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BACKGROUND: Nitric oxide (NO) is known to act

cytostatically on several tumor cell when functioning as

an effector molecule of activated macrophages, but the

differential effects of NO on immortalized and malignant

oral keratinocytes have not been examined.

METHODS: We investigated the influence of NO on

the proliferation, cell cycle, apoptosis, and differenti-

ation of immortalized human oral keratinocytes

(IHOK) and primary oral cancer cells (HN4) using the

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) assay, sulforhodamine B (SRB) assay, flow

cytometry, nuclear DNA staining, and Western blot-

ting.

RESULTS: The MTT and SRB assays indicated inhibited

growth of IHOK and HN4 cells that were treated with

sodium nitroprusside (SNP) at concentrations higher

than 1 mM but not at lower SNP concentrations. The

higher concentrations of SNP up-regulated the apoptosis-

related protein expression, which is consistent with the

analyses of sub-G1 phase arrest, annexin V-FITC (fluor-

escein isothiocynate) staining, nuclear staining, and DNA

fragmentation. On the other hand, the lower concentra-

tions of SNP enhanced the expression of keratinocyte

differentiation markers in IHOK and HN4 cells.

CONCLUSIONS: These data suggest that high concen-

trations of NO can inhibit the growth of IHOK and HN4

cells through the induction of apoptosis, while low con-

centrations of NO can induce cytodifferentiation. The

dual effects of NO, namely, the induction of apoptosis or

cytodifferentiation, have important implications for the

possible anti-oral cancer treatment.
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Introduction

Oral squamous cell carcinoma (SCC) is the most
common cancer of the head and neck. Although oral
cancer that is detected early is highly curable, more than
50% of oral cancer patients present with advanced
disease, and fewer than 30% of these patients can be
cured (1, 2). Studies during the past decade showed
that concurrent chemoradiotherapy has the potential to
improve the overall survival of patients with head and
neck SCC (3). Thus, the continued investigation of new
therapeutic agents is needed.

Nitric oxide (NO), a reactive nitrogen intermediate, is
a short-lived free radical synthesized via the L-arginine
to L-citruline pathway, which is mediated by nitric oxide
synthase (NOS) in most animal cells. NO is involved in a
large number of biological actions, but many of these
processes are still poorly understood (4–6).

Moreover, it have demonstrated the potential of NO
influence the proliferation and differentiation cascade in
skin keratinocytes (7, 8). NO is generally considered to
be an inducer of apoptosis in many cell types (9–13), but
it protects other cell types from apoptosis (14, 15).

The NO and NO-related species have delineated
antiproliferative, cytotoxic, and apoptotic effects of NO
on several tumor cells, including leukemia, pancreatic,
hepatic, and colon cancer (16–19). Although recently
studies demonstrated NO-induced apoptotic effects on
oral cancer cells (20, 21), comparative effects of prolifer-
ation and differentiation on oral immortalized vs. malig-
nant keratinocytes cells towards NO was not reported.

In the present study, we demonstrated that NO
caused growth inhibition of oral immortalized keratino-
cytes (IHOK) and oral SCC cell lines (HN4) primarily
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by inducing apoptotic cell death. Additionally, we found
that NO also stimulated the differentiation of both
immortalized and malignant oral keratinocytes.

Materials and methods
Cell culture
HPV-immortalized human oral keratinocytes (IHOK)
derived by transfecting normal human gingival epithelial
cells with PLXSN vector containing the E6/E7 open
reading frames of HPV type 16 (22), were selected using
G418. The immortalized oral keratinocytes were cul-
tured in the keratinocyte growth medium (KGM;
Gibco, Grand Islands, NY, USA) supplemented with
2 ml of bovine pituitary extract (13 mg/ml), 0.5 ml
each of hydrocortisone (0.5 mg/ml), human epidermal
growth factor (0.5 lg/ml), insulin (5 mg/ml), epineph-
rine (0.5 mg/ml), transferrin (10 mg/ml), triiodothyro-
nine (6.5 lg/ml), and GA-1000 and 0.05 mM CaCl2.

