In contrast to these reports, our data suggests mechanisms
for NAC function which are distinct from those shown previously and those mediated by other
well established anti-oxidants such as Vitamin E and C [21].

In this paper we report that undifferentiated DPSCs have exquisite sensitivity to HEMA
induced cell death, and their differentiation by NAC provides the basis for their increased
protection from HEMA mediated functional loss and cell death. Increased differentiation
triggered by NAC in DPSCs is paralleled with an increased induction of NFκB activity since
this transcription factor is responsible for survival of the cells.

Materials and Methods
Cells and reagents

DMEM (Cellgro, VA) and RPMI were supplemented with 10 %FBS, 1% non-essential amino-
acids, 1% sodium pyruvate, 1% streptomycin and 1%L-glutamine (Invitrogen; Carlsbad, CA)
and used for cultures of DPSCs and UCLA-2 oral tumors respectively. β-glycerophosphate,
ascorbic acid, dexamethasone, N-acetyl-cysteine (NAC), 2-hydroxyethyl methacrylate
(HEMA) and HEPES were all purchased from Sigma (St. Louis, MO). The Fluorescein
Isothiocyanate conjugated Annexin V/Propidium Iodide kit was purchased from Coulter
Immunotech (Miami, FL). Recombinant IL-2 was purchased from the Chiron Corporation
(Emeryville, CA). RNA extraction kit was purchased from Qiagen (Valencia, CA) and the
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reverse transcription kit was purchased from Invitrogen (Carlsbad, CA). All the PCR primers
were obtained from Operon Biotechnologies (Huntsville, AL).

Dental pulp stromal cell cultures
DPSCs were obtained from both rat and human teeth. DPSCs from both species responded
similarly to the effects of HEMA and NAC. Dental pulp was extracted from the upper and
lower central incisors of 8-week old male Sprague-Dawley rats. The extracted tissue was
treated with 0.1% collagenase (Sigma Aldrich, MO) and 0.25% trypsin EDTA (1mM)
(Invitrogen, CA) at 37°C for 60 minutes to obtain single cell suspension of the pulp cells. Cells
were then washed twice and re-suspended in complete medium (DMEM supplemented with
10% FBS, 1% antibiotic-antimycotic, 1% non-essential amino acids, 1% Na pyruvate). Dental
pulp stromal cells were then cultured with ascorbic acid (50 μg/ml) and Na-β-glycerophosphate
(10mM) (Sigma Aldrich, MO) with or without dexamethasone (10−8M) [22] to induce different
degrees of differentiation as indicated in the result section. The cells were then cultured at 37°
C in 5% CO2, and they were passaged and used in the experiments at 80% confluency.

Human dental pulp stromal cells were obtained from freshly extracted third molars and were
cultured as described above [5].

Purification of Peripheral blood mononuclear cells (PBMCs)
All donors in this study provided informed consents, and protocols involving human subjects
received UCLA Institutional Review Board approval (IRB # 97-10-049-14). PBMCs from the
healthy donors were isolated as described before [23–25].

Determination of apoptosis
To determine the levels of apoptosis FITC-Annexin V and Propidium Iodide was used. The
cells were treated HEMA and NAC, Vitamin C and Vitamin E as stated in the Results section,
and they were washed twice and re-suspended in binding buffer containing FITC-Annexin V/
Propidium iodide as suggested by the manufacturer. After 15 minutes of incubation on ice,
Annexin V/PI stained cells were analyzed by flow cytometry. 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.

Alkaline Phosphatase (ALP) staining
Human DPSCs were treated with varying concentrations of HEMA, NAC and Vitamin E or
co-cultured with and without untreated and IL-2 treated PBMCs as indicated in the result
section. Cells were then washed twice with PBS and incubated with 120mM of Tris buffer (pH
= 8.4) containing 0.9mM Napthol AS-M Phosphate and 1.8mM Fast Red TR (both purchased
from Sigma, MO) for 30 minutes at 37 C. After 30 minute incubation, cells were washed three
times with PBS and then fixed with 1ml cold ethanol (100%) for 30 minutes. The stained
cultures were scanned using an Epson scanner 1250.

ELISA
Duo-set ELISA for measuring VEGF was purchased from R&D systems (Minneapolis, MN)
and used according to the manufacturer’s recommendations. IFN-γ was measured as described
previously [26].

3H Thymidine incorporation assay was performed as described previously [27]
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Luciferase reporter assay
Human embryonic kidney (293T) cells, HEp2 oral epithelial cells and DPSCs were plated and
maintained in DMEM medium supplemented with 10% FBS and 1% penicillin/streptomycin
before transfection. Transfections were done using an NFκB Luciferase reporter vector [28]
and Lipofectamine 2000 reagent (Invitrogen, CA) in Opti-MEM media (Invitrogen, CA) for
18 hours after which they were treated with HEMA, NAC and TNF-α 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)

