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Abstract. Lung alveolar epithelial cells are the first barrier 
exposed to volatile anesthetics, such as sevoflurane, prior to 
reaching the targeted neuronal cells. Previously, the effects 
of volatile anesthetics on lung surfactant were studied 
primarily with physicochemical models and there has been 
little experimental data from cell cultures. Therefore it was 
investigated whether sevoflurane induces apoptosis of A549 
lung epithelial cells. A549 cells were exposed to sevoflurane 
via a calibrated vaporizer with a 2 l/min flow in a gas‑tight 
chamber at 37˚C. The concentration of sevoflurane in 
Dulbecco's modified Eagle's medium was detected with gas 
chromatography. Untreated cells and cells treated with 2 µM 
daunorubicin hydrochloride (DRB) were used as negative and 
positive controls, respectively. Apoptosis factors, including the 
level of ATP, apoptotic‑bodies by terminal deoxynucleotidyl 
transferase‑mediated dUTP nick end labeling (TUNEL) assay, 
DNA damage and the level of caspase 3/7 were analyzed. Cells 
treated with sevoflurane showed a significant reduction in 
ATP compared with untreated cells. Effects in the DRB group 
were greater than in the sevoflurane group. The difference 
of TUNEL staining between the sevoflurane and untreated 
groups was statistically significant. DNA degradation was 
observed in the sevoflurane and DRB groups, however this was 
not observed in the untreated group. The sevoflurane and DRB 
groups induced increased caspase 3/7 activation compared 
with untreated cells. These results suggest that sevoflurane 
induces apoptosis in A549 cells. In conclusion, 5% sevoflurane 

induced apoptosis of A549 lung alveolar epithelial cells, which 
resulted in decreased cell viability, increased apoptotic bodies, 
impaired DNA integrality and increased levels of caspase 3/7.

Introduction

Over the past decade, increasing evidence has indicated that 
adverse reactions are associated with volatile anesthetics (1,2). 
Xie et al observed that neurodegenerative disorders, including 
Alzheimer's and Parkinson's diseases, may be accelerated by 
volatile anesthesia following long surgery (3‑5). More recently, 
they showed that anesthesia with sevoflurane for 6 h induced 
caspase activation and apoptosis, altered amyloid precursor 
protein (APP) processing and increased amyloid‑β levels in 
the brain tissue of transgenic mice (6). Inhalation anesthetics 
also led to pronounced immunosuppression by reducing the 
activity of the natural killer cells (7,8), peripheral leukocytes 
and T lymphocytes (9). Matsuoka et al (10) observed that sevo-
flurane and isoflurane induced apoptosis in human peripheral 
lymphocytes in a dose‑ and time‑dependent manner and that 
apoptosis was strictly associated with overproduction of reac-
tive oxygen species (ROS) mediated by mitochondria (10,11).

Over the past few years, the majority of studies have been 
focused on the exact mechanism of action of volatile anesthetics 
using physicochemical models; however, precise information 
of the effects on cell culture model systems in vitro remains 
unclear, particularly the potent negative effect on lung alveolar 
cells. During inhalation of anesthesia, lung epithelial cells are 
the first barrier directly exposed to volatile anesthetics prior to 
reaching the target neuronal cells. Type II pneumocytes are the 
primary producers of pulmonary surfactant, a liquid film that 
consists of ~90% liquid and ~10% proteins (12). An important 
function of type II pneumocytes is that they are the alveolar 
progenitor cells responsible for normal tissue turnover and 
restoration of alveoli following lung injury (13,14). The A549 
human lung carcinoma cell line, which is sensitive to harmful 
agents, is widely accepted as a model for in vitro investigations 
of type II alveolar pneumocytes (15).

