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Summary. Nitric oxide (NO) plays an important role in gastric mucosal injury

in the human stomach. Exposure to excessive NO leads to apoptosis; how-

ever, the mechanism remains largely unknown in gastric epithelial cells. The

apoptotic process is modulated by energy states in cells. This study investi-

gated molecular mechanisms of NO-induced apoptosis in gastric epithelial

cells and influence of high glucose on those mechanisms. Normal rat gastric

mucosal epithelial (RGM-1) cells were cultured in media containing either

1000 (low) or 4500mg/l (high) of D-glucose. When the cells were incubated

with a chemical NO donor NOC18, apoptosis was induced in a dose-depen-

dent manner. Intracellular adenosine triphosphate (ATP) levels significantly

increased in the cells cultured with high glucose in comparison with the low-

glucose condition. The cells with high ATP levels were more resistant to NO-

induced apoptosis than the cells with low ATP levels. NO-induced apoptosis

was followed by mitochondrial depolarization, upregulation of Bax protein,

cytochrome C release from mitochondria to the cytosol and subsequent

caspases activation. These results suggest that NO inhibition of mitochon-

drial respiratory system and acute ATP depletion initiate apoptotic signalling

in gastric epithelial cells. High glucose may prevent NO-induced apoptosis by

leading to high levels of intracellular ATP or other metabolic changes in this

cell line.
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Nitric oxide (NO) is a gaseous radical that functions as a

potent bioactive mediator on various tissues in vivo

(McDonald & Murad 1996; Beckman & Koppenol

1996). In the stomach, NO plays an important role in

various gastric mucosal functions, such as acid secre-

tion, blood flow, motility, mucosal defence and so on
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(Guth 1992; Suzuki et al. 1997; Elliott & Wallace 1998;

Fischer et al. 1999).

Many studies have demonstrated that the excessive

production of NO via inducible NO synthase (iNOS) and

its derivatives participate in the pathogenesis of human

gastric mucosal injury induced by Helicobacter pylori

infection (Mannick et al. 1996; Fu et al. 1999; Slomiany

et al. 1998). Recently, it has been reported that high

concentrations of NO are generated at the gastroesopha-

geal junction and cardia through the chemical reaction of

salivary nitrite reduced by the action of ascorbic acid and

acidic gastric juice and may contribute to the high inci-

dence of mutagenesis and neoplasia in this area (Iijima

et al. 2002). This suggests that the cytotoxic effects of NO

on the gastric mucosal cells play an important role in the

formation of various pathological features in the human

stomach. However, the mechanism of gastric mucosal

injury induced by NO remains largely unknown.

Exposure to an excess of NO has been reported to

induce apoptotic cell death in a variety of cell-types, i.e.

macrophages (Ushmorov et al. 1999), neurones (Uehara

et al. 1999) and pancreatic b-cells (Okuno et al. 1998).

NO-induced apoptosis is accompanied by nuclear

DNA damage, excessive activation of poly-(adenosine

diphosphate-ribose)-polymerase or disarrangement of

calcium metabolism (Burney et al. 1999; Murphy 1999).

In addition, the cytotoxic effects of NO cause inhibition of

the mitochondrial respiration and result in acute depletion

of adenosine triphosphate (ATP) (Almeida et al. 2001;

Brown & Borutaite 2002). NO inhibition of mitochondrial

respiration accelerates glycolysis in astrocytes but not in

neurones, and this difference is reported to affect the

sensitivity to NO-induced apoptosis in both cells (Almeida

et al. 2001). In contrast, this can induce necrosis to neural

cells instead of apoptosis, if glycolysis is also inhibited or

is insufficient to compensate ATP depletion (Brown &

Borutaite 2002). These findings suggest that intracellular

energy states including glucose metabolism may affect

cellular responses to NO cytotoxicity.

This study investigates the molecular mechanism of

NO-induced apoptosis and the influence of glucose

metabolism on energy states and NO-induced apoptosis

by using the normal rat gastric mucosal RGM-1 cells

(Kobayashi et al. 1996) incubated in either low- or high-

glucose–Dulbecco’s modified Eagle’s (DME) media and,

a pure NO donor, NOC-18 (Mooradian et al. 1995).