Reverse-transcriptase polymerase chain reaction (RT-PCR)
The rat and human DPSCs were cultured in a 6 well plate (2× 105/well) and treated as described
in the result section for 18 hours, after which the cells were washed twice with PBS and then
the total RNA was extracted using TRIzol (Invitrogen, CA) and a purification column (RNeasy,
Qiagen, CA). Following DNAse I treatment, 0.5 μg of total RNA was incubated with MMLV
reverse transcriptase (Invitrogen, CA) at 42 °C for an hour with oligodT primer (Invitrogen,
CA). The PCR was performed using Platinum Taq DNA polymerase (Invitrogen, CA) to
evaluate the gene expression for osteopontin, osteocalcin and dentin sialoprotein. GAPDH was
used as the loading control. The resulting products were visualized with ethidium bromide
staining on a 1.5% agarose gel. The primer design and PCR conditions are as follows:

Rat primers Forward Reverse Annealing Temperature # of cycles
GAPDH 5′-

TGAAGGTCGGTGTCAACGGATTTGGC
5′-
CATGTAGGCCATGAGGTCCACCAC

67 27

Collagen-1 5′-GGCAACAGTCGATTCACC 5′-AGGGCCAATGTCCATTCC 58 28
DSP 5′-CGAGTCGATAGCCGTAGGAG 5′-AACTCCACTCCCGTGTGTTC 62 36
Osteopontin 5′–GATTATAGTGACACAGAC 5′–AGCAGGAATACTAACTGC 45 19
Osteocalcin 5′–GTCCCACACAGCAACTCG 5′–CCAAAGCTGAAGCTGCCG 61 25
Human
Primers
GAPDH 5′–CAGTCAGTTCTAGAATTCCATATG

GGGAAGGTGAAGGTCGGAGTCAAC
5′-GGTGGTCCAGGGATCGATCTC
CTTGGAGGCCATGTGGGCCAT

70 27

Osteopontin 5′-GGACAGCCAGGACTCCATTGA 5′-CGTTTCATAACTGTCCTTCCCA 71 35
Osteocalcin 5′-CAGAGTCCAGCAAAGGTGCAG 5′-TCAGCCAACTCGTCACAGTCCG 68 30

Statistical analysis
Unpaired two-tailed student t-test was performed for the statistical analysis. ANOVA with a
Bonferroni post test was used to compare the different groups.

Results
Cell death induced in Dental Pulp Stromal Cells co-relates with the degree and stages of
differentiation of the cells

The sensitivity to cell death in Dental Pulp Stromal Cells (DPSCs) were assessed in three
different stages of cell growth and differentiation, 1-undifferentiated 2-differentiated in the
presence of β-glycerophosphate and ascorbic acid and 3-differentiated in the presence of β-
glycerophosphate, ascorbic acid and dexamethasone. These three stages of cell growth and
differentiation can clearly be distinguished at the gene level using the gene expression for
osteopontin (OPN) and osteocalcin (OCN) (Fig. 1A). Undifferentiated cells either did not
express or expressed OPN or OCN at very low levels. Cells differentiated with β-
glycerophosphate and ascorbic acid only increased OPN but not OCN whereas those
differentiated with β-glycerophosphate, ascorbic acid and dexamethasone increased both the
OPN and OCN (Fig. 1A).

Having established the differences in the gene induction patterns at different stages of
differentiation, we then examined the ability of HEMA to induce cell death at different stages
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of differentiation. As shown in Fig. 1B the higher the stage of differentiation the lower were
the levels of cell death. Indeed, undifferentiated DPSCs exhibited total of 60% cell death
whereas β-glycerophosphate and ascorbic acid differentiated cells exhibited 37% and those
treated with β-glycerophosphate, ascorbic acid and dexamethasone only exhibited 2.2% cell
death. Therefore, the levels of differentiation correlated with the resistance of DPSCs to cell
death. The different stages of differentiation are also marked by different levels of ALP staining
in the presence and absence of HEMA treatment (Fig. 1C). Treatment of DPSCs at different
stages of differentiation with N-acetyl cysteine (NAC) significantly blocked cell death
mediated by HEMA (Fig. 1B) and increased the levels of ALP staining (Fig. 1C). However,
decrease in HEMA mediated cell death by NAC was more apparent in differentiated than
undifferentiated cells (Fig. 1B). Therefore, NAC may serve as an important agent of
differentiation for DPSCs. Both rat and human DPSCs responded similarly to the effects of
HEMA and NAC (please see below).

NAC prevents HEMA mediated decrease in VEGF secretion in DPSCs
DPSCs secrete Vascular Endothelial Growth Factor (VEGF) [29]. Therefore, to demonstrate
that prevention of HEMA induced cell death by NAC has a significant functional consequences
for DPSCs we measured secretion of VEGF when NAC was added with and without HEMA
to DPSCs and to a primary oral keratinocyte tumor line (UCLA-2). The reasons we chose to
concentrate on VEGF are the followings. First, VEGF is produced constitutively by UCLA-2
and DPSCs. Secondly, since naïve or IL-2 activated immune effectors do not produce
measurable amounts of VEGF, their activating effect on increased release of VEGF by DPSCs
can easily be investigated (please see Fig. 6B below). Lastly, the secreted levels of VEGF
closely correlated with the viability and functional competency of UCLA-2 and HEp2 oral
epithelial cells as well as DPSCs. Therefore, as shown in Table 1 and Fig. 6B, NAC
significantly prevented HEMA induced decrease in VEGF secretion in both cell types. In
addition, it is clear from this experiment that DPSCs have exquisite sensitivity to HEMA
mediated effects since UCLA-2 exhibited no decrease in VEGF secretion at the lowest
concentration of HEMA, whereas VEGF secretion remained significantly low in DPSCs at the
same concentration when compared to control untreated cells (Table 1). Thus, prevention of
cell death by NAC in DPSCs has also important functional consequences for the cells.