There are well‑documented examples that indicate that halo-
thane reduces the production of phophatidylcholine, which is the 
major surfactant component of A549 pulmonary cells, following 
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treatment with 1.5‑3 mM concentrations in vitro (16,17). Studies 
also observed that halothane decreased lung cell viability, 
impaired DNA integrality and provoked stress‑induced apop-
tosis by reduction of Bcl‑2 expression of the mitochondrial 
apoptotic pathway (18). However, the effect of sevoflurane, halo-
thane's parent molecule on the action the lung‑type 2 alveolar 
pneumocytes is obscure and not yet completely clear. Numerous 
pathophysiological mechanisms have been implicated in the 
development of cell damage; however, the exact cascade leading 
to sevoflurane‑mediated development is unclear.

Sevoflurane, the most popular anesthetic used daily, 
as with halothane, was hypothesized to induce A549 lung 
alveolar cell apoptosis in vitro. Apoptosis is the predominant 
mechanism regulating immunological homeostasis and the 
termination of surgical injury‑induced inflammation on lung 
epithelial cells (19,20). However, to avoid these side effects and 
evaluate cellular injury, identification of the various apoptotic 
changes in sevoflurane‑treated lung cells is required. Thus, 
the current study aimed to evaluate the apoptotic changes on 
sevoflurane‑treated A549 human lung alveolar cells and to 
assess the effects of 1 mM sevoflurane on apoptotic‑bodies, 
DNA damage and caspase 3/7, the most important indicators 
of apoptosis.

Materials and methods

Cell culture. All experiments were performed with A549 cells, 
a lung‑derived human carcinoma cell line (no. CCL‑185), 
obtained from our laboratory, maintaining the morphological 
and biochemical characteristics of type II pneumocytes (21). 
The cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM; HyClone Laboratories Inc., South Logan, UT, 
USA), supplemented with 10% fetal bovine serum (HyClone 
Laboratories Inc.), 2 mM glutamine, 100 U penicillin and 
100 µg/ml streptomycin (all Gibco Invitrogen Canada Inc., 
Burlington, ON, Canada). The cultures were equilibrated 
with humidified 5.0% (v/v) CO2 in air at 37˚C in a Series Ⅱ 
Water CO2 Jacketed Incubator (Thermo Fisher Scientific Inc., 
Marietta, OH, USA).

Exposure to sevoflurane. A549 cells were exposed to 5% (v/v) 
sevoflurane (Sevoflurane®; Maruishi Pharmaceutical Co., Ltd., 
Osaka, Japan) by calibrated vaporizers (Datex‑Ohmeda Inc., 
Madison, WI, USA) with a 2 l/min flow of 95% air and 5% 
CO2 using an anesthesia machine (Excel 210SE; Ohmeda 
Inc., Madison, WI, USA) for 2 h in a gas tight glass chamber, 
which was maintained at 37˚C by electric‑heated thermostatic 
water bath (ZHWY-110X30; Zhicheng Inc., Shanghai, China). 
Humidification was achieved with water evaporation inside 
the chamber. The sevoflurane concentration was a constant 
5.0% (v/v), which was detected with an infrared anesthetic 
gas module (M1026B; Philips Inc., Berlin, Germany). 
Simultaneously, a 60‑mm culture dish containing 5 ml medium 
was used to measure the fluid concentrations of sevoflurane 
dissolved in the cell culture medium by gas chromatography 
(Agilent 4890D; Agilent Technologies Inc., Palo Alto, CA, 
USA) in the chamber of every experiment. The coefficient of 
sevoflurane in DMEM‑gas was observed at 0.38±0.08 by gas 
chromatography. The concentration of sevoflurane in DMEM 
was 1.0±0.1 mM, which was higher than those attained in the 

plasma of patients during administration of sevoflurane for 
general anesthesis. An untreated control group was obtained 
in a standard 95% air, 5% CO2 incubator without anesthetic 
exposure. A positive control group was treated with 2 µM 
daunorubicin hydrochloride (DRB; Sigma‑Aldrich, St. Louis, 
MO, USA). Following treatment under the respective condi-
tions at 37˚C for 2 h, cells were washed three times with 
phosphate‑buffered saline and used in a number of experi-
ments 24 h later.