HN4 (¼HNSCC4) cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Biofluid, Rockville,
MD) containing 10% fetal bovine serum (FBS; Gibco)
with 100 U/ml penicillin and 100 U/ml streptomycin
(Life Technologies, Gaithersburg, MD). HN4 Cell line
from a primary T3N0M0 carcinoma of the mouth floor
was derived in the laboratory of Dr John F. Ensley
(Wayne State University) (23). All the cells were grown
at 37�C in a humidified atmosphere of 5% CO2 and
95% air. Cells were dissociated with 0.25% trypsin just
before transfer for experiments and were counted using
a hemocytometer.

Dulbecco’s modified Eagle’s medium (DMEM), KGM
medium (Clonetecs), fetal bovine serum (FBS), and other
tissue culture reagents were purchased from Gibco BRL
(Grand Island, NY, USA). Anti-p16, p21, p53, pRb,
bcl-2, bax, PCNA, CK6, CK16, CK19, and involucrin
antibody were purchased from Santa Cruz (CA, USA)
and cytochrome c antibody was obtained from PharMin-
gen (San Diego, CA, USA). All other chemicals were
obtained from Sigma Chemical (St Louis, MO, USA).

MTT cell viability assay
Viable cells were detected using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye,
which forms blue formazan crystals that are reduced
by mitochondrial dehydrogenase present in living cells.
Briefly, 2 · 104 cells were seeded in a 96 well plate and
cultured overnight for cell attachment. Serial dilutions
of NO were added, and cells were treated for 1, 3, and
5 days. After treatment, 50 ll of MTT solution (0.5 mg/
ml in PBS) were added to each well and incubated for
4 h. To each well, 50 ll of DMSO were added. The
plates were then shaken until the crystals had dissolved.
Reduced MTT was then measured spectrophotometri-
cally in a dual beam microtiter plate reader at 570 nm.

Sulforhodamine B (SRB) assay

The SRB assay was carried out as previously described
(24). In brief, 70 ll 0.4% (w/v) sulforhodamine B
(Sigma) in 1% acetic acid solution were added to each
well and left at room temperature for 20 min. SRB was

removed and the plates washed 5 times with 1% acetic
acid before air drying. Bound SRB was solubilized with
10 mM unbuffered Tris-base solution (Sigma) and plates
were left on a plate shaker for at least 10 min.
Absorbance was read in a 96 well plate reader (Molecu-
lar Devices, Sunnyvale, CA, USA) at 492 nm subtract-
ing the background measurement at 620 nm. The test
optical density (OD) value was defined as the absorb-
ance of each individual well, minus the blank value.

Flow cytometric analysis
Propidium iodide (PI) Staining

Cells (5 · 105) were cultured with or without SNP in
medium containing 10%FBS in culture dishes at 37�C for
3 days. Cells were harvested, washedwith PBS, fixedwith
75% ethanol at 4�C for 2 h, then treated with 0.25 mg/ml
of RNase A (Sigma Chemical Co) at 37�C for 1 h. After
having beenwashed, the cells were stainedwith 500 lg/ml
PI at room temperature for 10 min. Analysis was
performed on flow cytometer (Beckton-Dickson, Frank-
lin Lakes, NJ, USA). The percentage of cell in each stage
of the cell cycle was determined by using the cell fit
analysis program on the staining profile of viable cells.

FITC-annexin V and propidium iodine (PI) double staining

Phosphatidylserine translocation to the outer leaflet of
the plasma membrane was assessed by reaction with
Annexin V-FITC and detected by a FACScan flow
cytometer. After treatments, 2 · 106 cells were harves-
ted, washed with ice-cold PBS, and resuspended in
200 ll of binding buffer (10 mMHEPES/NaOH pH 7.4,
140 mM NaCl, 2.5 mM CaCl2) and incubated with 5 ll
of Annexin V conjugated with FITC for 10 min at room
temperature in the dark. Samples were washed with
binding buffer, resuspended in PBS, counterstained with
5 lg/ml PI, and then analyzed by flow cytometry to
identify dead cells. Cells without treatment with SNP
were used as a negative control. Cells showing up as
Annexin V)/PI+ (Upper Left quadrant; UL) were
recognized as necrotic, that showing up as Annexin
V+/PI+ (Upper Right Quadrant; UR) were taken as
late apoptotic or secondarily necrotic, whilst Annexin
V+/PI) (Lower Right Quandrant; LR) cells were
recognized as early apoptotic cells.