Previous reports demonstrated an anti-proliferative effect for NAC, thus we determined the
levels of thymidine incorporation in DPSCs and assessed the numbers of viable cells after
treatment with and without NAC and HEMA. As shown in Fig. 2A we observed an increase
rather than a decrease in 3H thymidine incorporation in DPSCs (Fig. 2A) as well as UCLA-2
cells (data not shown) when treated with NAC as compared to untreated cells. NAC also
increased 3H thymidine incorporation significantly in cells treated with the combination of
NAC and HEMA as compared to HEMA alone treated cells, although the extent of the
inhibitory effect of NAC on HEMA mediated cell death was dependent on the dose of HEMA
used (Fig. 2A). As expected, HEMA treatment caused a dose dependent inhibition in thymidine
incorporation of the cells (Fig. 2A). In addition when the numbers of viable cells were
determined in DPSCs an enhancement in the numbers of cells could be seen in samples treated
with NAC (Fig. 2B). As expected HEMA treatment decreased the numbers of viable cells and
the addition of NAC plus HEMA was able to increase the numbers of viable cells when
compared to HEMA alone treated cells (Fig. 2B). The results indicated that NAC increased
proliferation as well as the numbers of the viable cells when added to control untreated and
HEMA treated cells.

Effect of NAC is distinct from that mediated by Vitamin E and C
Since NAC is considered as an important anti-oxidant agent we compared its effect to the well
known anti-oxidant agents Vitamin E (Trolox) and Vitamin C. These two important anti-
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oxidants have previously been shown to inhibit HEMA mediated adverse effects [21]. Unlike
NAC, Vitamin E failed to prevent either HEMA mediated cell death (Fig. 3A) or decrease in
VEGF secretion by human DPSCs (Table 2). In addition, Vitamin E also inhibited the function
of NAC on DPSCs since the addition of the combination of NAC and Vitamin E inhibited
NAC mediated increase in VEGF secretion (Table 2). Unlike NAC, Vitamin E was unable to
restore HEMA mediated decrease in Alkaline Phosphatase (ALP) staining in DPSCs (Fig. 3B).
Moreover, the addition of vitamin C was unable to either prevent cell death (Fig. 4) or increase
differentiation genes in DPSCs (Fig. 5). Therefore, the effect of NAC appears to be quite
distinct from those mediated by Vitamin E and Vitamin C. These differences suggest that NAC
may have an additional important function which may be distinct from that mediated by its
well know anti-oxidant effect.

Increased induction of key differentiation genes in DPSCs by NAC at different stages of
differentiation

DPSCs were treated to induce different stages of differentiation, and the levels of OPN, OCN
and Dentin Sialoprotein (DSP) gene expression were determined when NAC was also added
to each sample. Undifferentiated DPSCs in the absence of NAC demonstrated no or low levels
of differentiation gene expression (Fig. 5A). Treatment with NAC alone or its addition to the
other differentiation agents substantially increased gene expression for OPN, OCN and DSP
in DPSCs in a stepwise manner (Fig. 5A and 5B). Therefore, NAC not only can up-regulate
gene expression on its own; it can also increase gene expression when added to other
differentiation agents. In addition, even though the combination of HEMA and NAC treated
cells exhibited lower levels of OPN gene expression when compared to NAC alone treated
cells, the levels still remained higher and exceeded those seen by untreated cells (Figs. 5B,5C,
5D and 5E). Increased gene expression for OPN was seen both in rat and human DPSCs treated
with NAC (Figs. 5B, 5C and 5D). Furthermore, in agreement with the cell death data and ALP
expression (Fig. 3 and 4), treatment with Vitamin E and Vitamin C, unlike NAC, failed to
increase gene expression for OPN significantly (Fig. 5D and 5E). In addition, treatment with
HEMA was inhibitory for the expression of OPN and unlike NAC the combination of vitamin
E, vitamin E with HEMA and Vitamin C, Vitamin C with HEMA were unable to increase the
expression of OPN (Fig. 5D and 5E).