Cell viability by adenosine triphoshpate (ATP) assay. The 
cells were seeded into a 96‑microwell plate at a density 
of 1x104  cells/well. The activity of ATP was detected by 
Wallac Victor  2 1420 Multilabel Counter with Enliten® 
rLuciferase/Luciferin reagent kit (cat. no. FF2021; Promega 
Corporation, Madison, WI, USA). Wearing new, disposable 
gloves when preparing samples and performing the ATP assay 
was required. Untreated, DRB‑ and sevoflurane‑treated cells 
were added, assuming 0.1 ml reagent/well, mixed gently to 
avoid generating aerosols that may contaminate assay reagents 
and incubated at room temperature for 30 min. When ATP was 
the limiting component in the luciferase reaction, the intensity 
of the emitted light was proportional to the concentration of 
ATP and the number of viable cells was assessed based on the 
quantity of ATP available.

Terminal deoxynucleotidyl transferase‑mediated dUTP nick 
end labeling (TUNEL) staining. The histochemical TUNEL 
kit (cat. no.  1168409910; Roche Diagnostics, Mannheim, 
Germany) was used to detect apoptotic‑bodies on A549 cells. 
The cells (1x105  cells/ml) were cultured on sterile cover-
slips on 35‑mm dish (Corning Inc., New York, NY, USA) 
overnight. Following treatment, cells were fixed with 4% 
paraformaldehyde and TUNEL was performed according to 
the manufacturer's instructions. TUNEL‑positive cells were 
defined using a microscope (DP70; Olympus Corporation, 
Tokyo, Japan), which was equipped with a digital camera 
(BX51; Olympus Corporation). There were different numbers 
of dead cells that detached from the cover between the 
untreated, DRB and sevoflurane groups. In addition to cell 
counts, cell morphology was also examined. Cells with 
nuclear abnormalities, including chromatin compaction and 
clustering, fragmented nuclei, bi‑ and tri‑nucleated cells that 
represent an apoptosis‑like or necrotic‑like cell, were counted. 
Data were received for the number of surviving cells due to the 
effect of sevoflurane, DRB and untreated control with CAST 
software (Revision 0.9.5; Olympus Danmark A/S, Ballerup, 
Denmark). The ratios of positively stained cells to total cells 
were calculated. Ten sites were selected at random for each 
slide for image analysis (Image‑Pro Plus version 4.5.0.19; 
Media Cybernetics, Carlsbad, CA, USA). All examinations 
were performed by blinded observers. Furthermore, the 
values were obtained from three repeated experiments and 
ten images per experiment and the averages are presented as 
mean ± standard deviation.

DNA isolation and electrophoresis. The cells were seeded into 
60‑mm2 corning culture dishes at a density of 1x106 cells/dish. 
Following treatment, cells were collected and DNA isolation 
was performed using the cells/tissue genomic DNA extraction 
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kit (cat. no. GK0121; Generay Biotech Co., Ltd., Shanghai, 
China), according to the manufacturer's instructions. 
DNA integrality in cells was analyzed by 0.8% agarose gel 
(Sigma‑Aldrich) electrophoresis for 1 h at 80 V. Visualization 
of DNA was analyzed by ethidium bromide fluorescence using 
UVP EC3 Imaging system (UVP Inc., Upland, CA, USA) with 
VisionWorks®Ls Image Acquisition and Analysis software 
(version 5.5.3; UVP Inc., Upland, CA, USA).

Analysis of caspases 3/7 activity. The cells were cultured in a 
96‑microwell plate at a density of 1x104 cells/well overnight. 
The groups of cells were then exposed to each pre‑set condi-
tion and the activity of caspase 3/7 was detected by Wallac 
Victor 2 1420 Multilabel Counter (PerkinElmer Inc., Wellesley, 
MA, USA) with caspase‑Glo® 3/7 assay kit (cat. no. G8090; 
Promega Corporation) according to the manufacturer's 
instructions. Following treatment, 100 µl caspase 3/7 substrate 
was added to the cell suspension in each well. Following 
immediately mixing, the plate was incubated at room tempera-
ture for 30 min. A ‘no‑cell’ control, in addition to an untreated 
control to account for the signal generated from serum alone, 
was performed. The ‘no‑cell’ control signal was subtracted 
from signals produced by the treated and untreated cells. The 
luminescent signal was recorded, which was proportional to 
the amount of caspase 3/7 activity present.

