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Abstract
Sulfur mustard [bis(2-chloroethyl) sulfide; SM] is a highly poisonous chemical warfare agent. The mechanism of its cyto-
toxicity affects several pathways, which cause cell damage or death. The main organ affected in case of exposure to both 
aerosol and vapor is lungs. The present study focuses on time- and concentration-dependent changes in human lung fibro-
blasts NHLF and lung epithelial cell line A-549. The cells were treated with SM at the concentrations of 5, 10 and 100 µM 
and signs of stress response were evaluated during 1–72 h post-treatment. Parameters for testing included cell viability 
and morphology, loss of transmembrane mitochondrial potential, apoptosis, oxidative stress, changes in the cell cycle, and 
ATM kinase activation. The cytotoxic effect of SM resulted in a time-dependent decrease in viability of A-459 associated 
with apoptosis more markedly than in NHLF. We did not observe any generation of reactive oxygen species by SM. SM at 
concentrations of 5 and 10 µM induced the S-phase cell cycle arrest at both cell lines. On the other hand, 100 µM caused 
nonspecific cell cycle arrest. ATM kinase was activated transiently. The results indicate that NHLF cells are less prone to 
toxic damage by SM in case of cell viability, apoptosis and loss of transmembrane mitochondrial potential. The analysis 
provides a time-related cytotoxic profile of A-549 and NHLF cells for further investigation into the prevention of SM toxic 
effects and their potential treatment.
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Introduction

Sulfur mustard [SM; bis(2-chloroethyl) sulphide] is a cyto-
toxic and cytostatic agent with a blistering effect on human 
skin. The respiratory tract is a vital target organ as well as 
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(1)	 Sulfur mustard induced the time- and concentration-dependent cytotoxic effects on both A-549 cells and lung fibroblast 
NHLF.

(2)	 Sulfur mustard at concentrations of 5 and 10 μM caused cell cycle arrest in S-phase, whereas 100 μM inhibited cell 
cycle completely.
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the route of intoxication. Inhalation exposure to SM is often 
lethal or it could become a source of chronic symptoms 
and disability in long-term survivors (Seagrave et al. 2010; 
Weinberger et al. 2011). Elucidation of the mechanism of 
SM toxicity has, therefore, been at the center of intensive 
research. Several hypotheses explaining the molecular basis 
of SM action have been postulated (Pilatte and Lison 1994; 
Tewari-Singh et al. 2010; Sawyer et al. 2010; Inturi et al. 
2011; Long et al. 2016). SM causes damage to nucleic acids, 
induces glutathione depletion, oxidative stress, lipid peroxi-
dation, and protein dysfunction. Altogether, this results in 
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the activation of various mechanisms, which subsequently 
participate in the final cytopathology (Imani et al. 2015).

To date, it is clear from recent studies that direct interac-
tion of SM with DNA bases leads to the formation of alkyl 
adducts, preferably on N7 guanine and N3 adenine, or cross-
links, the pathological couplings of two DNA bases on the 
complementary DNA strands. Genotoxic stress represents 
a critical trigger of several signaling pathways in the cell 
regulating DNA damage response, energy metabolism, cell 
cycle, or apoptosis (Long et al. 2016). There is a delay in 
the cellular response to SM exposure. Therefore, a time-
course analysis is essential for the elucidation of complex 
SM cytotoxic action.

The purpose of our study is to evaluate the time- and 
concentration-dependent changes in cellular pathophysiol-
ogy after SM exposure. We aimed to investigate selected 
processes employed on multiple levels of cellular response. 
Two human pulmonary origin cell lines, including fibro-
blasts (NHLF; normal human lung fibroblasts) and human 
lung epithelial cells A-549, were used as an in vitro experi-
mental model. The cells were treated with SM at the concen-
trations of 5, 10 and 100 µM. We investigated nine cellular 
parameters during the period of 1–72 h.

Material and methods

Cells and cell culture

NHLF were obtained from Lonza (Lonza Walkersville, Inc., 
MD, USA). A-549 cell line was purchased from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA). 
Cells were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS) 
and 1% antibiotic–antimycotic solution (all from Biosera, 
Nuaillé, France) at 37 °C in an atmosphere of 5% CO2 and 
85–90% air humidity. At approximately 80% confluence, the 
cells were routinely passaged by trypsinization. NHLF cells 
between passages 3–10 were used for experiments.