Increased Alkaline Phosphatase staining in DPSCs in the presence of naïve PBMCs and NAC
Since inflamed dental pulp may contain immune effectors during the dental restoration
procedures we determined the effect of peripheral blood mononuclear cells (PBMCs) on
DPSCs when co-cultured with and without NAC. We determined the levels of ALP staining
in untreated and NAC treated DPSCs co-cultured with naïve PBMCs. As shown in Fig. 6A,
addition of PBMCs to DPSCs in the absence of NAC increased ALP staining in DPSCs when
compared to non NAC treated DPSCs. Treatment with NAC increased the levels of ALP
staining in DPSCs and the levels were further enhanced when naïve PBMCs were added to
NAC treated DPSCs (Fig. 6A). Increased functional activation of DPSCs by naïve PBMCs
was also observed when secretion of VEGF was determined in the co-cultures of DPSCs with
PBMCs (Fig 6B). When IL-2 activated PBMCs were added to non NAC treated DPSCs, a 50%
reduction in VEGF secretion could be seen compared to untreated PBMCs (Fig. 6B). IL-2
treated PBMCs mediated decrease in VEGF secretion by DPSCs was paralleled with a
reduction in ALP staining of DPSCs (data not shown) as well as an increased secretion of IFN-
γ in the co-cultures of DPSCs with PBMCs (Fig. 6C). Therefore, IL-2 activation of PBMCs is
inhibitory for survival and function of DPSCs. In addition, when NAC was added to the co-
cultures of IL-2 treated PBMCs with DPSCs the reduction in either ALP staining or VEGF
secretion was lower when compared to co-cultures of naïve PBMCs with DPSCs in the absence
of NAC (data not shown). The results indicated that naïve PBMCs have growth promoting
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effect on DPSCs whereas IL-2 activated PBMCs have growth inhibitory effect, and that NAC
could contribute to growth promoting activity of PBMCs on DPSCs.

Increased function of nuclear NFκB by NAC
Since NFκB is an important inducer of cell survival and its activity increases during cellular
differentiation, we next examined the effect of NAC in increasing NFκB function. 293T cells,
as well as HEp2 oral epithelial cells and DPSCs were transfected with NFκB reporter vector
and the transfected cells were treated with TNF-α, HEMA and NAC alone or in combinations
as indicated in the figure 7, and the levels of NFκB activity were determined. Because of their
excellent transfection efficiency 293T cells were used as a positive control, and demonstrated
similar patterns of NFκB activation when compared to HEp2 oral epithelial cells or DPSCs,
albeit the levels of NFκB activity differed between these cell types (Fig. 7). Since HEMA may
come in contact with oral epithelial cells as well as DPSCs during dental restorations, HEp2
cells which had adequate transfection efficiency were also used in these experiments. DPSCs
had very low transfection efficiency even when optimal conditions for transfection of primary
cells were employed. NAC was able to significantly upregulate the NFκB activity in all the
cells while HEMA inhibited NFκB activity compared to untreated controls (Fig. 7). NAC
increased NFκB activation in HEMA-treated cells, but the levels of nuclear NFκB activity
remained lower in cells treated with a combination of HEMA and NAC as compared to NAC
alone. As expected, TNF-α was able to induce NFκB activity in all the cells. Although HEMA
treatment decreased NFκB activity in TNF-α treated cells, the levels remained higher when
compared to cells treated with HEMA alone. NAC, however, when added in combination with
TNF-α had inhibitory effect on NFκB activity.

To examine the contributory role of PBMCs in increase activation of NFκB we measured
NFκB activity when PBMCs were added to HEMA, NAC and TNF-α treated 293T and HEp2
cells. PBMCs induced NFκB activation in both cells significantly (Fig. 7A and 7B). PBMCs
were able to increase NFκB in all treated cells substantially even though the patterns of
activation remained similar to those described above in the presence of NAC, HEMA and TNF-
α treatment. Blocking of NFκB with an IκB super-repressor abolished the activating effects of
abovementioned treatments in the presence and absence of PBMCs. It is important to note that
NAC had inhibitory effect on TNF-α treated cells as shown previously [30]. and in Fig. 7.
Indeed, the pattern of NFκB activation under different treatments in both 293T and HEp2 cells
resembled a bell shaped curve demonstrating increase with NAC or TNF-α but when added in
combination, TNF-α and NAC had inhibitory effect on NFκB activity. However, when tested
after a shorter incubation time period (3–4 hours), combinations of NAC and TNF-α had
activating rather than inhibitory effect on NFκB activity in 293T cells indicating activation at
earlier time points followed by a decline at 24 hours of treatment. Even though DPSCs had the
least transfection efficiency when compared to 293T or HEp2 cells, the pattern of NFκB
activation in DPSCs followed closely to those shown for 293T and HEp2 cells (Fig. 7C). NAC
or TNF-α had enhancing effect on NFκB activity whereas HEMA was inhibitory for DPSCs.
Both HEMA and NAC had inhibitory effect when added in combination with TNF-α. Similar
profiles of NFκB activation was also observed when the levels of NFκB were determined in
the nuclear extracts obtained from NAC, HEMA and TNF-α treated DPSCs (Fig. 7D). These
data suggested that HEMA induced cell death could be mediated by the inhibition of NFκB.

Discussion
Differentiation status of the cells is important for their growth and survival. Here we report
that the extent of differentiation significantly correlates with the ability to resist HEMA
mediated cell death. Undifferentiated Dental pulp stromal cells have exquisite sensitivity to
death inducing effect of HEMA. Once differentiated, depending on the stage of differentiation

Paranjpe et al. Page 7

Free Radic Biol Med. Author manuscript; available in PMC 2008 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



they gain step wise resistance to induction of cell death. For instance when DPSCs are treated
with β-glycerophosphate and ascorbic acid an induction of osteopontin but not that of
osteocalcin is observed and at this stage of differentiation a relatively higher resistance to cell
death is observed when compared to undifferentiated DPSCs. However when dexamethasone
is also supplemented in the presence of β-glycerophosphate and ascorbic acid the cells
expressed both osteopontin and osteocalcin and exhibited the highest resistance to cell death
mediated by HEMA when compared to the undifferentiated DPSCs or those differentiated in
the absence of dexamethasone. This stepwise effect in resistance to cell death induced by
HEMA is also evident when Alkaline Phosphatase (ALP) activity was determined in different
stages of differentiation in DPSCs (Fig. 1C). Therefore the higher the stage of differentiation
the higher is the resistance of the cells to death inducing signals.