Morphological analysis of apoptosis by staining with DAPI
To confirm apoptosis by morphological observation, the
cells were labeled with 2 lg/ml of the DNA dye, DAPI
(Sigma), for 30 min at 37�C and visualized on a
fluorescence microscope (Olympus, Tokyo, Japan).
DAPI permeates the plasma membrane and yields blue
chromatin. Viable cells display normal nuclear size and
blue fluorescence, whereas apoptotic cells show con-
densed chromatin and fragmented nuclei.

Detection of DNA fragmentation by gel electrophoresis
Cell pellets (3 · 106 cells) were resuspended in 500 ll of
lysis buffer (0.5% Triton X-100, 10 mM EDTA, and
10 mM Tris-HCl, pH 8.0) at room temperature for
15 min and centrifuged at 16 000 g for 10 min. DNA
was then extracted using a Wizard genomic DNA
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purification kit (Promega, Madison, WI, USA), preci-
pitated with ethanol, and resuspended in Tris/EDTA
buffer (10 mM Tris-HCL, pH 8.0, and 1 mM EDTA).
DNA was analyzed after separation by gel electrophor-
esis (2% agarose).

Western blot analysis
For the Western blotting, stimulated cells were rinsed
twice with ice-cold phosphate-buffered saline and then
lysed in ice-cold lysis buffer [50 mM Tris-HCl, pH 7.4,
containing 150 mM NaCl, 1% Nonidet P-40, 0.1%
sodium dodecyl sulfate (SDS), 0.1% deoxycholate,
5 mM sodium fluoride, 1 mM sodium orthovanadate,
1 mM 4-nitrophenyl phosphate, 10 lg/ml of leupeptin,
10 lg/ml of pepstatin A, and 1 mM 4-(2-aminoeth-
yl)benzenesulfonyl fluoride]. Cell lysates were centri-
fuged at 22 000 g for 20 min at 4�C, and the supernatant
was mixed with a one-fourth volume of 4X SDS sample
buffer, boiled for 5 min, and then separated through a
12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis(SDS-PAGE). After electrophoresis, the pro-
teins were transferred to nylon membranes using
electrophoretic transfer. The membranes were blocked
in 5% dry milk (1 h), rinsed, and incubated with
secondary and primary antibodies (diluted 1:500–
1:1000) in TBS for 1 h at room temperature. Finally,
each protein was detected using an enhanced chemilu-
minescence system (Amersham Pharmacia Biotech,
Piscataway, NJ, USA).

Evaluation of cytochrome c release from mitochondria
For the analysis of cytochrome c release from mito-
chondria, stimulated cells (1 · 107) were trypsinized
and then washed with ice-cold buffer A (250 mM
sucrose, 20 mM HEPES-KOH, 1 mM EDTA, 1 mM
EGTA, 2 lg/ml leupeptin, 1 lg/ml pepstatin pH 7.4).
Cells were resuspended in 200 ll of buffer A and
carefully homogenized using a Dounce homogenizer.
The homogenates were separated into cytosol (super-
natant) and mitochondrial fractions (pellet) by differ-
ential centrifugation as described previously (25).
Cytosolic proteins were then subjected to immunoblot
analysis using the anti-cytochrome c monoclonal anti-
body as described above.

Results
Effects of SNP on cell growth by MTT and SRB assays
In order to compare the effects of NO on the growth of
oral immortalized (IHOK) and malignant keratinocytes
(HN4), exponentially growing cells were treated with
an NO donor, sodium nitroprusside (SNP), and cell
viability was evaluated by the MTT assay. The IHOK
and HN4 cells that were treated with lower concentra-
tions of SNP (0.05–0.2 mM) were free of cytotoxic
effects after being cultured for 2 days, but showed
decreased cell viability by 3 days. In contrast, cytotox-
icity was readily apparent when these cells were treated
with higher concentrations of SNP (0.75–3 mM). The
growth of IHOK and HN4 cells was inhibited in a
time- and dose-dependent fashion (Fig. 1a,b).

The SRB assay indicated that IHOK and HN4 cells
showed an anti-proliferative effect after SNP treatment
and that the effect gradually increased in a concentra-
tion-dependent manner, over the range of 1–3 mM SNP
(Fig. 1c,d). The growth-inhibitory effect was not ob-
served at SNP concentrations lower than 1 mM
(Fig. 1c,d) in IHOK or HN4 cells.