Both, NHLF and A-549 cells were tested on Mycoplasma 
sp. contamination using MycoAlert PLUS Mycoplasma 
detection kit (Lonza Walkersville, Inc.) according to the 
manufacturer’s instructions with negative results.

Chemicals and treatment

SM was obtained from Military Facility Service VOS 
072 (≥ 98% purity determined by GC–MS; Zemianske 
Kostoľany, Slovak Republic). Dimethyl sulfoxide (DMSO) 
was purchased from Sigma–Aldrich (Saint Louis, MO, 
USA). A stock solution of 400 mM SM in DMSO was 
stored at − 20 °C for up to one month. The final concen-
tration of SM in the culture medium was 5, 10 or 100 µM. 

Measurements were performed with cells exposed to SM for 
1, 4, 8, 16, 24, 36, 48, and 72 h. We utilized DMSO in the 
equivalent volume to treat negative controls. The final con-
centration of DMSO in the culture medium did not extend 
0.25% in all experiments.

Cell viability assays

Three different viability assays were used for evaluation of 
SM cytotoxicity, including 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) 
reduction assay, calcein-acetoxymethyl ester (calcein-AM, 
Sigma-Aldrich) assay, and real-time impedance-based cell 
analysis (Acea Bioscience Inc., San-Diego, USA).

MTT assay

Cells were plated into 96-well plates (TPP, Trasadingen, 
Switzerland) at a density of 4 or 8 × 103 cells per well 
according to the treatment period and incubated at 37 °C in 
a CO2 incubator overnight. At the indicated time of analysis, 
the medium was aspirated and replaced by fresh medium 
containing 1/10 (v/v) MTT stock solution (5 mg/mL) in each 
well. The plate was incubated at 37 °C in a CO2 incubator 
for 40 min. The medium was then aspirated and the purple 
formazan was dissolved in 100 µL of DMSO. The plate was 
shaken and the optical density of each well was measured 
on a Synergy two Multi-Mode Microplate Reader (BioTek 
Instruments, Inc., Winooski, VT, USA) at 570 nm. The cell 
viability was expressed as a percentage of the untreated 
control. The results were obtained from three independent 
experiments. Each measurement was performed in a repli-
cate n = 4.

Calcein‑AM assay

Cells were plated into a black-walled 96-well plate at the 
density of 4 or 8 × 103 cells per well and incubated at 37 °C 
in a CO2 incubator overnight. In the selected time intervals, 
the medium was aspirated and cells were washed by DPBS 
with calcium and magnesium (Hyclone Laboratories, Logan, 
UT, USA. DMEM without phenol red (100 µL; BioConcept, 
Allshwill, Switzerland) was added in each well containing 
5 µM calcein-AM. The plate was then incubated at 37 °C in 
a CO2 incubator for 50 min. After incubation, the calcein-
AM was aspirated and cells were lysed by 1% SDS (Sigma-
Aldrich) in distilled water. The fluorescence was measured 
on the Synergy two Multi-Mode Microplate Reader (BioTek) 
with excitation wavelength 485 nm and the emission wave-
length of 530 nm. The cell viability was expressed as a per-
centage of the untreated control. The results were obtained 
from three independent experiments. Each measurement was 
performed in a replicate n = 4.
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Real‑time cell analysis of SM toxicity

E-plates 96 (Acea Bioscience Inc., San-Diego, USA) were 
filled with 50 µL of DMEM per well to measure background 
signal. Cell suspension (140 µL; concentration 8 × 103/well) 
was then added and the E-plate 96 was left at room tempera-
ture for 20 min to attach cells homogeneously. E-plate 96 
was then returned to the CO2 incubator, connected with the 
monitoring device, and monitored overnight. The next day, 
the cells were exposed to SM and E-plate was linked back 
to the device. The electrical impedance signal expressed as 
a dimensionless normalized cell index (NCI) was automati-
cally recorded every 60 min for the next 168 h (7 days) to 
obtain time-dependent cell response curves. Each measure-
ment was carried out in a replicate n = 4.

Apoptosis

The determination of apoptotic cells was conducted by Muse 
Annexin V and Dead Cell Kit (Merck-Millipore, Darmstadt, 
Germany). The cells were plated into 6-well plates (one 
plate for each time interval) at the density of 1.5 × 105 cells 
per well, allowed to adhere at 37 °C in the CO2 incuba-
tor overnight and then treated with SM. At the indicated 
time, 100 µL of trypsinized cell suspension was mixed 
with 100 µL assay reagent. Afterwards, the samples were 
incubated for 30 min and analyzed by Muse Cell Analyser 
(Merck-Millipore) according to the manufacturer’s instruc-
tions. The results were obtained from three independent 
experiments, 5000 events per sample were analyzed.