Materials and methods

Cell culture

RGM-1 cell line (rat gastric mucosal cell first, RIKEN Cell

Bank RCB0876) (Kobayashi et al. 1996) was cultured in

DME media containing D-glucose at either concentra-

tions of 1000mg/l (low-glucose–DME medium) or

4500mg/l (high-glucose–DME medium) (Gibco, Rock-

ville, MD, USA), respectively. The media were supple-

mented with 20% (v/v) fetal bovine serum (FBS). After

the cells grew to approximately 70–80% confluence in

these media in 5% CO2 at 37 �C, the cells were incu-

bated in a freshly prepared serum-free low-glucose–

DME medium containing various concentrations of

NOC-18 (Dojindo, Kumamoto, Japan) for 24 h in 5%

CO2 at 37
�C.

Assessment of intracellular ATP level

The intracellular ATP level was measured by a commer-

cially available ATP assay system (LL-100; Toyo Ink,

Tokyo, Japan) according to the manufacturer’s instruc-

tions. The system can quantify ATP by measuring the

chemical luminescence emitted by the luciferase reaction

in the presence of ATP and luciferine. The amounts of

chemical luminescence emitted for 10s due to the reaction

were measured with a luminometer Lumat LB 9507 (EG &

G Berthold, Bad Wildbad, Germany). The amount of ATP

was determined from a standard curve based on given

ATP solutions. For comparison, results are expressed as

the mean percentage ratios of ATP contents per 104 cells

in the cells incubated in the high-glucose medium to the

cells incubated in the low-glucose medium.

Assessment of cell viability

Cell viability after NOC-18 treatment was assessed with

a colourimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide (MTT) assay (Twentyman 1987)

and a Trypan-blue-dye exclusion test (Philips 1973).

Results are expressed as the mean percentage ratios

of the absorbance of the MTT reagent in the cells treated

with NOC-18 to the untreated cells or the percentage

mean ratios of the number of living cells after the treat-

ment to the untreated cells, respectively.

Detection of apoptotic cell death

The characteristics of apoptosis were examined by

chromatin staining with Hoechst 33258-dye (Wako

Pure Chemical, Osaka, Japan) and by TdT-mediated

dUTP-biotin nick-end labelling (TUNEL) (Gavrieli et al.

1992). After NOC-18 treatment, the cells were

collected, fixed in 3% paraformaldehyde and, then,

spread on glass slides in preparation for Hoechst

33258-dye staining and TUNEL. TUNEL was performed
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with an Apoptosis in situ Detection Kit (Wako Pure

Chemical, Osaka, Japan) according to the manufac-

turer’s instructions.

Assessment of mitochondrial membrane potential

The mitochondrial membrane potential (DC) as an indi-

cator of mitochondrial function was assayed by a cationic

dye JC-1 Mitochondrial Potential Sensor (Molecular

Probes, Eugene, OR, USA), which accumulates in mito-

chondria and shows a fluorescence emission shift from

green (525 nm) to red (590 nm) in a potential-dependent

manner. The red/green fluorescence ratio (Fr/g) of the

dye is dependent on the DC, and a decrease indicates

mitochondrial depolarization. After treatment, the JC-1

dye was applied to RGM-1 cells and the intensity of

fluorescence at 538 (green) and 590nm (red) (excitation

wave-length: 485 and 544nm) was measured with a

fluorometer Fluoroskan Ascent (Labsystems, Helsinki,

Finland) according to the manufacturer’s instructions.

Results are expressed as the mean ratios of Fr/g in the

subjective cells to the cells growing in the low-glucose–

DME medium.

Western blot analysis for Bcl-2, Bax and cytochrome C

Fifty micrograms each of the protein sample was fraction-

ated by 12.5% sodium dodecyl sulphate–polyacrylamide

gel electrophoresis and transferred to nitrocellulose mem-

branes (Bio-Rad Laboratories, Hercules, CA, USA). After

blocking nonspecific bindings, the membranes were

probed with anti-Bax (1 : 500, P-19, Santa Cruz Biotech-

nology, Santa Cruz, CA, USA) and anti-Bcl-2 (1 : 500,

DC21, Santa Cruz Biotechnology) antibody, followed by

the application of appropriate sets of horseradish

peroxidase-conjugated secondary antibodies (Amersham

Pharmacia, Buckinghamshire, UK). An enhanced chemi-

luminescence detection system (Amersham Pharmacia)

was used for the protein detection according to the manu-

facturer’s instructions.