N-acetyl cysteine (NAC) has long been considered as an antioxidant agent. However, recent
work from our laboratory and those of the others established other important functions for NAC
which could be the basis for its death inhibitory property [12,13]. Here we demonstrate that
the basis for cell death inhibitory function of NAC could be its capacity to induce NFκB, and
modulate important differentiation and activation genes in DPSCs. NAC is capable of inducing
a stepwise increase in osteopontin, osteocalcin and dentin sialoprotein depending on the stage
of differentiation of the cells, and this correlated with significant inhibition of cell death at all
stages of differentiation in DPSCs. It is important to note that we did not observe increased
cell death by NAC when added to highly activated DPSCs since with the combined effects of
all of the activating agents one might have expected to observe activation induced cell death.
Therefore, the function of NAC may differ from other activating agents in that it is able to
trigger activation in the absence of cell death. In addition, NAC mediated inhibition of cell
death was more effective in differentiated than in undifferentiated cells. In this regard pre-
treatment with NAC prior to HEMA treatment increased the effectiveness of NAC inhibition
of cell death in undifferentiated DPSCs (data not shown). The inhibitory function of NAC on
cell death was also seen when it was added to IL-2 activated immune effectors in the presence
of their co-cultures with DPSCs. Therefore, on the basis of this function, NAC was suggested
previously to be used as a therapeutic strategy in preventing depletion of CD4+ T cells in HIV
+ patients [31,32]. At present it is not clear how NAC could in one hand induce differentiation
and increase activation of the cells and on the other hand inhibit cell death since these two
functions of cells namely cell death and activation are not mutually exclusive. Indeed, increased
induction of cell death in highly differentiated cells is considered to be an important mechanism
for guarding against possible cellular transformation. Whether NAC regulates differentiation
through redox state of the cysteine-SH residues in protein tyrosine phosphorylation or tyrosine
kinases needs further investigation.

We show that NAC activation mobilizes the transcription factor NFκB to the nucleus since we
observed a significant rise in NFκB activity by NAC. This effect of NAC was also confirmed
when NFκB activity was determined in a Western blot analysis of DPSCs treated with NAC
(Fig. 7D). Since NFκB is a significant regulator of anti-apoptotic proteins, and it is also
important for the differentiation of the cells it is likely that the inhibitory effect of NAC on cell
death is partly due to the upregulation of this transcription factor. Indeed, when NFκB is
inhibited by an IκB super repressor in oral keratinocytes the inhibitory effect of NAC on cell
death was significantly abolished (manuscript submitted). Therefore, although we have also
identified an NFκB independent pathway of prevention of cell death by NAC it appears that a
large part of NAC’s protective effect on cell death is mediated by the activation of NFκB
(manuscript submitted).

Unlike the previous reports we did not observe a significant decrease in cell proliferation or
decrease in the numbers of the cells in the presence of NAC when compared to untreated control
cells. [12,13]. In contrast, significant increases in the cell proliferation and cell numbers was
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seen when NAC was added to untreated and HEMA treated cells when compared to HEMA
alone treated cells. These results indicated that the increase in the cell numbers in HEMA and
NAC treated cells could be due to both the inhibition of cell death as well as increase in
proliferation of the surviving cells by NAC.

We show here that undifferentiated DPSCs have exquisite sensitivity to cell death when
compared to their differentiated counterparts. Therefore, when exposed to restorative materials
they are likely to become depleted first. Depending on the levels of exposure of dental pulp to
restorative materials and their differentiation status different clinical pictures can be expected.
In the worst case scenario, the pulp may become necrotic in which case the affected tooth will
be lost under heavy exposure to dental resins. This may occur during pulp capping procedures
and deep restorations where these restorative materials are either in direct contact with or in
close proximity to the pulp. In case of an intermediate level of exposure to dental resins such
that seen in many dental restorations, even though stem cells may become depleted, any
remaining differentiated cells may provide certain levels of protection against HEMA induced
effects. However, an immediate second exposure may be detrimental since it may cause the
loss of the tooth.

It is important to note that a key anti-oxidant compound Vitamin E was found to contribute
rather than inhibit HEMA mediated cell death when added to NAC. Moreover, no significant
effect on prevention of cell death or induction of differentiation genes could be seen when
vitamin C was added to DPSCs. Therefore, this may likely argue against a significant
contribution of an anti-oxidant effect of NAC in inhibition of cell death. Indeed, the addition
of Vitamin E to DPSCs not only did not change the course of HEMA mediated cell death, it
also inhibited NAC mediated protection against loss of VEGF secretion induced by HEMA.
More importantly, unlike NAC, Vitamin E was unable to increase gene expression for OPN
when added alone or in combination with HEMA to DPSCs (Fig. 5D). Therefore, we propose
that the effect of NAC on protection against HEMA mediated cell death is distinct from its
well characterized anti-oxidant effect and relates to its enhancing effect on differentiation of
the cells.