Mitochondrial membrane potential

Changes in mitochondrial membrane potential were assayed 
using the Muse MitoPotential Kit (Merck-Millipore). The 
cells were plated into 6-well plates (one plate for each time 
interval) at the density of 1.5 × 105 cells per well, allowed 
to adhere at 37 °C in the CO2 incubator overnight and then 
treated with SM. At the indicated time, the cells were har-
vested and 100 µL of the sample was mixed with 95 µL of 
MitoPotential dye working solution and incubated at 37 °C 
for 20 min. After the addition of Muse MitoPotential 7-AAD 
dye (dead cell detection) and incubation for 5 min, changes 
were assessed using fluorescent intensities of both dyes. The 
results were obtained from three independent experiments. 
The Muse Cell Analyser analyzed 5000 events per sample.

Cellular morphology

Cells were plated into 6-well plates (1.5 × 105 cells/well) and 
allowed to adhere at 37 °C in a CO2 incubator overnight. The 
cells were treated with 100 µM SM. Microphotographs were 
taken using light invert phase-contrast microscope Nikon 

Eclipse TS100-F with a digital camera (Nikon, Tokyo, 
Japan) under 200 × magnifications.

Cell cycle analysis

Cell cycle distribution was analyzed by Muse Cell Cycle 
Kit (Merck-Millipore). Cells were plated into 6-well plates 
(one plate for each time interval) at the density of 1.5 × 105 
cells per well, allowed to adhere at 37 °C in a CO2 incuba-
tor overnight and then treated with SM. After the treatment, 
the cells were collected by trypsinization, washed in PBS, 
fixed in 70% ethanol, and stored at − 20 °C until analyses. 
Fixed cells were then washed with PBS and stained with cell 
cycle reagent (Muse Cell Cycle Reagent, Merck-Millipore) 
at room temperature in the dark for 30 min. The results were 
obtained from three independent experiments, 5000 events 
per sample were analyzed by the Muse Cell Analyser.

Measurement of intracellular reactive oxygen 
species (ROS) level

Intracellular ROS were detected by 2,7-dichlorodihydrofluo-
rescein diacetate (DCFH-DA, Cayman Chemical Company, 
Ann Arbor, MI, USA). DCFH-DA is a nonfluorescent dye. 
It can be converted to the fluorescent 2,7–dichlorofluores-
cein (DCF) by intracellularly generated ROS. For the assay, 
the cells were plated into black 96-well plates at density 4 
or 8 × 103 cells per well and incubated at 37 °C in a CO2 
incubator overnight. After the treatment with SM or tert-
butylhydroperoxide (Sigma–Aldrich) as a positive control, 
the cells were incubated with 10 µM DCFH-DA at 37 °C for 
30 min. Fluorescence intensity was measured by a Synergy 
2 Multi-Mode Microplate Reader (excitation 488 nm, emis-
sion 530 nm). The results were obtained from three inde-
pendent experiments. Each measurement was carried out in 
a replicate n = 4.

ATM activation assay

The phosphorylated form of ATM kinase was detected by 
Muse Multi-color DNA Damage Kit (Merck-Millipore). The 
cells were plated into 6-well plates (one plate for each time 
interval) at the density of 1.5 × 105 cells per well, allowed 
at 37 °C in the CO2 incubator to adhere overnight and then 
treated with SM. At the indicated time, 100 µL of trypsi-
nized cells were resuspended in a mixture of 50 µL of assay 
buffer and 50 µL fixation buffer and allowed for 10 min on 
ice. Then, the cells were permeabilized in 100 µL ice-cold 
permeabilization buffer for 10 min, resuspended in 90 µL 
assay buffer and stained with anti-phospho-ATM (Ser1981)-
PE conjugated antibodies for 30 min at room temperature 
in the dark. The excess of dye was washed out with ice-
cold assay buffer. Cells were then analyzed by Muse Cell 
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Analyzer (Merck-Millipore) according to the manufacturer’s 
instructions. The results were obtained from three independ-
ent experiments, 5,000 events per sample were analyzed.

