
Korean J Anesthesiol 2010 Jan; 58(1): 61-69 
DOI: 10.4097/kjae.2010.58.1.61 

Experimental Research Article

Copyright ⓒ Korean Society of Anesthesiologists, 2010 www.ekja.org

Background:  Nitrous oxide concentration is easily controlled by respiratory ventilation.  It suppresses bone 
marrow via the inhibition of thymidylate synthesis.  The aim of this work was to determine the optimal pressure 
and exposure duration of nitrous oxide, as well as methotrexate concentration that maximizes the suppression of 
4 cancer cells: CCRF-CEM, K562, A549 and MDA-MB-231.   Methods:  Each cancer cell was cultured in a hyperbaric 
chamber at 1, 2 and 3 atmosphere of 74% nitrous oxide for 24, 48, and 72 hours at 0, 0.3, 0.7, 1, 2, 5 and 10 µM 
methotrexate (MTX), respectively.  The results were expressed in the ratio of the number of cancer cells cultured 
under specifi c conditions (S cells) to that under normal conditions (N cells).   Results: The S/N ratio of CCRF-CEM 
cells was 87.4% in 24-hour culture, 95.0% in 48-hour culture and 115.9% in 72-hour culture (P < 0.05).  The S/N ratio 
of K562 cells was 103.6% at 1 atm, 102.4% at 2 atm and 115.6% at 3 atm (P < 0.05). The S/N ratio of A549 cells was 
94.3% at 1 atm, 94.1% at 2 atm, 99.3% at 3 atm, 96.2% in 24-hour culture, 99.2% in 48-hour culture and 99.3% in 
72-hour culture (P > 0.05).  However, the S/N ratio of MDA-MB 231 cells was 66.9% in 24-hour culture, 83.1% in 48 
hour culture and 87.8% in 72-hour culture (P < 0.05).  Conclusions:  Only the growth of the MDA-MB-231 cells was 
signifi cantly reduced after a longer exposure time to nitrous oxide, but those of the other cells were not.  (Korean J 
Anesthesiol 2010; 58: 61~69)
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Introduction

  Treatment of malignant tumors, which are difficult to ma-
nage and lead to death, still remains as a main issue in 
modern medicine. The morphology of malignant tumors 
is non-specific and has different characteristics according 

to the occurrence site and surrounding conditions. For this 
reason, their treatment methods are non-specific, and thus 
various approaches have been attempted to date. Surgical 
resection, chemotherapy and radiotherapy are currently 
the representative treatment modalities with different 
treatment outcomes [1]. The main issue concerning the 
treatment of malignant tumors is to develop new antitumor 
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agents that have reasonable prices and excellent efficacy 
with controllability, among which nitrous oxide has been 
extensively studied.
  Nitrous oxide, a widely used anesthetic, allows for rapid in-
duction and arousal and has an analgesic eff ect. There have 
been numerous studies on the depth of anesthesia and 
toxicity to the body organs by this agent [2-6]. However, 
several side effects were reported when nitrous oxide 
was used in combination with inhalation anesthetics: 
impairment of hematopoiesis after ≥6 hours of anesthesia, 
megaloblastic pancytopenia after ≥24 hours of anesthesia 
and neurodegeneration and myelinopathy after long-term 
use [7]. It has been demonstrated that such side effects are 
attributed to the inhibition of DNA synthesis that results from 
the inactivation of methionine synthase by nitrous oxide [8, 
9]. In addition, it has been suggested that hyperbaric nitrous 
oxide and methotrexate suppress the growth of leukemic 
cells [10]. Based on these results, we hypothesized that a large 
amount of nitrous oxide could suppress cell growth.
  In this study, we used the following 4 kinds of cancer cells: 
adhesion cells from the hematologic malignant cell line, 
suspension cells from the hematologic cell line, adhesion 
cells from the solid cancer cell line and suspension cells 
from the solid cancer cell line. These cells were cultured with 
hyperbaric nitrous oxide to determine whether they could 
suppress cell growth, and they were also cultured with both 
hyperbaric nitrous oxide and methotrexate (MTX) to evaluate 
the growth rate of cancer cells at diff erent pressures.