The release of cytochrome C from the mitochondria to

the cytosol in the process of apoptosis was assessed by

Western blot analysis using protein samples extracted

individually from either the fraction of the mitochondria or

that of the cytosol, which were collected separately from

the cells according to the method of Yang et al. (Yang

et al. 1997). Twenty-five micrograms each of the protein

sample was used for the Western blotting. An anti-

cytochrome C antibody (7H8.2C12, BD PharMingen,

San Diego, CA, USA) was used as the primary antibody

at a dilution of 1 : 1000.

Assessment of caspase-3, -8 and -9 activity

The activity of caspase-3, -8 and -9 were measured with

a Colourimetric Protease Assay Kit (MBL, Nagoya,

Japan). This system is able to determine respective

caspase activity by the colourimetric quantification of

p-nitroanilide (pNA), which is liberated from pNA-labelled

substrates by the proteolytic action of the active form of

the caspase. Caspase activity was expressed as fold

increments of the photoabsorbance of pNA at 405 nm

in the treated cells to the control.

Statistical analysis

Results are expressed as the mean�SE of at least three

repetitions. The data were analysed by Fisher’s protected

least squares difference test. A difference with a P-value

<0.05 was considered statistically significant.

Results

RGM-1 cells were cultured in either low-glucose– or

high-glucose–DME media after reaching 70–80% con-

fluence. The intracellular ATP level in the cells incubated

in the low-glucose medium was 0.38� 0.15 pmol/104

cells and significantly increased in the cells growing in

the high-glucose–DME medium, compared with the cells

growing in the low-glucose–DME medium (P< 0.005;

Figure 1). These cells were exposed to NOC-18 at serial

concentrations from 0 to 3.0mmol/l for 24 h and, there-

after, were assessed by MTT assay and Trypan-blue-

dye exclusion test. Cell viability in both sets of cells was

reduced by treatment with NOC-18 in dose-dependent

manner; however, both assessments showed signifi-

cantly higher values in the cells incubated in the high-

glucose medium than those in the cells incubated in the

low-glucose medium (MTT assay; NOC-18 from 0.5 to

2.0mmol/l, P< 0.001; NOC-18 at 3.0mmol/L, P< 0.01;

Trypan-blue-dye exclusion test; NOC-18 from 0.5 to

2.0mmol/l, P< 0.005; NOC-18 at 3.0mmol/l, P< 0.0001;

Figure2).

The cells killed by NOC-18 collected from the culture

media showed morphologically characteristic features of

apoptosis, such as chromatin condensation and nuclear

fragmentation, in the fluorescence microscopic images

of Hoechst 33258-dye staining (Figure 3a,b), and they

also reacted positively to TUNEL staining (Figure 3c).

Changes in DC after treatment with NOC-18 were

analysed using a cationic JC-1 dye. In synchronized

images of green (538 nm) and red (590 nm) fluores-

cence, the untreated cells showed granular accumula-

tions of the JC-1 dye, emitting red fluorescence, in the
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mitochondria; however, the dye in the cells treated with

NOC-18 was diffusely extended in the cytosol, emitting

green fluorescence (Figure 4a,b). Changes in DC were

quantified as the relative ratios of the Fr/g-values in the

cells subjected to NOC-18 treatment to the cells growing

in the low-glucose–DME medium without NOC-18 treat-

ment. The ratios significantly decreased in the cells treated

with NOC-18 under the low-glucose condition and the

cells incubated under the high-glucose condition, regard-

less treatment with NOC-18 (P< 0.0001), although treat-

ment with NOC-18 significantly promoted the reduction

of relative Fr/g ratios in the cells under the high-glucose

condition (P< 0.005, Figure 5).