Data analysis

Statistical analysis was performed using GraphPad Prism 
version 5.04 for Windows (GraphPad Software, San Diego, 
CA, USA) by two-way analysis of variance (ANOVA) and 
Bonferroni posthoc test to compare SM exposed groups with 
control. The level of significance was evaluated at levels 
p ≤ 0.05 (*), p ≤ 0.01 (#) and p ≤ 0.001 (&). Data in graphs 
represent a mean ± standard error of the mean (SEM). Cell 
microphotographs were not statistically evaluated.

Results

Cell viability

MTT assay

The colorimetric MTT assay was used for the detection of 
the viability of cells treated with SM at concentrations of 5, 
10 and 100 µM for 1–72 h period. The response of both lung 
fibroblasts NHLF and A-549 cells was strictly concentration-
dependent with time course progression (Fig. 1).

In NHLF, 5 µM SM induced the significant decrease 
in cell viability at 36, 48 and 72 h. At the concentration 
of 10 µM, the cell viability decreased from 24 h onwards. 
100 µM of SM caused significant loss of cell viability at 4, 
8, 16, 24, 36, 48, and 72 h (Fig. 1a).

In A-549 cells, 5 µM SM significantly reduced cell viabil-
ity at intervals from 16 to 72 h. At 10 µM, it decreased in 

the same period. SM at the concentration of 100 µM caused 
significant loss of cell viability from 8 h onwards (Fig. 1b).

Calcein‑AM assay

The fluorescence-based calcein-AM assay was used for 
measuring cell viability on the principle of intact cell mem-
branes in the living cells.

In NHLF, cell viability significantly decreased at 5 µM 
at 36, 48 and 72 h. At 10 µM, it dropped at identical time 
points. The concentration of 100 µM SM reduced cell viabil-
ity at 16, 24, 36, 48, and 72 h (Fig. 2a).

When compared to NHLF, we found significantly 
decreased viability of A-459 cells at the concentration of 5 
and 10 µM at 24, 36, 48, and 72 h. 100 µM caused a reduc-
tion in viability at 16 h onwards (Fig. 2b).

Electric impedance‑based cell viability assay

Cytotoxicity of SM was also monitored by a label-free elec-
tric impedance-based method every 60 min for 192 h. Cell 
treatment was performed after overnight incubation (black 
arrows in the graphs, Fig. 3).

In NHLF cells, the control curve reached a maximum 
at 80 h. Then, the NCI slowly decreased. At 5 µM, NCI 
transiently increased above the control curve at 6–30 h 
post-treatment. It was followed by a plateau phase, caus-
ing a significant decrease of NCI at 42 h when compared 
to control. After that, proliferation renewed, reaching the 
control curve at 96 h. SM at 10 µM caused a similar effect 
as described above. The significant transient rise of NCI 
was recorded from 9 to 25 h after SM treatment. Then, 
it started to decrease. When compared with control, it 
became significantly lower at 37 h. Afterwards, the pro-
liferation renewed, reaching the control curve 105 h after 

Fig. 1   Changes in the viability of lung fibroblasts NHLF (a) and 
A-549 cells (b) treated with 5, 10 and 100 µM of SM for 1–72 h. Cell 
viability was determined by the colorimetric MTT assay. The data are 

expressed as mean ± SEM, n = 4. *p ≤ 0.05, #p ≤ 0.01 and &p ≤ 0.001 
when compared with the control
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the SM treatment. At 100 µM, NCI transiently increased 
6–18 h post-treatment. Then, it sharply decreased in the 
23–63 h interval. Finally, it started to rise at 66 h, crossing 
the control curve at 157 h.

The control curve of A-549 cells reached a maximum 
of NCI at 104 h. At the concentration of 5 and 10 µM, the 
rise of NCI significantly decelerated at 20 h and 17 h after 
the SM treatment, respectively, demonstrating only limited 
growth during the whole observation period. The concen-
tration of 100 µM caused a sharp, significant decrease of 
NCI after 10 h, reaching a minimum at 37 h post-treat-
ment. Then, A-549 cells restored cell proliferation, which 
was associated with increasing NCI.

Apoptosis by microcapillary flow‑cytometry

NHLF cells did not show significant induction of apopto-
sis at both 5 and 10 µM during the observation period. At 
100 µM SM, we found an increase of early apoptotic cell 
population at 72 h, while the percentage of the late apoptotic 
cells was significantly higher than in control at 48 and 72 h 
(Fig. 4a).