Materials and Methods

Materials
 
  Among the commercially available cell lines, 2 adhesion cells 
(CCRF-CEM and K562) and 2 suspension cells (MAD-MB-231 
and A549) were thawed (Table 1). After 1 of the 4 kinds of cells 
was selected using a random number table, it was cultured 
in RPMI medium containing penicillin-streptomycin and 10% 
fetal bovine serum (Dulbecco modified eagle medium for 
MDA-MB-231) in an CO2 incubator at 37

oC for 24 hours.

Methods

  Culture of cancer cells: For CCRF-CEM and K562 (suspension 
cells), the mixture was centrifuged 1,000 rpm at 20‒25oC for 
3 minutes. After the medium was discarded, the remaining 
cells were mixed with fresh medium and placed on two 96-
well plates at 2ⅹ105 cells/ml. For MDA-MB-231 and A549 
(adhesion cells), after the medium in a T75 fl ask was sucked 
out, the fl ask was washed twice. After the addition of 1 ml of 
trypsin-EDTA, the cells were incubated at 37oC for 3 minutes. 
The cells were detached from the wall by gentle tapping, 
which was confirmed using a microscope. After 10 ml of 
medium were added, it was centrifuged at 1,000 rpm for 3 
minutes. After the medium was discarded and replaced with 
a fresh one, the cells were placed on two 96-well plates at 2
ⅹ105 cells/ml. One plate was placed in an incubator under 
normal conditions containing 5% CO2, and the other was 
placed in an incubator under specifi c conditions at diff erent 
durations of time (24, 48 and 72 hours), one pressure setting (1 
atm) and diff erent concentrations of MTX (0, 0.3, 0.5, 0.7, 1, 2, 5 
and 10 µM). Under specifi c conditions, the cells were cultured 
with nitrous oxide in an atmosphere of 5% CO2‒21% O2 at 1, 
2 and 3 atm for 24, 48 and 72 hours. Then, the cell wells taken 
out of the incubators were mixed with 100µl of methyl thiazol 
tetrazolium solution and cultured at 37oC for 4 hours. After the 
medium was discarded, 100 µl of dimethyl sulphoxide were 
added to the cell wells by pipeting, mixed well and allowed to 
be left for 5 minutes. Optical density was measured at 540 nm 
using an enzyme-linked immunoassay (ELISA). The numbers 
of cells cultured under normal conditions (N cells) and under 
specific conditions (S cells) were measured using an ELISA, 
and the ratio of S cells to N cells (S/N ratio) was calculated 
to assess the degree of growth suppression of the cancer 
cells. For all cell groups, the experiments were repeatedly 
conducted 5 times under the same conditions, and the mean 
values were obtained. 

  Statistical analysis

  The data are expressed as the S/N ratio at the aforemen-

Table 1.  Characteristics of Each Cancer Cell Line 
 CCRF-CEM K562 A549 MDA-MB

Tissue T lymphoblast Pleural eff usion Explanted lung Breast 

Species Human Human Human Human

Female, 4 yr old Female, 53-yr old Male, 58-yr old Female

Growth morphology Suspension Suspension Adhesion Adhesion

Pathology Leukemia, Acute lymphoblastic Leukemia, Chronic myelogenous Lung carcinoma Breast

Remark  In terminal blast crisis
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tioned diff erent conditions. In other words, the denominator 
represents the number of cells cultured under normal 
conditions, and the nominator represents the number of 
cells obtained after these cultured cells were placed on a 
96-well plate at 2ⅹ105/ml and then cultured under specifi c 
conditions. 
  At a certain condition, the rate of cell growth was calculated 
using the following 
  equation: 

the rate of cell growth = S/N ⅹ100
where 
  S = the number of cells cultured under specifi c conditions 
and 
   N = the number of cells cultured under normal conditions 
  Statistical analyses were performed using dispersion analysis. 
A P value of < 0.05 was considered statistically signifi cant.