Apoptosis induction by NO treatment
To elucidate whether the growth inhibitory effect of NO
was attributable to the induction of apoptosis, cell cycle
analysis, DNA fragmentation, DAPI staining, and flow
cytometric analysis with annexin V/PI double-staining
were performed. First, the cell cycle analysis of kera-
tinocyte cells treated with 0.5–3 mM SNP for 2 days
demonstrated a distinct, quantifiable population of cells
with DNA content below the G1 phase level (a sub-G1

peak), indicating apoptotic cells. As shown in Table 1,
the sub-G1 fraction (hypodiploid DNA) increased in a
concentration-dependent manner in both IHOK and
HN4 cells, but IHOK cells were more sensitive to NO-
induced cell cycle changes than HN4 cells. These flow
cytometric data are consistent with the results of the
MTT and SRB assays.

Second, the level of DNA fragmentation from the
keratinocytes treated with 3 mM SNP for 48 h was
assayed. After staining with ethidium bromide and
visualization under UV light (Fig. 2a), DNA laddering
indicative of apoptosis was observed in all IHOK and
HN4 cells. The IHOK cells produced more abundant
DNA ladders than did the HN4 cells. Third, a fluores-
cent DNA-binding dye, DAPI, was used to examine the
nuclear morphology of dying cells. Cells treated with
3 mM SNP displayed typical morphological features
of apoptotic cells containing condensed and fragmented
nuclei (Fig. 2b).

Lastly, we examined the exposure of annexin V on the
cell surface using annexin V/PI double-staining
(Fig. 2c). Flow cytometric analysis revealed that the
percentage of FITC-annexin V-positive but PI-negative
cells that were apoptotic but not necrotic increased by
more than 5% in IHOK cells treated with 3 mM SNP
for 2 days. Collectively, these results indicate that high
concentrations of NO induced apoptosis in immortal-
ized IHOK and malignant HN4 keratinocytes.

Effects of SNP on the intracellular levels of cell
cycle regulatory proteins, such as p53, p21WAF1/CIP1,
p16INK4A, and Rb protein, by Western blot analysis
The IHOK cells showed increased expression of cell
cycle regulatory proteins, such as p16, p21, Rb, and p53,
depending on the SNP concentration. The expression
was maximal at 0.5 or 0.75 mM SNP and gradually
decreased at 1.0 or 2.0 mM SNP (Fig. 3a). These data
suggest that the up-regulation of p53, p21, Rb, and p16
by SNP treatment is relevant to the inhibition of cell
proliferation and the sub-G1 arrest of IHOK cells.

As shown in Fig. 3b, the cell cycle regulatory protein
expression in IHOK cells is different from that in HN4
cells after SNP exposure. In HN4 cells, the expression of
p16 and p21 was not affected by treatment with 0.05–
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1.0 mMSNP for 48 h, but it decreasedwith 2.0 mMSNP.
In HN4 cells, p53 and Rb were highly expressed with
0.1–0.75 mM SNP treatments. These findings suggest
that exogenous NO was regulated in different manners
depending on the NO concentration and cell type.

Western blot analysis of the intracellular levels
of proliferation and apoptosis markers
To investigate the mechanism of NO-induced apoptosis
in oral pre-malignant (IHOK) and cancer cells (HN4),
we assessed the ability of NO treatment to modulate
the expression levels of molecules involved in apoptotic
signaling cascades (Fig. 4). In IHOK cells, the protein

level of proliferating cell nuclear antigen (PCNA)
markedly increased in a concentration-dependent man-
ner over the range of 0.05–1.0 mM SNP, while the
expression in HN4 cells remained unaltered even after
treatment with 2.0 mM SNP.