Statistical analysis. Each experiment was performed three 
times. Data are presented as the mean  ±  standard devia-
tion and analyzed using a one‑way analysis of variance and 
Student‑Newman‑Keuls (SNK) test (non‑parametric) for 
multiple comparisons. P<0.05 was considered to indicate a 
statistically significant difference. All statistical analyses were 
performed by the software SPSS 15.0 for windows (SPSS, Inc., 
Chicago, IL, USA).

Results

Sevoflurane decreases cell viability as shown by an ATP 
assay. Apoptosis is a genetically determined active form of 
cell death that is essential under physiological and patho-
logical conditions throughout the embryonic development 
and later life of multicellular organisms (22). Since ATP is an 
indicator of metabolically active cells, the number of viable 
cells may be assessed based on the quantity of ATP available. 
The ATP assay showed improved reproducibility and sensi-
tivity compared with the MTT assay and is particularly useful 
for the measurement of viability with low cell numbers (23). 
Cells treated with sevoflurane showed a significant reduction 
in ATP (reduction, ~51.3%) compared with untreated cells 
(P<0.001, SNK). The reduction by the DRB group was more 
evident (reduction, ~72%) compared with the untreated group 
(P<0.001, SNK). These results were consistent with TUNEL 
staining of the remaining cell number which showed that 
A549 cells exposed to sevoflurane underwent programmed 
cell death (Fig. 1).

Sevoflurane inducing apoptotic body formation shown by 
TUNEL staining. According to the images, obtained by light 
microscopy with a digital camera, of the three groups, sevo-
flurane induced morphological changes in A549 cells; the 

cells became more rounded and detached from the dish. The 
number of detached cells in the sevoflurane group was greater 
compared with the untreated group, but less than the DRB 
group (data not shown).

The quantitative analysis of the effect of sevoflurane on 
A549 cells was evaluated by TUNEL staining. In apoptosis, 
cells became spherical, ballooned and dispersed into smaller 
groups and apoptotic‑bodies were observed. In the three groups 
the proportion of cells with apoptotic‑bodies were: Untreated, 
2.00±0.08%; sevoflurane, 18.0±0.1% and DRB, 43.0±0.2%. 
The difference between the sevoflurane and untreated groups 
was considered statistically significant (P=0.001, SNK) and the 
DRB group to untreated group was also statistically significant 
(P<0.001, SNK; Fig. 2).

Sevoflurane increasing DNA damage observed by elec‑
trophoresis of DNA. The DNA was digested by specific 
endonucleases into fragments and ultimately packed into 
vesicles. DNA integrity in cells exposed to sevoflurane and 
controls was analyzed by 0.8% agarose gel electrophoresis. 
Electrophoresis of DNA isolated from A549 cells following 
exposure to sevoflurane and control is shown in Fig. 3. A DNA 
fragment was observed with sevoflurane and DRB group, but 
not with untreated group.

Sevoflurane provoking caspase 3/7. A specific class of cysteine 
proteases, termed caspases, are activated in an amplifying 
proteolytic cascade, including caspase 3/7, which exhibits an 
important role in cell apoptosis (24). As shown in Fig. 4, the 
activity of caspase 3/7 on A549 cells of three groupswas as 
follows: Sevoflurane, 24055.4±6435.1; DRB, 46624.3±5663.5 
and untreated, 6423.6±3194.7. Cells treated with sevoflu-
rane exhibited significantly increased levels of caspases 3/7 
(~2.74 times growth) as compared with the untreated cells 
(P<0.001, SNK). The DRB‑group exhibited a ~6.25  times 
increase compared with the untreated group (P<0.001, SNK). 