A-549 cells show a more pronounced time-dependent 
response. SM at 5 µM induced an increase of late apop-
totic cells at 36, 48 and 72 h. The concentration of 10 µM 
increased the population of early apoptotic cells at 24, 36, 
48, and 72 h, while the representation of late apoptotic 

Fig. 2   Changes in the viability of lung fibroblasts NHLF (a) and 
A-549 cells (b) treated with 5, 10 and 100 µM of SM for 1–72 h. Cell 
viability was determined by the fluorescence-based method with cal-

cein-AM. The data are expressed as mean ± SEM, n = 4. &p ≤ 0.001 
when compared with the control

Fig. 3   Electric impedance-based analysis of SM cytotoxicity. 
NHLF (a) and A-549 (b) cells were seeded in a 96-well E-plate 
(8 × 103 cells/well). Cells were left to attach and grow overnight and 
then were exposed to SM (black arrow). Cell adherence and prolifera-
tion were monitored every 60 min for 192 h. Figures a and b show 

the time-dependent alteration of the normalized cell index at concen-
trations of 5, 10 and 100 µM SM. The data show the representative 
result of three independent experiments with similar results. Grey 
bars represent mean ± SEM, n = 4
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cells was significantly higher at 36, 48 and 72 h. The most 
progressive changes were induced by 100 µM of SM. The 
population of early apoptotic and late cells increased from 
16 h onwards (Fig. 4b).

Mitochondrial membrane potential

In NHLF, when treated with 5 µM of SM, the population 
of live cells with the depolarized mitochondrial mem-
brane showed a significant increase at 48 and 72 h. The 
population of depolarized/dead cells was higher at the 
same time intervals. The concentration of 10 µM raised 
the amount of depolarized/live cells at 24 and 72 h, while 
the population of depolarized/dead cells increased at 72 h. 
At 100  µM, the amount of depolarised/live cells was 
increased at 8, 36, 48, and 72 h, while the population of 
depolarised/dead cells was higher at 16, 24, 36, 48, and 
72 h. The population of terminally dead cells increased 
at 48 and 72 h (Fig. 5a).

In A-549 cells, the population of depolarized/dead 
cells increased at 5 µM at 36, 48 and 72 h. The concen-
tration of 10 µM of SM increased the population of depo-
larized/dead at the same time intervals. Finally, 100 µM 
caused a significant rise of depolarized/dead cells from 
24 h onwards (Fig. 5b).

Cellular morphology

Pictures from the phase-contrast light microscope showed 
changes in the morphology of cells treated with 100 µM of 
SM (Fig. 6). Both types of untreated cells reached conflu-
ence during 72 h.

NHLF cells have fibroblast-like morphology. The growth 
of SM treated cells was inhibited in comparison with control 
24 h post-treatment. The progression of morphologic hall-
marks of apoptosis occurred at 48 and 72 h.

A-549 cells have an epithelial-like morphology. The SM 
treated cells started to show a decrease in size and round-
ing up, with increasing intercellular spaces after 24 h. Simi-
larly to NHLF, the number of shrunk and floating cells was 
increased at 48 and 72 h. The changes in morphology asso-
ciated with apoptosis were more pronounced in A-549 cells 
than in NHLF. Besides apoptosis, morphologically intact 
cells were founded in both cell lines.

Changes in intracellular ROS level

The generation of intracellular ROS was measured using 
fluorescent probe DCFH-DA, which non-specifically inter-
acts with different ROS species. When compared with con-
trol, we did not observe any induction of ROS in both NHLF 
(Fig. 7a) and A-549 cells (Fig. 7b).

Fig. 4   Induction of apoptosis by SM in (a) human lung fibroblasts 
NHLF and (b) A-549 cells during the 1–72 h period. Apoptotic cell 
distribution was measured by annexin V/propidium iodide-based 

assay kit by microcapillary flow cell analyzer. The data are expressed 
as mean ± SEM, from three independent experiments. *p ≤ 0.05, 
#p ≤ 0.01 and &p ≤ 0.001 when compared with the control (0)
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Tert-butylhydroperoxide at 50, 100 and 200 µM was 
utilized as a positive control, demonstrating an increase 
of fluorescence of DCFH-DA with a peak at 4 h after the 
treatment (Fig. 7c).