Temporal changes in the expression of Bcl-2 and Bax

proteins in the cells incubated in the low-glucose

medium were also assessed by Western blotting. The

Bax protein, which was observed as a band with approxi-

mately 21 kDa, was not detected in the control (time

zero). But its expression appeared after 6 h of treatment

with NOC-18 and increased gradually (Figure 6). The

protein expression of Bcl-2, which was fractioned at

26 kDa, did not show apparent change after treatment

with NOC-18, compared with the control (Figure 6).

Release of cytochrome C from the mitochondria to the

cytosol was assessed by Western blotting using protein

samples that were extracted individually from either the

mitochondrial fraction or the cytosolic fraction in the cells
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Figure1. Intracellular adenosine triphosphate (ATP) levels in

the cells cultured in low-glucose– or high-glucose–DME media.

Intracellular ATP levels were assessed by measuring amounts

of the chemical luminescence emitted by the liciferine/luciferase

reaction in the presence of sample ATP. Results are expressed

as the mean percentage ratios of ATP contents per 104 cells in

the cells incubated in the high-glucose medium to the cells

incubated in the low-glucose medium. Intracellular ATP levels

significantly increased in the cells under the high-glucose

condition (dotted column) in comparison with the cells under the

low-glucose condition (black column, P< 0.005).
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Figure2. Changes in cell viability after treatment with NOC-18. Normal rat gastric mucosal (RGM-1) cells incubated in either low- or

high-glucose–DME media were treated with NOC-18 at the serial concentrations of 0, 0.5, 1.0, 2.0 and 3.0mmol/l for 24 h. Cell viability

was assessed by MTT assay and Trypan-blue-dye exclusion test. Black circles represent the cells in the high-glucose medium and

white circles the low-glucose medium. Cell viability decreased in both sets of cells by treatment with NOC-18 dose-dependently;

however, the values in the cells incubated in the high-glucose medium were significantly higher than those in the cells incubated in the

low-glucose medium. Low glucose vs. high glucose at the same concentration of NOC-18. #, P<0.01; ##, P< 0.005; ###, P<0.0001.
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(a) (b) (c)

Figure 3. Representative photographs of rat gastric mucosal (RGM-1) cells after treatment with NOC-18 using Hoechst 33258-dye

staining and TdT-mediated dUTP-biotin nick-end labelling (TUNEL) (�200). (a) The untreated cells showed morphologically intact

nuclei in a fluorescence microscopic image of Hoechst 33258-dye staining. (b) The cells treated with NOC-18 showed chromosomal

condensation and nuclear fragmentation, which were characteristic of apoptosis. (c) The treated cells also reacted positively to TUNEL

staining, whose brown reactants were detected only in the fragmented nuclei but not in the intact nuclei.

(a) (b)

Figure 4. Representative photographs of rat gastric mucosal (RGM-1) cells after treatment with NOC-18 by JC-1-dye staining.

Synchronized images of green (538 nm) and red (590 nm) fluorescence of JC-1-dye staining; (a) the untreated cells and (b) the cells

treated with NOC-18. Granular accumulations of the JC-1 dye, emitting red fluorescence in mitochondria, were detected in the

untreated cells, but the dye in the cells treated with NOC-18 was diffusely extended in the cytosol, emitting green fluorescence,

indicating mitochondrial depolarization in the latter.
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Figure5. Changes in mitochondrial transmembrane potential

after treatment with NOC-18. Changes in the membrane

potential (DC) are quantified as relative ratios of Fr/g-values.

White column, the cells incubated with low glucose without

NOC-18 treatment; grey column, the cells treated with NOC-

18 under low-glucose condition; dotted column, the cells

incubated with the high-glucose medium without NOC-18

treatment; black column, the cells treated with NOC-18 under

high-glucose condition. The ratios significantly decreased in

the cells treated with NOC-18 under low-glucose condition and

the cells incubated with the high-glucose medium, regardless

treatment with NOC-18 (####, P<0.0001), although treatment

with NOC-18 promoted mitochondrial depolarization in the

cells under high-glucose condition (P<0.005).
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incubated with the low glucose. In the control, cyto-

chrome C with a molecular size of 15 kDa was present

in the mitochondrial fraction but was barely observed in

the cytosolic fraction (Figure 6). After treatment with

NOC-18, it weakly appeared in the cytosolic fraction,

6 h later, and the intensity of the band was ultimately

inverted between the mitochondrial and the cytosolic

fraction, 24 h later (Figure 6).