Results

  Fig. 1‒4 depict the culture results of cancer cells in the 
presence of nitrous oxide at different pressure values, 
exposure times and concentrations of MTX. In CCRF-CEM 
suspension cells, the S/N ratio was the lowest (60.6%) when 
they were cultured at 2 atm for 24 hours with 10 µM MTX (Fig. 
1). The diff erence in the S/N ratio was statistically signifi cant 
between cells at 1 and 2 atm than those at 2 and 3 atm (P 
< 0.05), but there was no significant correlation between 
pressure and the mean S/N ratio. The S/N ratio was 87.4% 
at an exposure time of 24 hours, 95.0% at an exposure of 48 
hours and 115.9% at an exposure time of 72 hours, which 
implied that the mean S/N ratio became higer with increasing 
exposure time. The mean S/N ratio was the lowest (78.6%) 
without the administration of MTX, and it increased with the 

Fig. 1. The growth rate of CCRF-CEM cells at 1, 2 and 3 atm for 24, 48 and 72 hours of 
exposure nitrous oxide with administration of 0, 0.3, 0.7, 1, 2, 5 and 10 µM methotrexate. 
Data are expressed as the mean of the growth rate. A longer exposure time of nitrous 
oxide with the administration of methotrexate promoted the growth rate. Data are 
expressed as the mean of the S/N ratio. S = the number of cells cultured under normal 
conditions, N = the number of cells cultured under specifi c conditions. *The S/N ratio was 
the lowest (60.6%) when they were cultured in the presence of nitrous oxide at 2 atm for 
24 hours with 10 µM MTX.
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administration of MTX (P < 0.05). 
  In K562 suspension cells, the S/N ratio was the lowest (85.3%) 
when they were cultured in the presence of nitrous oxide at 
2 atm for 72 hours with 0.3 µM MTX (Fig. 2). The mean S/N 
ratio was 103.6% at 1 atm, 102.4% at 2 atm and 115.6% at 3 
atm, which implied that the S/N ratio became higher as the 
pressure increased (P < 0.05). The S/N ratio was 105% at an 
exposure time of 24 hours, 111.9% at an exposure time of 48 
hours and 104.2% at an exposure time of 72 hours, but the 
differences were not statistically significant. There was no 
significant difference in the S/N ratio between the different 
concentrations of MTX, either (P > 0.05).
  In A549 adhesion cells, the S/N ratio was the lowest (74.5%) 
when they were cultured in the presence of nitrous oxide 
at 2 atm for 24 hours (Fig. 3). The S/N ratio was 94.3% at 1 
atm, 94.1% at 2 atm and 99.3% at 3 atm, but the diff erences 
were not statistically significant. The S/N ratio was 96.2% at 
an exposure time of 24 hours, 99.2% at an exposure time 

of 48 hours and 92.3% at an exposure time of 72 hours, but 
the differences were not statistically significant. There was 
no significant difference in the S/N ratio between different 
concentrations of MTX, either (P > 0.05).
  In MDA-MB-231 adhesion cells, the S/N ratio was the lowest 
(50.6%) when they were cultured in the presence of nitrous 
oxide at 1 atm for 48 hours with the administration of 0.3 µM 
MTX (Fig. 4). The mean S/N ratio was 66.9% at 1 atm, 83.1% at 
2 atm and 87.8% at 3 atm, which implied that the mean S/N 
ratio signifi cantly became higher as pressure increased. The 
mean S/N ratio was 88.7% at an exposure of 24 hours, 78.1% 
at an exposure of 48 hours and 71.1% at an exposure time of 
72 hours, which implied that the mean S/N ratio signifi cantly 
became lower as the exposure time increased. However, 
there was no signifi cant diff erence in the S/N ratio between 
the diff erent concentrations of MTX.
  Table 2 shows the inhibitory eff ects of nitrous oxide on the 4 
kinds of cancer cells according to pressure and exposure time. 