Cell cycle distribution

In NHLF cells, the number of cells in S-phase increased, 
especially at the expense of G0/G1 population after the 

Fig. 5   Time-course of changes in mitochondrial membrane poten-
tial induced by SM in (a) NHLF and (b) A-549 cells. The cells were 
treated with 5, 10 and 100  µM SM. Measurement of mitochondrial 
potential was performed at the indicated time by microcapillary flow 

cytometry. The data are expressed as mean ± SEM from three inde-
pendent experiments. *p ≤ 0.05, #p ≤ 0.01 and &p ≤ 0.001 when com-
pared with the control (0)

Fig. 6   Morphological changes of NHLF and A-549 cells treated with 100 µM of SM during the 72 h period. Phase-contrast microscopy, magni-
fication × 200. Scale bars represent 100 µm
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treatment with 5 µM of SM from 16 h onwards. At the 
concentration of 10 µM, the percentage of this population 
was higher at the same time intervals. The concentration 
of 100 µM SM did not cause any statistically significant 
changes when compared with control (Fig. 8a).

A-549 cells showed similar trends. At 5 µM of SM, we 
found a significant increase in S-phase cells from 16 h 
onwards. At the concentration of 10 µM, the percentage 
of this population was higher at the same time intervals. 
At 100 µM, the S-phase population was increased at 72 h 
(Fig. 8b).

ATM activation

SM did not elicit activation of ATM in NHLF treated by 
5 µM SM. At 10 µM, SM increased phosphorylation of ATM 
at 24 h. The concentration of 100 µM increased the amount 
of ATM positive cells from 16 h onwards (Fig. 9a).

In A-549 cells, 5 µM of SM increased phosphorylation 
of ATM at 8 and 72 h. The number of ATM positive cells 
was higher at 8 h after the 10 µM treatment. SM at the con-
centration of 100 µM caused a significant increase in this 
parameter at 4, 8, 16, and 24 h (Fig. 9b).

Fig. 7   Time-course of changes 
in intracellular ROS levels 
induced by SM in (a) NHLF 
and (b) A-549 cells. The cells 
were treated with 5, 10 and 
100 µM of SM and incubated 
with DCFH-DA. c Tert-
butylhydroperoxide was used 
as a positive control in A-549 
cells. The data are expressed as 
mean ± SEM, n = 4. *p ≤ 0.05 
and &p ≤ 0.001 when compared 
with the control
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Fig. 8   Time-course of changes in cell cycle distribution induced by 
SM in (a) NHLF and (b) A549 cells. The cells were treated with 5, 
10 and 100 µM of SM. At the indicated time, ethanol-fixed cells were 
stained with propidium iodide and analyzed by microcapillary flow 

cytometry. The data are expressed as mean ± SEM from three inde-
pendent experiments. *p ≤ 0.05, #p ≤ 0.01 and &p ≤ 0.001 when com-
pared with the control (0)

Fig. 9   Time-course of ATM activation (phospho-ATM) induced by 
SM in (a) NHLF and (b) A-549 cells. Cells were treated with 5, 10 
and 100 µM of SM. At the indicated time, samples for ATM analysis 
were prepared and analyzed by microcapillary flow cytometry. The 

data are expressed as mean ± SEM from three independent experi-
ments. *p ≤ 0.05, #p ≤ 0.01 and &p ≤ 0.001 when compared with the 
control (0)
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Discussion

The SM toxicity involves complex mechanisms, includ-
ing DNA alkylation, SM-protein adduct formation, oxi-
dative stress, development of inflammation response, and 
consequently cell death (Jowsey et al. 2012; Khan et al. 
2017). Each of these may impact overall short- or long-
term adverse effects. In the present work, we demonstrate a 
time- and concentration-dependent cytotoxic profile of SM 
in both human lung fibroblasts NHLF and lung epithelial 
cells A-549.

The critical event of SM toxicity is DNA alkylation 
damage (Jowsey et  al. 2012; Lüling et  al. 2018). Our 
recently published data demonstrated that DNA cross-
links were partially repaired at concentrations lower than 
250 µM. Moreover, this process was associated with a 
decrease in A-549 cell viability (Jost et al. 2015). Based 
on this, we selected three concentrations of SM (5, 10 
and 100 µM) to study time-related cellular responses in 
detail. At these concentrations, SM produces mono- and 
bifunctional DNA adducts that interfere with cell cycle 
progression. Our results show that SM caused an accu-
mulation of cells in the S-phase at concentrations of 5 
and 10 µM. This effect was more profound in A-549 than 
in NHLF. For alkylating agents, S-phase is particularly 
sensitive. The presence of pathological covalent bonds in 
double-strand DNA results in a replication fork stalling, 
activation of ataxia telangiectasia and Rad3-related pro-
tein (ATR) and initiation of repair machinery via complex 
repair mechanism, including homologous recombination 
(Legerski 2010). The collapse of the replication fork in 
mammalian cells appears with approximately 12 h delay, 
depending on the cell type and cross-linking agent (Nied-
ernhofer et al. 2004; Legerski 2010). According to our 
results, a completely different situation occurred when SM 
was applied at 100 µM concentration. High levels of DNA 
alkylation/cross-links seem to paralyze the cell cycle in all 
phases simultaneously.