Changes in intracellular activity of caspase-3, -8 and

-9 in the cells incubated in the low-glucose medium, after

treatment with NOC-18, were examined using commer-

cially available colourimetric assay kits. Both the activity

of caspase-3 and -9 significantly increased in the cells

treated with NOC-18 (caspase-3, P< 0.0001; caspase-

9, P< 0.005; Figure 7); however, there was no difference

in the activity of caspase-8 between the treated cells and

the untreated cells (Figure 7).

Discussion

NO functions as a potent bioactive mediator in the

stomach (Guth 1992; Suzuki et al. 1997; Elliott & Wallace

1998; Fischer et al. 1999) and its cytotoxic effects are

supposed to play a critical role in the formation of various

pathological features in human gastric mucosa (Mannick

et al. 1996; Fu et al. 1999; Slomiany et al. 1998). How-

ever, the mechanism of NO-induced apoptosis in gastric

epithelial cells remains largely unknown. In addition,

recent studies have shown that intracellular metabolic

states of glucose may affect responses to NO cytotoxicity
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Figure7. Changes in the intracellular

activity of caspase-3, -8 and -9.

Changes in the intracellular activity of

caspase-3, -8 and -9 in the cells treated

with NOC-18, under low-glucose con-

dition, were expressed as their fold

increments in the cells treated with

NOC-18 to the untreated cells. Both the

activity of caspase-3 and -9 signifi-

cantly increased in the cells treated

with NOC-18 (caspase-3, P<0.0001;

caspase-9, P<0.005); however, there

was no difference in the activity of

caspase-8 between the treated cells

and the untreated cells.
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24 h Figure 6. Temporal changes in the expression of Bcl-2- and

Bax-proteins and the release of cytochrome C from mitochon-

dria to the cytosol. Temporal changes in the expression of Bcl-2-

and Bax-proteins and the release of cytochrome C from

mitochondria to the cytosol in the cells treated with NOC-18,

under low-glucose condition, were analysed by Western

blotting. Bax protein was not detected in the control (time zero),

but its expression increased gradually after treatment with NOC-

18 (the first rank). The protein expression of Bcl-2 did not show

any change compared with the control (the second rank).

Western blotting for cytochrome C was performed using

individual protein samples from either mitochondrial fractions

(Mito, the third rank) or cytosolic fractions (Cyto, the fourth

rank). In the control, cytochrome C was detected only in the

mitochondrial fraction. After treatment with NOC-18, it weakly

appeared in the cytosolic fraction, 6 h later, and was gradually

increasing. The density of cytochrome C immunoreactants was

ultimately inverted between both fractions, 24 h later.
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(Almeida et al. 2001; Brown & Borutaite 2002). Therefore,

this study also investigated the influence of differential

concentrations of extracellular glucose on NO-induced

apoptosis in RGM-1 cells.

Treatment with a chemical, NO donor NOC-18,

induces apoptotic cell death in RGM-1 cells dose-

dependently, consistent with other types of cell (Ushmorov

et al. 1999; Uehara et al. 1999; Okuno et al. 1998;

Burney et al. 1999; Murphy 1999; Almeida et al. 2001;

Brown & Borutaite 2002). The cells incubated under the

high-glucose condition possessed high levels of intracel-

lular ATP and were more resistant to the induction of

apoptosis by treatment with NOC-18 than the cells incu-

bated under the low-glucose condition and with low ATP

levels. High concentration of glucose is also reported to

promote cell survival against spontaneous and Fas-

mediated apoptosis in neutrophils and pancreatic

b-cells (Healy et al. 2002; Srinivasan et al. 2002). Our

results were compatible with these reports.

NO cytotoxicity causes mitochondrial dysfunction and

leads to reduction of mitochondrial membrane potential

(dc) (Almeida et al. 2001; Brown & Borutaite 2002).

In the present study, changes in the dc were quanti-

tatively assessed by comparison with relative Fr/g ratios

of a cationic dye JC-1 Mitochondrial Potential Sensor.