Figure 1. Sevoflurane reduces the intracellular level of ATP in A549 cells. 
The intracellular level of ATP in A549 cells of three groups: Untreated, 
28914.1±3587.9; sevoflurane, 14074.1±3116.8 and DRB, 8083.8±1833.2. 
DRB and sevoflurane reduced ATP compared with the untreated group. 
The difference between the sevoflurane‑treated and untreated groups was 
statistically significant (P<0.001, SNK) and the difference between the DRB 
and untreated groups was statistically significant (P<0.001, SNK). The data 
obtained from three experiments for each sample are presented. Data are 
shown as the mean ± standard deviation. *P<0.05, vs. the untreated group. 
ATP, adenosine triphosphate; DRB, daunorubicin hydrochloride; SNK, 
Student‑Newman‑Keuls.



WEI et al:  SEVOFLURANE INDUCES APOPTOSIS IN A549 CELLS200

These data indicate that the activation of caspases  3/7 is 
involved in sevoflurane‑induced cellular injury (Fig. 4).

Discussion

In this study, 5% sevoflurane was observed to induce cellular 
damage and apoptosis of A549 lung alveolar epithelial cells by 
decreasing cell viability, increasing apoptotic bodies, impairing 
DNA integrity and provoking caspase 3/7. Sevoflurane, with its 
low pungency, non‑irritating odor and low blood/gas partition 
coefficient, is a potent novel inhalation anesthetic agent widely 
used for general anesthesia (25). Although increasing evidence 
of the noxious effects of volatile anesthetics has attracted 
attention, particularly for their potential toxic effects following 
long surgery (25), the potential significant lung epithelial cell 

damage resulting from sevoflurane treatment has not been fully 
understood. This area of research may contribute to elucidating 
the role of stress‑induced apoptosis in lung diseases following 
long surgery using volatile anesthetics, including sevoflurane 
and thus, may be of value in clinical practice.

Previous evidence with regard to apoptotic effects of 
volatile anesthetics has been conflicting. This may result from 
differences in study designs, as well as the inherent limitations 
of in vitro models (9,10,26,27). The difficulties of the various 
experimental approaches in the literature are associated with 
the handling of the concentration of volatile agents in vitro. 
However, after 20 years, significant progress has been made 
by a number of researchers. Muckter et al (28) reported an 
apparatus for the exposure of cultured A549 cells to volatile 
anesthetics in 1998. Matsuoka et al (10) controlled the concen-
tration with the container equipped with two sealing cocks in 
normal peripheral lymphocytes in vitro in 2001.

In the present study the concentration was monitored in 
two parallel methods of each test. It is principally feasible to 

Figure 3. Electrophoresis of DNA from A549 cells following exposure to 
sevoflurane and control cells. DNA integrality was analyzed by 0.8% aga-
rose gel electrophoresis. DNA degradation was observed in sevoflurane‑ and 
DRB‑treated cells, but not in the untreated cells. The data obtained from three 
experiments for each sample are presented. DRB, daunorubicin hydrochloride.

Figure 2. Light microscopy images of A549 cells. (A) Negative control untreated cells. (B) A549 cells following exposure to 1 mM sevoflurane for 2 h. 
(C) A549 cells following treatment with DRB for 2 h. Cells were considered TUNEL-positive when stained nuclei (brown) were present after staining by 
diaminobenzidine (DAB). White arrows indicate brown nuclei‑positive cells (magnification, x40; scale bar, 50 µm). Cells of the sevoflurane and DRB groups 
became spherical, swollen and dispersed into smaller groups and more apoptotic‑bodies were observed. The values were obtained from three repeated experi-
ments and ten images per experiment and the averages are presented as the mean ± standard deviation. DRB, daunorubicin hydrochloride.

