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Nitric oxide represses the proliferation of Caco-2  
cells by inducing S-G2/M cell cycle arrest
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Abstract: There is conflicting data regarding the ability of nitric oxide (NO) to promote or inhibit colorectal cancer cell 
proliferation. Furthermore, NO reacts rapidly with endogenous superoxide at a diffusion-controlled rate to give per-
oxynitrite (ONOO-), a strong oxidant and nitrating agent. The aim of this study was to assess the effects of exogenous 
NO and ONOO- on the proliferation of the colorectal cancer cell line Caco-2. NOR5 and SIN-1 were used as NO and 
ONOO- donors, respectively. Both NOR5 and SIN-1 inhibited the proliferation of the Caco-2 cells; however, the effect 
of NOR5 was slightly stronger than that of SIN-1. The results also indicated that NO plays a major role in the inhibi-
tion of SIN-1-induced proliferation of Caco-2 cells. The results of a terminal deoxynucleotidyl transferase dUTP nick 
end labeling assay, cell cycle analysis, and p21 protein expression measurement further indicated that NO induced 
S-G2/M phase arrest, but not apoptosis, in the Caco-2 cells. The results suggest that NO, rather than ONOO-, has the 
potential to repress the proliferation of Caco-2 cells by inducing S-G2/M cell cycle arrest.
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Introduction

Colorectal cancer is a leading cause of death 
worldwide; it accounts for approximately 10% 
of all cancer-related deaths [1]. About 3-5% of 
colorectal cancers may be due to inherited 
genetic defects and up to 25% of cases may 
have some degree of familial association; how-
ever, the majority of colorectal cancers occur in 
a sporadic manner without a family history [2].

Nitric oxide synthase (NOS) has neuronal, 
inducible, and endothelial isoforms. It catalyz-
es the oxidation of L-arginine to generate nitric 
oxide (NO), which is a highly reactive radical 
that has several biological activities, including 
smooth muscle relaxation, inhibition of platelet 
aggregation, and neurotransmission [3]. NO, 
whether produced exogenously or endogenous-
ly, has been implicated in the pathogenesis of 
various human malignant tumors, including 
breast cancer [4], colorectal cancer [5], mela-
noma [6], and lung cancer [7]. However, it 
remains unclear whether NO functions as a 
pro-neoplastic or antineoplastic effector [8-11]. 
Furthermore, little information is available con-

cerning peroxynitrite (ONOO -), which is pro-
duced by the reaction of NO with superoxide  
(O2

· -). ONOO- is a strong oxidant and nitrating 
agent that damages several molecules in cells, 
including DNA and proteins [12].

In the present study, the effects of exogenous 
NO and ONOO- on the proliferation of the co- 
lorectal cancer cell line Caco-2 were examined. 
NOR5 [13] and SIN-1 [14] were used as NO and 
ONOO- donors, respectively.

Materials and methods

Materials

(±)-N-[(E)-4-Ethyl-3-[(Z)-hydroxyimino]-6-me- 
thyl-5-nitro-3-heptenyl]-3-pyridinecarboxamide 
(NOR5), 3-(4-morpholinyl) sydnonimine hydro-
chloride (SIN-1), and ONOO- solution were sup-
plied by Dojindo Laboratories (Kumamoto, 
Japan). Superoxide dismutase (SOD), 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT), propidium iodide (PI), In Situ 
Cell Death Detection Kit, 4’,6-diamidino-2-phe-
nylindole (DAPI), fluorescein isothiocyanate (FI- 
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TC), ribonuclease A (RNase A), and actinomycin 
D were purchased from Sigma-Aldrich Corpo- 
ration (St. Louis, MO, USA). A primary antibody 
against p21 protein and a secondary antibody 
(horseradish-peroxidase-linked antibody) were 
purchased from Cell Signaling Technology 
Japan, K.K. (Tokyo, Japan).

Cell culture

The human colon cancer cell line Caco-2 was 
purchased from the European Collection of Cell 
Cultures (Salisbury, Wilts, UK) and cultured in 
Minimum Essential Medium (Life Technologies 
Corporation, Carlsbad, CA, USA) supplemented 
with 10% fetal bovine serum (Nichirei Biosci- 
ences Inc., Tokyo, Japan) and 1% non-essential 
amino acids (Life Technologies Corporation, 
Carlsbad, CA, USA). The cells were maintained 
in a humidified atmosphere containing 5% CO2 
at 37°C.