Similar to the effect of NAC, an increase in ALP staining was observed when PBMCs were
co-cultured with DPSCs. Indeed, an enhancing effect on ALP staining could be obtained when
NAC was added in the co-cultures of PBMCs with DPSCs. Increased ALP staining is
considered to be a marker of increased differentiation in the cells [33–35]. Therefore, an
important function of naïve immune effectors could be their enhancing effect on differentiation
and survival of DPSCs. Increased differentiation and activation is further facilitated when NAC
is added to the co-cultures of immune effectors with DPSCs. Therefore, not only NAC enhances
differentiation and survival on its own, it can also enhance the effect mediated by immune
effectors. In addition it can also protect the cells from adverse effects induced by the activated
immune effectors. Indeed, when immune effectors were activated with IL-2 and added to
DPSCs a significant decrease in ALP staining could be observed. Addition of NAC decreased
the reduction in ALP staining by IL-2 activated immune effectors. Thus, NAC may not only
increase the beneficial effect of immune effectors, it can also guard against adverse effects of
activated immune effectors. Thus, one of the important functions of immune inflammatory
cells in pulp is their enhancing effect on differentiation of DPSCs to withstand distinct
environmental insults. In this regard most of the inflammatory cytokines induced in the co-
cultures of naïve immune effectors with DPSCs or keratinocytes such as IL-6, IL-1β and TNF-
α have all inducing effect on NFκB activation and this may in part be responsible for the
increased survival of DPSCs and keratinocytes (data not shown) [26].

NAC is also regarded as an anti-inflammatory agent [15–17]. NAC can exert its anti-
inflammatory effect at different stages of inflammation. NAC can prevent initiation of
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inflammation by preventing death of DPSCs since cell death is an important step in the
recruitment of immune effectors [36]. Moreover, when even the immune cells gain access to
the pulp area, they will eventually become inactivated and cleared since NAC will increase
survival and activation of NFκB in DPSCs. This assumption is based on our previous
observation that an increase in NFκB activation in keratinocytes induces immune inactivation
by switching the balance towards an increased Th2 type cytokine such as IL-6 and eventual
loss of the immune effectors [37,38]. Needless to say, that cytokines such as IL-6, TNF-α or
IL-1β can further increase NFκB activity in DPSCs perhaps causing faster resolution of
inflammatory process.