We explored whether NO-induced apoptosis was
related to a change in the expression of Bax and Bcl-2,
because apoptosis might be regulated by the alteration
of Bcl-2/Bax family protein expression. Western blotting
showed that the up-regulation of Bax occurred at a low
concentration of SNP (0.05 mM) in IHOK and HN4
cells and persisted at higher SNP concentrations
(2 mM), but Bcl-2 was down-regulated at the highest

Table 1 The effect of SNP on cell cycle distribution in immortalized and malignant oral keratinocytes

Cell line SNP subG1 (%) G0/G1 (%) S (%) G2/M (%)

IHOK Control 5.93 ± 2.71 68.22 ± 0.41 15.05 ± 1.16 7.51 ± 0.31
0.5 mM 19.15 ± 3.32 41.27 ± 1.91 19.19 ± 1.46 7.85 ± 0.95
1.0 mM 37.67 ± 5.3 44.2 ± 0.67 9.06 ± 1.09 5.28 ± 2.01
2.0 mM 44.25 ± 0.33 44.22 ± 0.02 3.71 ± 0.05 4.24 ± 0.06
3.0 mM 48.21 ± 0.56 45.5 ± 0.14 2.76 ± 0.16 2.18 ± 0.08

HN4 Control 1.74 ± 0.05 76.64 ± 0.79 5.1 ± 0.07 12.93 ± 0.28
0.5 mM 2.4 ± 0.19 73.79 ± 0.8 4.97 ± 0.3 14.65 ± 0.35
1.0 mM 4.28 ± 0.15 74.09 ± 0.89 6.06 ± 0.06 13.51 ± 1.06
2.0 mM 14.95 ± 0.2 60.42 ± 0.58 7.08 ± 0.45 10.97 ± 0.01
3.0 mM 25.54 ± 0.21 44.95 ± 0.72 15.74 ± 0.01 13.41 ± 0.12

These data are a mean ± SD of three independent experiments.
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Figure 1 Effects of SNP on cell viability of immortalized human oral keratinocyte (IHOK, a and c), and primary oral cancer (HN4, b and d) cells
as measured by MTT (a, b) and SRB assay (c, d). Each points and bar represent a mean ± SD. *Statistically significant difference compared with
control group: P < 0.05.

NO in IHOK and oral cancer cells

Lee et al.

355

J Oral Pathol Med



SNP concentration (2.0 mM) in IHOK and HN4 cells.
Moreover, we also discovered that procaspase-3 was
activated by the SNP, but procaspase-8 was not activa-
ted in IHOK and oral cancer cells (data not shown).
Another cellular event that is associated with cell

death is the release of cytochrome c from mitochondria

(26). We used Western blot analysis to investigate
whether mitochondrial cytochrome c was released into
the cytosol. Treatment with NO resulted in cytochrome
c release from the mitochondria into the cytosol after
2 days in IHOK and HN4 cells (Fig. 4). These data
suggest that cytochrome c is a key factor in NO-induced

p16

SNP (mM) 0 0.05 0.1 0.2 0.5 0.75 1.0 2.0 0 0.05 0.1 0.2 0.5

HN4IHOK

0.75 1.0 2.0

p21

p53

pRb

Actin

a b

Figure 3 Western blot analysis of cell cycle regulatory protein expression such as p16, p21, p53 and Rb in IHOK (a), and HN4 (b) cells cultured
without or with different concentration of SNP for 2 days. The protein fraction was extracted, electrophoresed, transferred to membrane and
blotted with respective antibodies. These data are representative of three independent experiments.
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Figure 2 Confirmation of SNP induced apoptosis treatment in immortalized and malignant oral keratinocytes by DNA laddering (a), DAPI
staining (b), Annexin V-PI flow cytometry (c). (a) DNA fragmentation was analyzed by 2% agarose gel electrophoresis (Lane 1, 2: IHOK, lane 3, 4:
HN4, lane 1, 3: control, lane 2, 4: SNP treated). (b) Nuclear DAPI staining confirmation. 3.0 mM SNP for 2 days treated cells stained with DAPI.
Stained nuclei were visualized under a fluorescence microscope (·200). (c) Representative Annexin V-PI flow cytometric analysis. Cells were
incubated with 2 or 3 mM SNP for 2 days. And then they were stained with FITC-conjugated Annexin V and PI for flow cytometry.
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apoptosis of IHOK and oral cancer cells, and its
release may be correlated with the activation of
caspase-3, which subsequently triggers the appearance
of apoptosis.

Western blot analysis of intracellular levels of keratino-
cyte differentiation markers
The expression of involucrin, a protein precursor of the
epidermal cornified envelope, and cytokeratins, epithe-
lial-specific proteins, was examined in IHOK and HN4
cells after SNP treatment for 2 days. As shown in Fig. 5,
SNP treatment induced the expression of keratinocyte
differentiation markers, i.e. involucrin, CK 6, CK 13,
and CK 19, in both IHOK and HN4 cells except high
concentration of SNP (2.0 mM). The expression of these
markers increased with increasing SNP concentration
up to 1.0 mM SNP but markedly decreased at 2.0 mM
SNP. Thus, both IHOK and HN4 cells showed

increased expression of keratinocyte differentiation
markers only at low or moderate concentrations of
SNP, ranging from 0.05–1.0 mM.