Consistent with previous reports, treatment with NOC-18

caused mitochondrial depolarization in RGM-1 cells,

regardless of glucose concentrations. These results sug-

gest that high concentrations of extracellular glucose

increases in intracellular ATP levels and may affect

responses to the stimulation of NO-induced apoptosis

in gastric epithelial cells. Brown et al. have shown that

NO inhibition of mitochondrial respiration causes acute

ATP depletion, but compensation by acceleration of gly-

colysis delays the induction of apoptosis in astrocytes

(Brown & Borutaite 2002). In contrast, neurones were

more sensitive to NO cytotoxicity, because they do not

possess such compensatory system for ATP depletion

by glycolysis (Brown & Borutaite 2002). These data are

compatible and supportive of our hypothesis. An

increase in intracellular ATP through glycolysis due to

the incubation in the high-glucose medium may

strengthen the protective ability against NO cytotoxicity

in gastric epithelial cells.

High-glucose condition is also reported to activate a

phosphatidylinositol (PI) 3-kinase/Akt-signal pathway

and cause mitochondrial depolarization and calcium

influx, which can work for cell survival of pancreatic b-
cells (Srinivasan et al. 2002). Interestingly, the reduction

of DC was also observed in RGM-1 cells incubated in the

high-glucose condition unless the cells were treated with

NOC-18. This suggests that mitochondrial depolariza-

tion and calcium influx as a consequence of the acti-

vation of PI3-kinase/Akt-signal pathway may be also

involved in preventive effects of high glucose against

NO-induced apoptosis in RGM-1 cells. Moreover,

recently, a pro-apoptotic Bcl-2 family member BAD and

glucokinase are reported to form a mitochondrial func-

tional complex that integrates glycolysis and apoptosis

(Danial et al. 2003). This may participate in the glucose-

dependent modulation of susceptibility to NO-induced

apoptosis in RGM-1 cells.

The signal transduction system of apoptosis induced

by NO in gastric epithelial cells has not been compre-

hensively studied. NO-induced apoptosis in RGM-1 cells

was followed by an increased expression of Bax protein,

release of cytochrome C from the mitochondria to the

cytosol and subsequent activation of caspase-9 and -3

but not caspase-8. These results are consistent with

those of previous reports on NO-induced apoptosis

using Jurkat leukaemic cells (Ushmorov et al. 1999) and

human neuroblastoma SH-SY5Y cells (Uehara et al.

1999). The upregulation of Bax facilitates the release of

cytochrome C from the mitochondria to the cytosol, which

activates the cascade of caspase-9 and -3 together with

Apaf-1 in the cytosol (Liu et al. 1996; Zou et al. 1997).

This process is ordinarily followed by apoptotic cell death.

However, Okuno et al. (Okuno et al. 1998) reported that

the death of PC12 and HeLa cells induced by exogenous

NO was enhanced by Bax expression in a caspase-

independent manner, showing features of both apoptosis

and necrosis with chromatin condensation, nuclear

compaction and mitochondrial swelling.

Exposure to an excess of NO leads to apoptosis,

necrosis or cell death with combined features as shown

in previous reports (Ushmorov et al. 1999; Uehara et al.

1999; Okuno et al. 1998). In contrast, NO inversely acts

as an anti-apoptotic substance under some conditions,

leading to the inactivation or inhibition of caspase pro-

cessing by S-nitrosation (Li et al. 1997; Rossig et al.

1998). Such a diversity of responses to NO, which is

thought to depend on cell type, the state of energy

production, the condition of NO exposure and the severity

or context of damage confuses the role of NO in apoptosis

induction. Further studies are required to fully elucidate

the role of NO in apoptosis induction.

Conclusion

This study investigated the molecular mechanism of

cytotoxicity of NO using a pure NO donor, NOC-18,

and RGM-1 cells. The results suggest that an excess

of NO induces apoptosis in gastric epithelial cells
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through the disruption of energy production in mitochon-

dria, upregulation of Bax protein, cytochrome C release

from mitochondria to the cytosol and subsequent activa-

tion of caspase-9 and -3. High glucose may prevent NO-

induced apoptosis by leading to high levels of intracel-

lular ATP or other metabolic changes in this cell line.
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