Figure 4. Effect of sevoflurane on intracellular caspase 3/7 activities on A549 
cells. A549 cells were incubated in 95% air and 5% CO2 for 2 h with 5% 
sevoflurane. Following treatment, 100 µl caspase 3/7 substrate was added to 
the cell suspension. Data represent the intracellular caspase 3/7 activity in the 
A549 cells. DRB and sevoflurane induced caspase 3/7 activation compared 
with untreated group. The difference between sevoflurane group and the 
untreated group was statistically significant (P<0.001, SNK) and between the 
DRP group and the untreated group was statistically significant (P<0.001, 
SNK). The data shown was representative of three independent experiments. 
Data are shown as the mean ± standard deviation. *P<0.05, vs. the untreated 
group. DRB, daunorubicin hydrochloride; SNK, Student‑Newman‑Keuls.
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test the concentration of effluent gas with infrared spectros-
copy and fluid with gas chromatography. The methods ensure 
not only the concentration of sevoflurane in the air of the 
tight chamber, but also the liquids that the cells survive in. 
The data showed that the DMEM medium‑gas partition coef-
ficient of sevoflurane determined in this study was 0.38±0.08, 
which was similar with the reports that the coefficient in cells 
cultured just like the DMEM was 0.36 (10). Therefore, the 
concentrations of 1.0±0.1 mM were calculated to be equivalent 
to 5% sevoflurane in the gas phase of the DMEM‑gas system. 
Stephanova et al (18) observed that A549 cells treated with 
halothane at 1.5‑3 mM in vitro induced morphological aler-
erations, as well as DNA damage. The authors also reported 
that an irreversible impairment of the cell genome is initiated 
at a concentration as low as 1.5 mM, defining the threshold 
for cell survival (16‑18). In the current study, the concentra-
tion of 1.0±0.1 mM of sevoflurane on A549 cells <1.5 mM of 
halothane induced apoptosis‑like changes by decreasing cell 
viability, increasing the number of apoptotic bodies, impairing 
DNA integrity and provoking caspase 3/7. Further study at a 
lower concentration is required.

In the dead cells, the ATP level was markedly decreased, 
thus, the ATP levels better reflected the cell viability. The ATP 
assay is a popular assay and is used to evaluate pharmacolog-
ical toxicity sensitively and accurately (29). The data indicated 
that the level of ATP in A549 cells exposed to sevoflurane had 
decreased compared with the untreated group. This indicated 
that cell viability of human A549 cells reduced to ~52% 
following 2‑h exposure to 5% sevoflurane. The DRB group 
that was used to treat lung cancer reduced to ~72% of A549 
cell death. Bakand et al (24) observed that cell viability was 
reduced in a concentration dependent manner following expo-
sure of human A549 cells to NH3 with ATP assay. However, 
it remains unkown whether sevoflurane also promotes A549 
cell apoptosis in a concentration‑dependent manner and the 
mechanism of apoptosis on A549 cells induced by sevoflurane 
is unknown.

The number of remaining cells treated with sevoflurane 
was reduced compared with the untreated group but not all 
cells swelled and detached from the subculture. Apoptotic 
bodies may be observed by a TUNEL assay via a light 
microscope. These results were consistent with the ATP assay 
results that showed that A549 cells exposed to sevoflurane 
underwent programmed cell death. Information of the noxious 
effects of volatile anesthetics and the apoptosis of peripheral 
polymorphonuclear neutrophils (26), T lymphocytes, natural 
killer cells, colon carcinoma and larynx carcinoma (HEP‑2) 
have been previously reported (10,30,31). Apoptotic events 
in type II pneumocytes are usually accompanied with severe 
pulmonary complications. Clinical studies have provided data 
that apoptotic cells are observed in humans during the resolu-
tion phase following acute lung injury (32). Thus, clarifying 
the mechanism that induced cell death may contribute to the 
understanding of chronic or temporary disorders following 
inhalation anesthesia  (14). However, investigations in vivo 
are usually more complex and clinical experiments or animal 
experiments of the adverse effects of volatile anesthetics are 
required in the future.

Studies have highlighted the cyto‑ and genotoxic effect of 
anesthetics in a series of model systems in vitro (16,33‑43). 