Overall, the data presented in this paper underscores the significance of NAC in inducing
differentiation of DPSCs and provides rationale for its inhibitory effect on HEMA mediated
cell death. Figure 8 is a schematic diagram demonstrating the working model by which NAC
may prevent cell death in DPSCs or oral keratinocytes. Therefore, to neutralize the toxic effects
of dental materials NAC may be added immediately prior or along with the dental restorations
to prevent their potential adverse effects.
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Fig-1. Differentiation increases gene expression and survival in DPSCs
(A) Rat DPSCs (5×105/ml) were cultured in media alone (undifferentiated) or with the
combination of β-glycerophosphate (10 mM) and ascorbic acid (50μg/ml) (-Dex), or with the
combination of β-glycerophosphate (10 mM), ascorbic acid (50μg/ml) and Dexamethsone
(10−8M) (+Dex). The levels of Osteopontin and Osteocalcin gene induction were determined
by RT-PCR 14 days after the cells were seeded. GAPDH was used as the loading control. One
of four independent experiments is shown in this figure (B) Rat DPSCs (1×106/ml) were
cultured in media alone (undifferentiated) or with the combination of β-glycerophosphate (10
mM) and ascorbic acid (50μg/ml) (-Dex), or with the combination of β-glycerophosphate (10
mM), ascorbic acid (50μg/ml) and Dexamethsone (10−8M) (+Dex) for 14 days, after which
they were treated with HEMA and NAC (20 mM) as indicated in the figure for 18 hours. The
levels of cell death were assessed by FITC-Annexin V and Propidium Iodide (PI) staining. The
numbers in each histogram are the percentages of cells positive for that quadrant. One of six
independent experiments is shown in this figure (C) Rat DPSCs were treated as described in
Fig. 1B and staining for ALP was carried out as described in the Materials and Methods section.
One of six independent experiments is shown in this figure
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Fig-2. NAC prevented HEMA mediated decrease in proliferation and cell numbers in DPSCs
(A) Human DPSCs were treated with different concentrations of HEMA and NAC (20mM) as
indicated in the figure for 72 hours after which the levels of 3H thymidine incorporation were
determined in each sample using the β counter. One of two independent experiments is shown
in this figure. Based on one way ANOVA the differences between the control group and those
treated with HEMA and NAC are significant at p≤ 0.001 (B) Human DPSCs (2.5×105/ml) were
treated with different concentrations of HEMA and NAC (20mM) as indicated in the figure
for a period of 5 days after which they were trypsinized, and the cell numbers were determined
in each sample. One of three independent experiments is shown in this figure. Based on one
way ANOVA the differences between the control group and those treated with HEMA and
NAC are significant at p≤ 0.001
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Fig-3. Vitamin E failed to prevent HEMA mediated cell death or HEMA induced decrease in ALP
staining
(A) Human DPSCs cultured with β-glycerophosphate (10 mM) and ascorbic acid (50μg/ml)
(1×106/ml) were treated with HEMA (0.0082M), NAC (20 mM) and vitamin E (5 mM) for a
period of 18 hours after which they were stained with FITC- Annexin V and Propidium Iodide
and analyzed by EPICs ELITE flow cytometer. One of three independent experiments is shown
in this figure. (B) Treatments were carried out as described in Fig. 3A, and the levels of Alkaline
Phosphatase (ALP) staining were determined after 18 hours of incubation. One of three
independent experiments is shown in this figure
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Fig-4. Vitamin C failed to prevent HEMA mediated cell death
Undifferentiated DPSCs were either left untreated or treated with vitamin C (20 mM) or NAC
(20mM) for 18 hours after which they were washed and stained with FITC- Annexin V and
Propidium Iodide and analyzed by EPICs ELITE flow cytometer to determine the percentages
of cell death in each sample. One of three independent experiments is shown in this figure
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Fig-5. Increased induction of key differentiation genes in DPSCs by NAC but not by Vitamin E or
C at different stages of differentiation
(A) Rat DPSCs (5×105/ml) were cultured in media alone (undifferentiated) or with the
combination of β-glycerophosphate (10 mM) and ascorbic acid (50μg/ml) (Differentiated), or
with the combination of β-glycerophosphate (10 mM), ascorbic acid (50μg/ml) and
Dexamethsone (10−8M) (Differentiated+Dex) for 14 days after which the cells were treated
with NAC (20 mM) overnight and the levels of Osteopontin, Osteocalcin and Dentin
Sialoprotein gene induction were determined by RT-PCR. GAPDH was used as the loading
control. One of three independent experiments is shown in this figure (B) Rat DPSCs (5×105/
ml) cultured with the combination of β-glycerophosphate (10 mM) and ascorbic acid (50μg/
ml) were treated with the varying concentrations of HEMA as indicated in the figure and NAC
(20 mM) for 18 hours. Total RNA was then extracted, and the levels of ostepontin (OPN) were
determined. GAPDH was used as the loading control. One of three independent experiments
is shown in this figure. (C) Human DPSCs (5×105/ml) cultured with the combination of β-
glycerophosphate (10 mM) and ascorbic acid (50μg/ml) were treated with HEMA as indicated
in the figure and NAC (20 mM) for 18 hours. Total RNA was then extracted, and the levels of
ostepontin (OPN) were determined. GAPDH was used as the loading control. One of three
independent experiments is shown in this figure. (D) Rat DPSCs (5×105/ml) cultured with the
combination of β-glycerophosphate (10 mM) and ascorbic acid (50μg/ml) were left untreated
or treated with HEMA (0.0082M), NAC (20 mM), or Vitamin E (5 mM), or their combination
as indicated in the figure for 18 hours. Total RNA was then extracted, and the levels of
ostepontin (OPN) were determined. GAPDH was used as the loading control. One of three
independent experiments is shown in this figure. (E) Rat DPSCs (5×105/ml) cultured in DMEM
culture medium were either left untreated or treated with HEMA (0.0082M), NAC (20 mM),
or Vitamin C (5 μg/ml), as indicated in the figure for 18 hours. Total RNA was then extracted,
and the levels of ostepontin (OPN) were determined. GAPDH was used as the loading control.
One of three independent experiments is shown in this figure.
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Fig-6. Increased Alkaline Phosphatase staining in DPSCs in the presence of naïve PBMCs and NAC
(A) Human DPSCs (2.5×105/ml) cultured with the combination of β-glycerophosphate (10
mM) and ascorbic acid (50μg/ml) were washed extensively and co-cultured with naïve non
activated PBMCs (PBMC to DPSC ratio 10:1) for 3 days after which they were stained for
Alkaline Phosphatase activity. The density levels of Alkaline Phosphatase staining for each
well were determined using Adobe Photoshop software. One of three independent experiments
is shown in this figure. (*p≤ 0.0001 and **p≤ 0.0001, unpaired, two-tail t-test) (B) Human
DPSCs were treated as described in Fig. 6A and co-cultured with naïve and IL-2 (1000u/ml)
treated immune cells (PBMC to DPSC ratio 10:1) for 18 hours and the supernatants were
removed and assayed for VEGF secretion using a sensitive and specific ELISA. One of three
independent experiments is shown in this figure. (*p≤ 0.001, unpaired, two-tail) (C) Human
DPSCs were treated as described in Fig. 6A and co-cultured with naïve and IL-2 (1000u/ml)
treated immune cells (PBMC to DPSC ratio 10:1) for 18 hours and the supernatants were
removed and assayed for IFN-γ secretion using a sensitive and specific ELISA. One of three
independent experiments is shown in this figure. (*p≤ 0.001, unpaired, two-tail)
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Fig-7. Increased function of nuclear NFκB by NAC in the presence and absence of PBMCs
(A) 293T cells were transfected with the NFκB Luciferase reporter vector as described in the
materials and methods section, and co-cultured with and without PBMCs (10:1 E:T ratio)
before they were treated with HEMA (0.0082M), NAC (20mM) and TNF-α (20ng/ml) for 18
hours. The relative Luciferase activity was then determined in the lysates according to the
manufacturer’s recommendation and fold change in luciferase activity were determined as
compared to untreated cells. (Promega, Madison, WI). One of seven independent experiments
is shown in this figure. Based on one way ANOVA the differences between the control group
with PBMCs and those treated with HEMA, NAC and TNF-α are significant at p≤ 0.001based
on ANOVA analysis. (B) Vector-alone or IκB(S32AS36A) transfected stable HEp2 oral epithelial
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cells were transfected with the NFκB Luciferase reporter vector as described in the materials
and methods section, and then co-cultured with and without PBMCs before they were treated
with HEMA (0.0082M), or NAC (20mM) or TNF-α (20ng/ml) and their combinations for 18
hours. The relative Luciferase activity was then determined in the lysates according to the
manufacturer’s recommendation and fold change in luciferase activity were determined as
compared to untreated cells. One of three independent experiments is shown in this figure.
Based on one way ANOVA the differences between the Vector-alone control group and those
treated with HEMA, NAC and TNF-α are significant at p≤ 0.001. (C) DPSCs were transfected
with the NFκB Luciferase reporter vector as described in the materials and methods section,
before they were treated with HEMA (0.0082M), or NAC (20mM) or TNF-α (20ng/ml) and
their combinations for 18 hours. The relative Luciferase activity was then determined in the
lysates according to the manufacturer’s recommendation and fold changes in luciferase activity
were determined as compared to untreated cells. One of three independent experiments is
shown in this figure. (***p≤ 0.001, **p≤ 0.0001 and *p≤ 0.001, unpaired, two-tail) (D) DPSCs
were treated with HEMA (0.0082M), or NAC (20mM) or TNF-α (20ng/ml) and their
combinations for 18 hours after which nuclear extracts were prepared and they were analyzed
using western blot analysis. The specific antibody to p65 subunit of NFκB was used to
determine the levels in each treated sample. The relative band densities were determined using
Adobe Photoshop analysis software. One of two independent experiments is shown in this
figure.