Discussion

The NO is involved in cellular differentiation, prolifer-
ation and death and induces apoptosis in some cells or
inhibits apoptosis in some cells. NO-induced apoptosis
occurs in beta cells of the pancreas (27, 28), thymocytes
(29), hepatocytes (30), and several other normal and
immortalized cells (31–33). On the other hand, an
antiapoptotic role of NO in some cultured cells has
also been demonstrated. NO at low non-toxic concen-
tration induces resistance to TNF a-induced hepato-
toxicity (34), inhibits Fas-induced apoptosis in B
lymphocytes (35), and modulates CD95-induced apop-
tosis in T-lymphocytes (36).
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HN4IHOK
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Cytosol

Bax

Bcl-2

PCNA

Figure 4 Western blot analysis of proliferation and apoptosis related protein expression such as PCNA, Bcl-2, Bax, and cytochrome-c in IHOK
(a), and HN4 (b) cells cultured without or with different concentration of SNP for 2 days, and same procedure as described in the legend to Fig. 3
was performed.

SNP (mM) 0 0.05 0.1 0.2 0.5 0.75 1.0 2.0 0 0.05 0.1 0.2 0.5

HN4IHOK

0.75 1.0 2.0

a b

Involucrin

CK6

CK16

CK19

Actin

Figure 5 Western blot analysis of keratinocyte differentiation marker expression such as involucrin, cytokeratin (CK) 6, CK13, CK16 and CK 19
in IHOK (a) and HN4 (b) cells cultured without or with different concentration of SNP for 2 days and same procedure as described in the legend to
Fig. 3 was performed.
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Although previous studies have shown the effects of
NO in leukemia and cancer cells, the effects of NO in
oral immortalized and cancer cells were unknown.
Therefore, we investigated the comparative effects of
exogenous NO on the proliferation, cell cycle, apoptosis,
and differentiation of HPV-IHOK and primary oral
cancer cells (HN4).
In the MTT and SRB assays, the growth of IHOK

and HN4 cells was found to be inhibited by concentra-
tions of SNP higher than 1 mM (high concentrations),
in a concentration- and time-dependent fashion, while
IHOK and HN4 cells were relatively resistant to the
cytotoxic and apoptotic effects of NO at low concen-
trations of SNP (0.05 and 0.1 mM). The SNP-induced
growth inhibition was higher in IHOK cells than in HN4
oral cancer cells. Shang et al. (20), and Zhao et al. (21)
found similar results, reporting that SNP exhibited
concentration-dependent cytotoxicity and had no cyto-
toxicity against oral cancer cells until the SNP level
exceeded 1 mM. This might be explained by the dual
role of NO in carcinogenesis: a lower level of NO can
promote the development and growth of tumor cells,
while a higher, excessive level of NO may be noxious to
tumor cells. This dual action of NO was recently found
to be dependent on the local concentration of the
molecules (20).
To study the mechanism of the anti-proliferative

activity of NO, this study was focused mainly on
determining whether NO possesses the potential to
induce cellular apoptosis in immortalized and malignant
oral keratinocytes. We demonstrated that NO, at
cytotoxic millimolar concentrations, can trigger apop-
tosis in IHOK and HN4 cells. This notion is based on
the following findings of this study: (i) Flow cytometric
analysis showed that hypodiploid nuclei of IHOK and
HN4 cells were increased after treatment with SNP
(Table 1); (ii) IHOK and HN4 cells underwent internu-
cleosomal DNA fragmentation (Fig. 2a) and morpho-
logical changes of the nucleus, which are
characteristically noted in cellular apoptosis (Fig. 2b);
(iii) FITC-annexin V and PI double-staining revealed
that the apoptotic cell population, i.e. FITC-annexin
V+/PI) cells, increased in IHOK and HN4 cells after
exposure to a high concentration of NO (Fig. 2c).
To elucidate the mechanism by which NO inhibits the