Cell viability assay

Cell viability was measured by an MTT assay as 
described previously [15, 16]. Briefly, the cells 
were incubated with test reagents at a density 
of 2.5 × 104 cells/2 mL/9.5 cm2 well for 48 h. 
After incubation, the medium was removed and 
the cells were incubated with 1.1 mL of MTT 
solution (0.1 mL of 5 mg/mL MTT in 1 mL of 
medium) for 4 h. The product was eluted from 
the cells by the addition of 20% sodium dodecyl 
sulfate (SDS)/0.01 M HCl, after which absor-
bance was measured at 595 nm using an 
SH-1000Lab microplate reader (Corona Electric 
Co. Ltd, Ibaraki, Japan). Cell viability was calcu-
lated according to the following equation: cell 
viability (%) = (absorbance of experiment group/
absorbance of control group) × 100.

Determination of DNA fragmentation in Caco-2 
cells

DNA fragmentation in the nuclei of the Caco-2 
cells, which is an indicator of apoptosis, was 
detected using In Situ Cell Death Detection Kit, 
fluorescein, and a confocal laser scanning 
microscope (LSM-510; Carl Zeiss Co., Ltd., 
Tokyo, Japan) at excitation and emission wave-
lengths of 495 and 530 nm, respectively [17]. 
Briefly, the cells were incubated at a density of 
3.0 × 105 cells/0.8 cm2 on a Nunc™ Lab-Tek™ 
Chamber Slide (Thermo Fisher Scientific K.K., 
Tokyo, Japan) with the test reagents for 48 h. 
Blue coloring indicated cell nuclei stained by 

DAPI, whereas green coloring indicated TUNEL-
positive nuclei. Clear light blue coloring (a mix-
ture of blue and green) showed DNA fragmenta-
tion in nuclei.

Cell cycle analysis

Cell cycle analysis was performed by flow cy- 
tometry as reported previously [16, 18]. Briefly, 
Caco-2 cells were incubated at a density of 1.0 
× 106 cells/28 cm2 dish with the test reagents 
for 48 h and then collected by centrifugation 
(4°C, 200 × g, 5 min). The pellet obtained was 
fixed with 70% ethanol cooled at -20°C on ice 
for 30 min. Following fixation, the cells were 
incubated with 100 μg/mL RNase A at 37°C for 
30 min. The cells were treated with PI (50 μg/
mL) on ice in the dark for 30 min. The samples 
were filtered through a nylon mesh (35 µm) and 
examined using a FACS Aria III flow cytometer 
(Becton, Dickinson and Company, Franklin 
Lakes, NJ, USA).

Measurement of p21 protein expression

The cells were treated with NOR 5 for 48 h, col-
lected by centrifugation, and lysed. Cell lysates 
were subjected to SDS-polyacrylamide gel elec-
trophoresis using a 7.5% polyacrylamide gel. 
Proteins were transferred onto polyvinylidene 
difluoride membranes by electroblotting, after 
which the membranes were incubated over-
night in Tris buffered saline-Tween® 20 contain-
ing 3% skim milk and the respective primary 
antibody against p21 or β-actin. The mem-
branes were then incubated with secondary 
antibody for 1 h, followed by chemiluminescent 
detection using ECL™ Prime Western Blotting 
Detection Reagent (GE Healthcare Japan Cor- 
poration, Tokyo, Japan).

Statistical analysis

Results have been presented as mean ± stan-
dard error of the mean (SEM). Data was com-
pared between two groups using Student’s 
t-test. Differences in data among multiple gro- 
ups were assessed by one-way analysis of vari-
ance followed by Scheffe’s multiple range test. 
Differences were considered statistically sig-
nificant at P values < 0.05.