Paranjpe et al. Page 25

Free Radic Biol Med. Author manuscript; available in PMC 2008 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig-8.
Schematic diagram representing the hypothetical model by which NAC may prevent cell death
in DPSCs or oral keratinocytes
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Table 1
NAC prevents HEMA mediated decrease in VEGF secretion in DPSCs and UCLA-2 cells:

VEGF (pg/ml)
Human DPSCs UCLA -2

Control 2263.9± 5.71 3195.7± 25.99
HEMA (0.0164M) 113.4± 17.1* 180.2± 57.09*
HEMA (0.0082M) 125.1± 8.24* 319.6± 6.34*
HEMA (0.00164M) 163.7± 3.8* 3258.8± 15.89
NAC 1804.1± 18.04 2831.9± 70.37
NAC +HEMA (0.0164M) 1060.4± 12.04** 1773.8± 90.02**
NAC + HEMA (0.0082M) 1719.0± 6.34** 2024.3± 31.7**
NAC + HEMA (0.00164M) 2490.6± 46.91** 3352.0± 18.38

Human DPSCs (2.5×105/ml) cultured with the combination of β-glycerophosphate (10 mM) and ascorbic acid (50μg/ml), and UCLA-2 (2.5×105/ml) oral
tumors were treated with varying concentrations of HEMA as indicated in the table and NAC (20 mM), and after an overnight incubation the supernatants
were removed and assayed for VEGF secretion using a sensitive and specific ELISA. One of three independent experiments is shown in this table. Results
represent mean±sd of triplicates. Based on one way ANOVA

*
p ≤0.001 and

**
p≤0.001 was obtained for the differences between HEMA treated and untreated cells, and between NAC+HEMA treated cells and HEMA alone treated

cells at the respective concentrations for human DPSCs and UCLA-2 cells.

Free Radic Biol Med. Author manuscript; available in PMC 2008 January 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Paranjpe et al. Page 28

Table 2
Vitamin E failed to prevent HEMA mediated decrease in the levels of VEGF in human DPSCs:

VEGF (pg/ml)
Control NAC Vitamin E NAC+ Vitamin E

Control 2263.9± 15.05 1532.4± 66.78 1966.2± 2.61 1472.6± 55.1
HEMA (0.0164M) 73.79± 9.28 1648.1± 45.08 63.16± 5.84 964.2± 37.1
HEMA (0.0082M) 72.6± 14.19 1477.5± 9.18 83.18± 4.10 1081.4± 6.68
HEMA (0.00164M) 57.26± 0.83 2123.9± 0.0 80.28± 0.0 871.5± 30.89
Human DPSCs (2.5×105/ml) cultured with the combination of β-glycerophosphate (10 mM) and ascorbic acid (50μg/ml), were treated with varying
concentrations of HEMA as indicated in the table, Vitamin E (5 mM) and NAC (20 mM), and after an overnight incubation the supernatants were removed
and assayed for VEGF secretion using a sensitive and specific ELISA. One of two independent experiments is shown in this table. Results represent mean
±sd of triplicates. Based on one way ANOVA the differences between the control group and those treated with HEMA, NAC and Vitamin E are significant
at p≤ 0.001
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