Fig. 2. The growth rate of K562 cells at 1, 2 and 3 atm for 24, 48 and 72 hours of exposure 
to  nitrous oxide with administration of 0, 0.3, 0.7, 1, 2, 5 and 10 µM methotrexate. Data are 
expressed as the mean of the S/N ratio. A higher pressure of nitrous oxide promoted the 
growth rate. S = the number of cells cultured under normal conditions, N = the number of 
cells cultured under specifi c conditions. *The S/N ratio was the lowest (85.3%) when they 
were cultured in the presence of nitrous oxide at 2 atm for 72hours with 0.3 µM MTX.
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The S/N ratio of MDA-MB-231 cells decreased only at a long 
exposure time. In CCRF-CEM cells, a long time exposure to 
nitrous oxide with the administration of MTX increased the S/
N ratio, whereas in K562 and MDA-MB-231 cells, the pressure 
of nitrous oxide increased the S/N ratio. In contrast, without 
the administration of MTX, the S/N ratio decreased only in 
MDA-MB-231 cells when the cancer cells were exposed to 
nitrous oxide for a longer time, whereas it increased when 
the cancer cells were exposed to nitrous oxide at higher 
pressures. Overall, the S/N ratio was the lowest (50.6%) when 
the cancer cells were exposed to nitrous oxide at 1 atm for 
48 hours with the administration of 0.3 um MTX. The S/N 
ratio ranged between 100.2% and 115.6% in K562 cells and 
between 92.3% and 100.1% in A549 cells, both of which 
exceeded an S/N ratio of 100%. This result indicated that a 
combined administration of hyperbaric nitrous oxide and 
MTX had no significant inhibitory effect on the growth of 

cancer cells (Fig. 2 and 3). However, the inhibitory effect of 
nitrous oxide on the S/N ratio was greatest in MDA-MB-231 
cells out of the 4 aforementioned cancer cells, especially 
at 2 or 3 atm at an exposure time of 72 hours without the 
administration of MTX (Fig. 4).

Discussion

  Numerous studies have been attempted on the neuro-
toxicity of nitrous oxide [11,12] and a measure for anticancer 
therapy [10,13-15] on the basis of the fact that nitrous oxide 
impairs the synthesis of DNA. It was reported that nitrous 
oxide inhibited 50% of cell growth in leukemic cells at 1 
atm, and such effects was greater in combination with 
5-fluorouracil, a dihydrofolate reductase inhibitor [16]. Pre-
vious studies on the antileukemic effect of nitrous oxide 
have been conducted only at 1 atm or at diff erent fractions 

Fig. 3. The growth rate of A549 cells at 1, 2 and 3 atm for 24, 48 and 72 hours of exposure 
to nitrous oxide with the administration of 0, 0.3, 0.7, 1, 2, 5 and 10 µM methotrexate. Data 
are expressed as the mean of the S/N ratio. Pressure, exposure time to nitrous oxide and 
the concentrations of methotrexate did not correlate with the growth rate. S = the number 
of cells cultured under normal conditions, N = the number of cells cultured under specifi c 
conditions. *The S/N ratio was the lowest (74.5%) when they were cultured in the presence 
of nitrous oxide at 2 atm for 24 hours with 0.7 µM MTX.
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or exposure times. For instance, the antileukemic eff ect was 
investigated after nitrous oxide was administered at a fraction 
of 50% (260 mmHg) or 80% (608 mmHg) for a longer period 
of time (18 or 24 hours) which did not reach 1 MAC (798 
mmHg) [17]. In other words, this experiment was conducted 
when 25%‒30% O2 (190‒228 mmHg) was provided with the 
maximal fraction of nitrous oxide. In addition, the growth 
suppression of leukemic cells by hyperbaric nitrous oxide has 
been studied [10]. In this study, the S/N ratio was assessed 