cell cycle progression of immortalized and malignant
oral keratinocytes, we examined the cell cycle regulatory
proteins that were affected by SNP treatment. As the
SNP concentration increased from 0.05 to 1.0 mM, the
levels of p53, p16, and p21WAF1/CIP1 similarly increased
in IHOK cells, but the levels of p16 and p21 were almost
unchanged in HN4 cells. Thus, NO works in a biphasic
manner in IHOK and HN4 cells by enhancing the
expression of cell cycle regulatory proteins, i.e. p53 and
pRb, at low SNP concentrations (0.05–0.75 mM) and
conversely inhibiting cell growth at high SNP concen-
trations (1–2 mM).
Markers of DNA synthesis, such as Ki-67, and PCNA

have been variably interpreted as indicators of cell
regeneration and/or DNA repair (37). In our study, the
increased expression of PCNA in IHOK cells and its

stable expression in HN4 cells in response to SNP
indicated that DNA repair or regeneration regulators
may be activated to a greater degree in IHOK cells than
in HN4 cells.

Increased expression of Bax may imply that a cell will
undergo apoptosis by suppressing the activity of the
Bcl-2 oncoprotein and related proteins, which play an
important role in determining whether a cell will
undergo necrosis or apoptosis (38). To elucidate the
molecular mechanism underlying NO-induced cell
death, apoptosis-regulated proteins were explored in
IHOK and oral cancer cells treated with SNP for 48 h.
It was consistently found that NO induced apoptosis of
IHOK and HN4 cells through the up-regulation of Bax
protein and downregualtion of Bcl-2.

The mechanism for caspase activation in apoptotic
pathways is incompletely understood. Several studies
suggest that cytochrome c release from mitochondria
into cytosol in response to apoptotic stimuli may
cause caspase activation (39). Cytosolic cytochrome c
forms an essential part of �apoptosome’, which is
composed of cytochrome c, Apaf-1 and procaspase-9.
This complex results in activation of caspase-9, which
then cleves and activates downstream executioner
caspase-3 (40). Upon the treatment of IHOK and
oral cancer cells, we noted the release of cytochrome c
into the cytosol as well as the activation of caspase-3.
On the contrary, there is no evidence of the activation
of caspase-8. Moreover, the downregulation of Bcl-2,
as well as the upregulation of Bax, coupled with the
observed cytochrome c release, confirmed the mitoch-
ondrial dependent inherent in the NO-induced apop-
tosis of immortalized and malignant oral
keratinocytes. The enhanced cytochrome c release into
cytosol and the activation of caspase-3 but not
caspase-8 in IHOK and oral cancer cells suggest that
NO induces apoptosis in cells by mitochondrial
dysfunction mechanism.

We examined whether NO was able to induce the
differentiation of immortalized and malignant oral
keratinocytes. Given the biphasic effect of NO, i.e.
cytodifferentiation at low concentrations of NO and
cellular apoptosis at high concentrations of NO, NO
may directly regulate the essential processes of cell
division and growth. It was reported that NO at higher
concentrations enhances the expression of the differen-
tiation marker CK6 in skin keratinocytes (13), while NO
inhibits cornified envelope formation in human kera-
tinocytes by inactivating transglutaminase (14). We also
found that IHOK and HN4 cells treated with low and
medium concentrations of NO (0.05–1.0 mM) showed
increased expression of involucrin, CK6, CK16, and
CK19, but the expression of the same proteins was
decreased at high NO concentration (2 mM). We
suggest that IHOK and HN4 cells respond to low
concentrations of NO by undergoing the cytodifferen-
tiation pathway of keratinocytes. In contrast, the cells
cannot survive at high concentrations of NO and
subsequently activate the cellular apoptotic cascade.

In summary, the present study revealed that NO
has cytotoxic effects on immortalized and oral cancer
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cells, causing them to undergo cytodifferentiation at
low concentrations of NO and cellular apoptosis at
high concentrations of NO. However, a clear distinc-
tion could be found between the immortalized kera-
tinocytes and oral cancer cells. The latter were more
resistant to the cytotoxic effects of exogenous NO
than the former. We presume that the dual effect of
NO is actually involved in the anti-cancer and pro-
differentiation for immortalized and malignant oral
keratinocytes, and that it may provide potential
implication for the therapeutic use of NO in oral
cancer and pre-neoplasia.
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