Apart from ATR, other phosphatidylinositol 3-kinases, 
such as ataxia-telangiectasia mutated protein (ATM), can 
be activated in response to the DNA damage. ATM kinase 
is particularly sensitive to DNA double-strand breaks 
(DSBs) (Maréchal and Zou 2013). SM does not induce 
DSBs directly. They are more likely initiated during repair 
processes (Debiak et al. 2009). In the S-phase, which is 
critical for cross-link recognition and repair, DSBs form 
as an intermediate of the homologous recombination pro-
cess (Niedernhofer et al. 2004). In our study, SM induced 
only weak activation of ATM in cells treated with 5 and 
10 µM. On the other hand, 100 µM elicited significant 
activation of ATM. Such damage appears to suppress cell 
cycle progression in NHLF 16–72 h after the exposure. 

In A-549 cells, ATM activation was observed only in the 
4–48 h intervals. At 72 h, ATM signaling restored to con-
trol levels, which correlated with the renewal of cell cycle 
progression, an increase of cell population in S-phase, and 
elevation of growth curves measured by electric imped-
ance-based assay.

Oxidative stress is considered as another potent factor of 
SM toxicity (Naghii 2002; Laskin et al. 2010; Pohanka et al. 
2017). In vitro, the generation of oxidative stress by SM 
was demonstrated at 50 µM using DCFH-DA fluorescence 
probe in human fetal hepatocyte L02 cells (Zhang et al. 
2019). In another study, Long et al. (2016) described a sig-
nificant decrease of glutathione and a considerable increase 
in the reactive oxygen and nitrogen species (RONS) levels 
in HEK-f cells 2 h after exposure to 300 µM SM. Long et al. 
(2016) utilized CM-H2DCFDA probe, a chloromethyl deri-
vate of H2DCF-DA, which exhibits better retention in live 
cells. Both studies are in contrast with our results. We did 
not find any significant changes in ROS levels measured by 
DCFH-DA probe. It seems that the induction of oxidative 
stress by SM is dependent on the selected cellular model 
and/or experimental design.

A permeation of mitochondria and the decline of trans-
membrane mitochondrial potential is one of the first hall-
marks of apoptosis. This process is associated with the open-
ing of mitochondrial permeability transition pores followed 
by depolarization of transmembrane potential and loss of 
oxidative phosphorylation (Ly et al. 2003). Our results indi-
cate that SM elicits a mitochondrial dysfunction related to 
depolarization of the mitochondrial membrane. It also cor-
responds to the study by Long et al. (2016) who observed 
depolarization of mitochondrial membrane in a concentra-
tion-dependent manner in HEK-f cells exposed to SM at 
100, 300 and 450 µM. A similar effect was described in 
SAE and 16HBE cells treated by 2-chloroethyl ethyl sulfide 
(CEES) (Gould et al. 2009). Our results show that A-549 
cells are more susceptible to mitochondria damage than 
NHLF. Gould et al. (2009) proposed that CEES or SM may 
act as an uncoupling agent of the mitochondrial respiratory 
chain, producing oxidative stress. However, our results do 
not support this hypothesis.

A release of apoptogenic factor, cytochrome C, follows the 
depolarization of the mitochondrial membrane. This factor 
activates caspases, including effector caspase-3 and -7, which 
cleave hundreds of cellular proteins. Flippases are one of their 
targets. In healthy cells, flippases confine nearly all phosphati-
dylserine (and other aminophospholipids) to the inner leaf-
let of the plasma membrane. When apoptosis is triggered, 
caspases inactivate flippases, allowing phosphatidylserine to 
be distributed into the outer leaflet of the plasma membrane 
(Rysavy et al. 2014). The annexin-V antibody can detect exter-
nalization of phosphatidylserine. It is a feature characteristic 
for an early stage of apoptosis, in which the integrity of the 
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cytoplasmatic membrane is not yet compromised. The sub-
sequent phase, late apoptosis, displays the permeabilization 
of plasmatic membranes. The cells then become positive for 
both annexin-V and PI. But when cells are positive solely 
for PI they are considered necrotic. SM induces predomi-
nantly apoptotic cell death and only a low level of necrosis 
is detected under in vitro conditions (Kehe et al. 2000). This 
corresponds to our findings. It is, however, noteworthy that 
the activation of apoptosis directly followed the depolariza-
tion of the mitochondrial membrane in A-549 cells, while we 
observed a specific latency between both processes in NHLF 
cells. It seems that after SM treatment, NHLF activates a 
mechanism delaying the progress of apoptosis.