at different exposure times to hyperbaric nitrous oxide and 
different concentrations of MTX. As a result, the growth of 
MDA-MB-231 cells tended to be suppressed when they were 
exposed to nitrous oxide for a longer period of time. However, 
they were not remarkably suppressed in the other conditions 
or even accelerated in certain conditions. Although both 
nitrous oxide and MTX impair DNA synthesis, cell growth was 
suppressed only in MDA-MB-231 cells in our study.
  Plausible reasons for this result may be explained as follows. 

Fig. 4. The growth rate of MDA-MB-231 cells at 1, 2 and 3 atm for 24, 48 and 72 hours of 
exposure to nitrous oxide with administration of 0, 0.3, 0.7, 1, 2, 5 and 10 µM me-thotrexate. 
Data are expressed as the mean of the S/N ratio. A higher pressure of nitrous oxide 
promoted the growth of MBA-MB-231 cells, but a longer exposure time suppressed it. S 
= the number of cells cultured under normal conditions, N = the number of cells cultured 
under specifi c conditions. *The S/N ratio was the lowest (50.6%) when they were cultured 
in the presence of nitrous oxide at 1 atm for 48 hours with 0.3 µM MTX.

Table 2. The Averaged Overall Growth Suppression of Each Cancer Cell Line Based on the Suppression Conditions

 CCRF-CEM K562 A549 MDA-MB-231

N2O pressure Variable* Growth increased† Variable Growth increased 

Exposure duration Growth increased Variable Variable Growth suppressed

Methotrexate Growth increased Variable Variable Variable

*No fi xed pattern of relative cell growth under this condition. †The relative cell growth rate is higher under this condition than under normal 
conditions. The absolute number of incubated cells decreased. 
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Several antitumor agents including MTX suppress cell growth 
by impairing DNA synthesis through the inactivation of folate 
metabolism. Like other antitumor agents, inactivated folate 
metabolism inhibits the growth of cancer cells as well as 
normal cells, subsequently leading to serious side eff ects. For 
this reason, numerous studies have been conducted not only 
to develop methods to maximally suppress the growth of 
cancer cells but also to simultaneously achieve the minimal 
deleterious eff ect on normal cells. Moreover, there have been 
several studies on the restriction of diet containing amino 
acids related to folate metabolism or the suppression of 
growth of cancer cells by administration of nitrous oxide [1, 
18,19]. The administration of nitrous oxide is based on the 
fact that nitrous oxide impairs DNA synthesis and suppress 
cell growth by inactivation of methionine synthase through 
the irreversible oxidation of cobalt atoms in vitamin B12 [8,9, 
20] (Fig. 5). MTX and nitrous oxide suppress cell growth in a 
similar manner. However, in our study, when these similarly 
acting drugs were simultaneously administered, synergistic 
actions were not observed. This result may be explained as 
follows. Considering the combined effects of nitrous oxide 
and MTX, MTX concentration did not have signifi cant eff ect 
on cell growth, and only the presence of MTX did. All kinds of 
cells showed similar suppression of cell growth at  ≥0.3 µM MTX. 

  Furthermore, the pressure of and exposure time to ni-
trous oxide are not related to cell growth, and only the 
administration of MTX sufficiently inactivates vitamin B12-
dependent methionine synthase. Further experiments 
should be performed at concentrations that show synergistic 
actions with nitrous oxide before the time point where the 
suppression eff ect becomes maximal using >0.3 µM MTX.
  Meanwhile, the defi nition of cell growth suppression diff ers 
among studies. In this study, the suppression of cell growth 
was defined as the ratio of growth of cells cultured under 
specific conditions to that of cells cultured under normal 
conditions. Few studies have been conducted to determine 
whether changes in pressure could infl uence cell growth in 
hyperbaric nitrous oxide with MTX. Although we expected 
that cell growth would be suppressed through the synergistic 
action by combined administration of MTX and hyperbaric 
nitrous oxide, cell growth remained unchanged or even 
accelerated. A plausible reason for this is as follows. Although 
MTX considerably influenced the growth of cells cultured 
under normal conditions, it exerted relatively little eff ect on 
cells cultured in hyperbaric nitrous oxide for a longer period 
of time. As a result, the S/N ratio decreased. Considering 
that the absolute number of cells measured under specific 
conditions with hyperbaric nitrous oxide decreased com-