Results

NOR5 spontaneously released NO at a steady 
rate in a neutral aqueous solution (half-life, 
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about 20 h; 0.5 mM NOR5 in 0.1 M PBS, pH 7.4 
at 37°C) [13]. SIN-1 spontaneously decompos-
es in the presence of molecular oxygen to gen-
erate NO and O2

· -, which react with each other to 
form ONOO- (rate constant k: 3.7 × 10 -7 M-1s-1). 
Therefore, SIN-1 is a useful compound from 
which ONOO- can be efficiently generated [14]. 
Figure 1 shows that NOR5 and SIN-1 indepen-
dently suppressed the growth of the Caco-2 
cells in a dose-dependent manner after the 
cells were incubated with the respective com-
pounds at concentrations of 0.1 to 0.5 mM for 

48 h. At a concentration of 0.1 mM, NOR5 sig-
nificantly inhibited cell growth, whereas SIN-1 
did not elicit the same effect. Figure 2 shows 
the combined effects of SOD and SIN-1 on 
Caco-2 cell growth. SOD (0.5 and 5 U/mL) sig-
nificantly augmented the inhibition of Caco-2 
cell growth by 0.25 mM SIN-1; however, this 
was not the case for boiled SOD (B-SOD) even 
at a concentration of 5 U/mL. SOD (EC 1.15.1.1) 
is an enzyme that catalyzes the dismutation of 
O2

· - into hydrogen peroxide. It is believed that 
SOD diminishes O2

· - generation from SIN-1, 
which results in raised NO levels at the expense 
of ONOO- generation. Furthermore, as shown in 
Table 1, ONOO- did not have any significant 
effect on the Caco-2 cells at concentrations of 
0.25 mM or less. These results indicate that 
NO, rather than ONOO-, potently suppresses 
the proliferation of Caco-2 cells.

In order to investigate whether NOR5-induced 
inhibition of Caco-2 cell proliferation is partially 
due to apoptosis, apoptotic cells were visual-

Figure 1. Effects of NOR5 (A) and SIN-1 (B) on the proliferation of Caco-2 cells. Caco-2 cells were treated with NOR5 
or SIN-1 for 48 h. Cell proliferation was evaluated in an MTT assay. Data are expressed as mean ± SEM (n = 4-5). 
αIndicates P < 0.01, with data being significantly different from the corresponding value obtained in the absence of 
NOR5 or SIN-1.

Figure 2. Combined effects of SOD and SIN-1 on 
the proliferation of Caco-2 cells. Caco-2 cells were 
treated with SOD and SIN-1 for 48 h. Cell prolifera-
tion was then investigated in an MTT assay. B-SOD-
SOD (5 U/mL) was boiled at 100°C for 10 min. Data 
are expressed as mean ± SEM (n = 4-8). αIndicates 
P < 0.01, with data being significantly different from 
the corresponding value obtained in the absence of 
SOD or SIN-1. βIndicates P < 0.01, with data being 
significantly different from the corresponding value 
obtained in the presence of 0.25 mM SIN-1 alone. 

γIndicates P < 0.01, with data being significantly dif-
ferent from the corresponding value obtained in the 
presence of 0.25 mM SIN-1 plus 5 U/mL SOD. 

Table 1. Effects of ONOO- on the proliferation 
of Caco-2 cells

Treatment Concentration 
(mM)

Cell viability  
(% of control)

Control 100.0 ± 10.2
ONOO- 0.05 82.0 ± 3.8

0.1 91.2 ± 4.9
0.25 81.8 ± 1.6
0.5 59.4 ± 5.8α

Caco-2 cells were treated with ONOO- for 48 h. Cell 
proliferation was evaluated by the MTT assay. Data are 
expressed as mean ± SEM (n = 4). αIndicates P < 0.05 
when data is compared to that for the control cells.
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ized in the TUNEL assay using a confocal laser 
scanning microscope (Figure 3). Blue coloring 
indicated nuclei stained by DAPI, whereas 
TUNEL-positive nuclei were green in color. Clear 
light blue coloring (a mixture of blue and green) 
was indicative of DNA fragmentation in the 
nuclei of apoptotic cells. Actinomycin D was 
used as the positive control in the study at a 
concentration of 0.05 mM. It caused DNA frag-
mentation in the nuclei, which is a hallmark of 
apoptotic cells [19]; however, NOR5 did not pro-
duce this effect in the apoptotic cells when it 
was used at 0.1 mM.

We also examined cell distribution in various 
cell cycle phases by flow cytometry to deter-

mine whether NOR5-induced cell growth inhibi-
tion involves cell cycle changes (Figure 4). 
Changes in the expression of p21, a cyclin-
dependent kinase inhibitor that inhibits cell 
cycle arrest, were also measured [20] (Figure 
5). The results showed cell accumulation in the 
S phase after the Caco-2 cells were treated 
with NOR5 (0.1 mM) for 48 h. This was associ-
ated with a decrease in the population of cells 
in the G0/G1 phase. NOR5 (0.1 mM) also signifi-
cantly increased the expression level of p21 
protein (Figure 5). This indicates that NOR5-
induced inhibition of Caco-2 cell proliferation 
involves cell cycle arrest. These findings show 
that NOR5 induces S-G2/M phase arrest, but 
not apoptosis, in Caco-2 cells.