As apoptotic morphology was observed, the fragmentation of 
genomic DNA that usually represented a critical event in cell 
cycle and may lead to cell death was investigated. The current 
data showed DNA fragmentation in A549 cells treated with 
sevoflurane, even at a concentration of 1.0±0.1 mM, without 
a ladder pattern of fragments. These data were in agreement 
with the in vitro genotoxic effect of inhalation anesthetics 
on human lymphocytes  (43). Hacker  et al  (41) observed a 
phenomenon associated with DNA cleavage and degradation 
of nuclear lamina by caspase 3 during apoptosis. The results 
aided in the explanation that sevoflurance‑induced apoptosis 
in cells by DNA degradation may lead to caspase‑dependent 
signaling events; however, the potential genotoxic mechanism 
remains unclear.

The caspase family of cysteine proteases is the central 
mediator of the proteolytic cascade leading to cell death and 
elimination of compromised cells (33,34). Caspase 3 is key 
in apoptosis. A previous study demonstrated that caspase 3/7 
activation is an important step in glutathione depletion‑induced 
apoptosis in resting and inflammatory neutrophils (10). The 
current data showed that the percentage of caspase 3/7 activity 
of A549 increased following exposure to sevoflurane. This 
result suggested that caspase  3/7 may be involved in the 
apoptosis of A549 following exposure to sevoflurane for 2 h, 
however, further investigations are required to determine the 
precise pathway. Furthermore, a previous study observed that 
sevoflurane may induce caspase 3/7 activation and increase 
amyloid‑β levels in H4‑APP cells and key changes associated 
with Alzheimer's disease neuropathogenesis (36). Therefore, 
sevoflurane‑induced caspase 3 activation indicated that induced 
alterations in apoptosis processing were, at least partially, 
dependent upon caspase activation. Roesslein  et  al  (27) 
observed that 8% sevoflurane (1,170 µmol/l) is a specific 
activator of the apoptotic signal p38 MAP kinase cascade 
by incubating Jurkat T cells with 8% sevoflurane for 24‑h 
treatment. That signal appears to act as a proapoptotic inter-
mediate and multifunctional stress‑sensing kinase through 
mitochondrial‑dependent caspase activation and is required 
for apoptosis induced by oxidative stress, tumor necrosis 
factor and endoplasmic reticulum stress (44‑46). Thus, it is 
possible that sevoflurane may activate the p38 MAP kinase 
pathway of apoptosis with caspase 3/7 activation in A549 lung 
cells in vitro. A number of the results may be a consequence of 
the cancer cell character. However, it is crucial to perform the 
same experiments in primary rats or mice cultures of this cell 
type to verify the current findings. In the future, studies of the 
mechanism of p38 MAPK caspase apoptosis in lung alveolar 
cells lower concentrations of sevoflurane in vivo are required.

No data are available concerning the mechanism of apop-
tosis in sevoflurane lung cytotoxicity. A number of experimental 
data have revealed sevoflurane's parent molecule, halothane, 
increased the cytosolic concentration of Ca2+, where calcium 
acts as an essential signal by releasing cytochrome c and other 
factors, provoking apoptosis of cells (47,48). Significant distur-
bances in the function and conformation of the Ca2+‑ATPase 
were also reported for volatile anesthetics applied at clinically 
relevant concentrations (49). However, it is difficult to assess 
in vivo whether sevoflurane or surgical stress are the primary 
cause of the lung tissue damage and cell apoptosis. Experimental 
support for this hypothesis is required.
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In conclusion, the results of the present study suggest that 
1 mM sevoflurane exerts an apoptotic effect on the A549 lung 
alveolar epithelial cells in vitro by decreasing cell viability, 
increasing apoptotic body formatiom, impairing DNA integ-
rity and activating caspase 3/7. The exact mechanism of the 
effect of sevoflurane on alveolar cells is not well understood 
and further studies are required to specify the signaling path-
ways involved. The current findings may ultimately contribute 
to recognizing the role of lung injury in diseases following 
a long surgery under sevoflurane anesthesia, which is likely 
to facilitate the design of safe anesthetics and improved 
anesthesia care for patients. Taking into consideration that 
sevoflurane may modulate respiratory function, its use in 
susceptible patients should be avoided.
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