In our study, we also utilized another three methods to 
investigated changes in cell viability, including fluorescence-
based calcein-AM assay, MTT reduction assay and real-time 
electro-impedance cell analysis. The fluorescence-based cal-
cein-AM test evaluates changes in the permeability of the 
cell membrane. This assay distinguishes live cells according 
to the presence of ubiquitous intracellular esterases, which 
convert the nonfluorescent cell-permeant calcein-AM to the 
intensely green fluorescent nonpermeable calcein (Gao et al. 
2007). The results timely correlated with the increase of cell 
permeability measured using annexin V/PI and with cellular 
morphology changes observed using a phase-contrast light 
microscope at 100 µM SM.

MTT reduction assay evaluates a rate of the glycolytic 
NAD(P)H production together with the activity of other gly-
colytic enzymes of the endoplasmatic reticulum. Neverthe-
less, the NAD(P)H coenzyme is mainly responsible for the 
conversion of MTT salt to formazan (Stockert et al. 2018). 
MTT assay confirms the higher susceptibility of A-549 to 
SM-induced damage. In both cell lines, the decrease of 
values also preceded the depolarization of the mitochon-
drial membrane and the apoptotic process. SM significantly 
interferes with energetic metabolism. A possible explanation 
may, therefore, lay in overactivation of poly(ADP-ribose) 
polymerase in response to DNA damage, inhibition of glyco-
lysis and depletion of substrates such as NAD+ (Ruszkiewicz 
et al. 2020).

Real-time electro-impedance cell analysis monitors via-
bility via changes in cell morphology and contact of cells 
with the surface. The electric signal expressed as dimension-
less unit NCI was measured in specially designed 96-well 
microtiter plate with integrated gold microelectrodes array 
in the button of each well. Cells growing on the surface of 
the electrode cover the array and the signal grow up. When 
the cells stop their growth or die, the signal remains con-
stant or goes down (Kustermann et al. 2013). Both cells 
display latency of SM toxicity. In NHLF cells, we observed 
a triphasic response with an increase of NCI during the first 
phase. Due to the cell cycle arrest, the possible explana-
tion can be associated with cell enlargement. It seems that 

SM may induce reorganization of the cytoskeleton, leading 
to cell spreading and increase of NCI signal. Long et al. 
(2016) found a similar effect. They observed cell swelling 
and loosening of actin and α-tubulin in HDF-a fibroblast 
cells treated with 300 µM SM. These facts together implicate 
that the early stage of SM toxicity is accompanied by unfa-
vorable changes in cytoskeleton, especially in fibroblasts. 
A-549 cells did not show such an effect. Remarkable is also a 
phenomenon found at 100 µM SM during long-term incuba-
tion. Surviving cells were able to restore their proliferation. 
Being less sensitive to SM, NHLF cells restored their growth 
more markedly. The exponential phase of their prolifera-
tion observed 5–7 days post-treatment had a similar trend as 
untreated cells with similar NCI values during the log phase. 
On the other hand, the proliferation capacity of A-549 did 
not achieve such progress in the recovery period, indicating 
the persistence of SM-induced DNA damage.

In conclusion, we compared the cellular stress response of 
NHLF and A-549 cells after SM treatment. Changes in both 
cell lines were distinctive with the latency for several hours. 
The results indicate that NHLF cells are less prone to toxic 
damage induced by SM in terms of losing transmembrane 
mitochondrial potential, activating the apoptosis and los-
ing cell viability. SM interferes in the cell cycle and causes 
S-phase arrest at low concentration. We did not confirm the 
direct generation of ROS in our experiments despite changes 
in the cellular antioxidant system have been known. We also 
revealed a remarkable cell recovery during long-term incu-
bation in both cell lines. This work provides a detailed time-
related cytotoxic profile of A-549 and NHLF cells for future 
investigation of prevention and/or mitigation of SM-induced 
toxic effects. Further studies are particularly necessary to 
characterize the cell recovery process from acute SM toxic-
ity and long-term toxic effects.
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