Figure 3. Fluorescence image of DNA fragmentation in Caco-2 cells treated with NOR5. Caco-2 cells were incubated 
with or without NOR5 for 48 h at 37°C, after which DNA fragmentation was monitored. The blue and green colors 
indicate DAPI-stained and TUNEL-positive nuclei, respectively. The clear light blue color (mixture of blue and green 
colors) shows DNA fragmentation in the nuclei. Data was collected from at least 10 random sections per sample. 
Each data is representative of the results from four experiments.
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fore, inhibiting tumor cell proliferation is an 
important aspect of controlling tumorigenesis. 
We found that NOR5 and SIN-1 decreased the 
viability of the Caco-2 cells; however, NOR5 had 
a relatively stronger effect (Figure 1). Experi- 
ments on the combined effects of SIN-1 and 
SOD revealed that NO plays a major role in SIN-
1-induced inhibition of Caco-2 cell proliferation 
(Figure 2 and Table 1). 

Apoptosis, which is programmed cell death, 
plays a major role during developmental pro-
cesses. However, it is circumvented during ma- 
lignant transformation and tumor progression 
[21, 22]. In eukaryotic cells, cell cycle check-
points are regulatory pathways that control the 
order and timing of cell cycle transitions and 
ensure that critical events, such as DNA repli-
cation and chromosome segregation, are com-
pleted [23]. Thus, the induction of cell cycle 
arrest, in addition to apoptosis, appears to be a 

Figure 4. Effect of NOR5 on the distribution of Caco-2 cells in different 
phases of the cell cycle. Caco-2 cells were treated with NOR5 (0.05 or 0.1 
mM) for 48 h. A. Representative flow cytometry charts. B. Effects of NOR5 
(0.05 and 0.1 mM) on the percentages of Caco-2 cells in the G0/G1, S, and 
G2/M phases. Data are expressed as mean ± SEM (n = 4). αIndicates P < 
0.01, with data being significantly different from the corresponding value 
obtained for the cells that were not exposed to NOR5.

Figure 5. Changes in p21 protein expression in Caco-
2 cells treated with NOR5. Caco-2 cells were treated 
with 0.1 mM NOR5 for 48 h. A. Representative de-
tection bands for p21 and β-actin proteins obtained 

by western blotting. B. Calculated 
p21/β-actin ratio. Data are ex-
pressed as mean ± SEM (n = 8). 
αIndicates P < 0.01 when data is 
compared to that for the control 
cells.

Discussion

NO is involved in diverse pro-
cesses in numerous physio- 
logical and pathophysiological 
conditions. Previous studies 
have suggested that NO has a 
negative effect on the regula-
tion of tumor cell behavior. 
Additionally, it has an antineo-
plastic effect in vivo and in 
vitro [4-11]. However, little 
information is available con-
cerning the effects of ONOO- in 
addition to NO on cancer cell 
lines. In the present study, we 
investigated the possible roles 
of NO and ONOO- on the prolif-
eration of the colorectal can-
cer cell line Caco-2 using NOR5 
and SIN-1 as NO and ONOO- 
donors, respectively. 

The typical characteristics of 
tumor cell proliferation are un- 
controllable cell division and 
excessive cell growth. There- 
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common mechanism underlying the cytotoxic 
effects of anticancer agents. In the present 
study, the TUNEL assay, cell cycle analysis, and 
p21 protein analysis (Figures 3-5) indicated 
that NO induced S-G2/M phase arrest, but not 
apoptosis, in the Caco-2 cells. This confirms 
that NO inhibits DNA synthesis and induces a 
block at the S-G2/M boundary.

In conclusion, the present findings indicate that 
NO, rather than ONOO-, effectively suppresses 
proliferation and induces cell cycle arrest in 
Caco-2 cells. However, the detailed mecha-
nisms underlying these effects of NO are 
unclear. Therefore, further investigations are 
required to identify the cellular targets of NO 
and the precise molecular mechanisms under-
lying the effects of NO in Caco-2 cells. These 
will provide data on the potential use of NO in 
preventing and treating colorectal cancer.
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