Fig. 5. The dTMP synthase process for DNA synthesis and the role of methionine synthase. When nirous oxide inactivates methionine 
synthase which is composed of vitamine B12, tetrahydrofolate formation is decreased. Consequently, dTMP and DNA are inactivated. 
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pared to that measured under normal conditions, it may be 
difficult to determine the suppression or acceleration using 
the S/N ratio. However, we used this ratio because there was 
no appropriate countermeasure. A previous study similar 
to ours has proposed that when cancer cells (CCRF-CEM) 
together with lymphocytes from normal blood were placed 
under specifi c conditions with hyperbaric nitrous oxide, cell 
growth is signifi cantly suppressed by nitrous oxide at 1 atm 
for 48 hours. It was diff erent from ours in that it compared cell 
growth between cancer and normal cells. In other words, our 
study compared cell growth between cancer cells obtained 
from the same cell line. In addition, hyperbaric condition 
should not be overlooked with respect to cell growth. Based 
on the prerequisite that pressure itself does not influence 
cell growth, we hypothesized that a large amount of nitrous 
oxide could suppress cell growth. However, in this study, 
seeing that hyperbaric nitrous oxide did not considerably 
influence cell growth, a pressure of 2 or 3 atm seemed to 
influence cell growth to some extent. It was found that 
hyperbaric nitrous oxide did not considerably influence cell 
growth. This result can be explained by the assumption that 
nitrous oxide itself suppresses cell growth, while hyperbaric 
condition accelerates cell growth. This assumption is based 
on the fi nding that cell growth was suppressed more at 1 atm 
than 2 or 3 atm in the absence of MTX (Fig. 1‒4).
  In this study, despite an increase in pressure, cell growth in 
a hyperbaric condition was not significantly different from 
that under normal conditions. A possible reason for this result 
may be due to the supply of a large amount of oxygen. Partial 
pressure of oxygen was 160 mmHg at 1 atm, 320 mmHg 
at 2 atm and 480 mmHg at 3 atm. When a large number 
of oxygen is supplied, oxygen radical may be induced and 
thus suppresses cell growth. Meanwhile, cell growth can be 
accelerated due to a suffi  cient amount of oxygen, which may 
explain our result that there was no signifi cant suppression of 
cell growth despite the administration of hyperbaric nitrous 
oxide. Future work will focus on the investigation of the 
eff ect of only an increase in pressure at a constant O2 partial 
pressure on cell growth by performing experiments using 5% 
CO2‒21% O2‒74% N2O at 1 atm as well as 100% N2O at a O2 
partial pressure of 160 mmHg in order to confi rm our result.
  Taken together, in our experiments using 4 kinds of cancer 
cell lines (CCRF-CEM, K562, A549 and MDA-MB-231) by the 
administration of hyperbaric nitrous oxide for a longer period 
of time as well as MTX which inactivated methionine synthase 
in the same manner, the MDA-MB-231 cell line tended to 
suppress cell growth only when hyperbaric nitrous oxide was 
administered for a longer time. This result can be explained 
by a relatively excessive administration of MTX, establishment 
of the comparison group for the evaluation of the cell 
growth rate, the effect of pressure itself on cell growth and 
the administration of a high concentration of oxygen. The 

results of this study suggest that the administration of nitrous 
oxide for a longer period of time may suppress growth of the 
cancer cell lines, especially the MDA-MB-231 cell line.
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