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ABSTRACT — SM (Sulfur mustard) is an oily, hydrophobic, and lipophilic chemical agent that damages
cells with intricate patterns. CEES (2-chloroethyl ethyl sulfide soluble) is a standard SM analog common-
ly employed in the toxicity mechanism study. To obtain ideal results in vitro, researchers should disperse
CEES well in the medium, avoiding the presence of undissolved droplets. However, such a purpose is not
easy to reach under the conventional solution preparation, and the information about droplet formation
and function is little available. Here, we showed that phospholipid and triglyceride, two essential compo-
nents of serum lipids, could prevent CEES from dissolving in water after vortex, which kept partial CEES
as small droplets. By detecting CEES level, we proved that residual droplets slowed CEES hydrolysis
and conversion. Under the microscope, CEES droplets were observed to degrade and diffuse with time to
induce the necrosis and mitochondrial membrane potential decline from nearby cells. In conclusion, the
damage pattern of CEES droplets is quite different from that of dissolved CEES, and a low level of phos-
pholipid and triglyceride is beneficial for preventing droplets formation in preparing CEES solution.
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INTRODUCTION

Sulfur mustard (SM), an oily and hydrophobic agent,
was used as a chemical warfare agent in World War I, the
Iran—Iraq War 1980-1988, and the recent Syria civil war
(Sezigen et al., 2019). SM can severely damage tissues
or organs due to the result of an acute or long term effect
(Balali-Mood et al., 2019; Khazdair and Boskabady,
2019). The severe damage by SM is hard to repair since
the toxicity mechanism of SM is complex and not fully
known (Panahi et al., 2018; Rose et al., 2018; Shakarjian
et al., 2010). Its relative ease of production and stock-
piling, together with its multiple incapacitating health

effects, making SM a continuous threat.

In vitro study on the sophisticated cell system is a
meaningful way to explore the mechanism of SM tox-
icity (Allon ef al., 2010; Deppe et al., 2016; Steinritz et
al., 2013). Before application, SM is freshly stocked in
an organic solvent, which is further diluted and vortexed
in the medium as a working solution. Once dissolving in
water, SM can dissociate its chlorine atom to an active
sulfonium ion which damage cells, such as DNA alkyla-
tion, enzyme inactivation, and metabolic disturbance. The
active pattern of SM is unstable and can quickly con-
vert to other derivatives, which are less vesicant and tox-
ic (Noort et al., 2002; Price and Bullitt, 1947). To get the
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required level, SM should be well-dispersed to prevent
the existence of residual droplets in vitro experiments as
much as possible.

The commercial serum is an essential supplement for
cell culture. In the previous study, we found that residu-
al droplets of CEES (2-chloroethyl ethyl sulfide, an ana-
log of SM) were hard to be avoided when diluting CEES
in medium containing serum. Due to the lack of informa-
tion about droplets formation, character, and cytotoxici-
ty, until now, which components in serum may promote
CEES droplets formation is still unknown. Since lipids
are essential components in serum, and CEES is a known
lipophilic agent, we assumed that serum lipids, such as
Phospholipid (PL, solid) and Triglyceride (TG, oil), may
participate in the formation of CEES droplets.

In this study, we provided the evidence that either indi-
vidual or complex of PL and TG could facilitate the for-
mation of CEES droplets that can induce necrosis from
nearby cells by declining mitochondrial membrane poten-
tial (MMP). To our knowledge, this is the first report
focusing on CEES droplets in vitro condition, which may
have implications for in vitro study.

MATERIALS AND METHODS

Reagents and cellular treatments

CEES (Purity > 97%, CAS number: 693-07-2) was
obtained from Sigma (St. Louis, MO, USA). Potassi-
um thioacetate (PTA) was obtained from Shanghai Dip-
per Chemicals (Analytical grade, purity > 98%). All other
reagents were of analytical purity.

Human pulmonary bronchial cells (HBE) were
obtained from Xiangf bio (Shanghai, China). Cells were
cultured in MEM (HyClone, Logan, UT, USA) sup-
plemented with 10% fetal bovine serum (Kang Yuan
Biology, Tianjin, China), 100 U/mL penicillin and
100 U/mL streptomycin (Beyotime, Shanghai, China).
The cells were maintained in a humidified incubator at
37°C and 5% CO,. One day prior CEES exposure, cells
were digested and placed on a culture plate to reach over
90% confluence for the next treatment.

Prior to CEES application, a 1 M stock solution of
CEES in dimethyl sulfoxide (DMSO) was freshly pre-
pared under a fume hood to allow volatile venting agents
and kept on ice. CEES was diluted to a final concentra-
tion of 0.5 mM with 5-sec vigorous vortex on an oscilla-
tor and added into the cell culture plate immediately. The
entire procedure was limited within 20 sec, according to
the suggestion from another report (Tewari-Singh et al.,
2010). After one-hour CEES exposure, the toxic medi-
um was replaced with fresh medium. The percentage of
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DMSO did not exceed 0.1% in the culture medium.

CEES droplets formation assay

To explore the correlation between the dilution medi-
ums and CEES droplets formation, we prepared three
different mediums containing 1 mg/mL PL (Solarbio,
Beijing, China), 1 mg/mL TG (Sigma, USA), or 1 mg/mL
PL-TG (0.5 mg/mL PL and 0.5 mg/mL TQ), respective-
ly. All mediums were filtered through a 0.45 pm mem-
brane before application. Then, 500 uL. CEES solutions
(0.5 mM) were freshly prepared and added to each
24-well plate immediately. The amount of CEES droplets
was subsequently counted under a microscope.

Mitochondrial membrane potential detection

Cellular MMP was detected using JC-1 probe (Beyo-
time, China). For in situ detection, cells were washed
with 0.01 mol/L PBS (PH 7.4) three times and incubated
with 1 pg/mL JC-1 probe (diluted in MEM) at 37°C for
20 min. Subsequently, the cells were washed with PBS
three times again to remove the free JC-1 probe. Then,
under the fluorescence microscopy (Olympus, Tokyo,
Japan), fluorescent signals were recorded at the emis-
sion wavelength of 529 nm and 590 nm, respectively. The
green signal in cells reflected a reduction of MMP, while
the red signal reflected a normal MMP.

For calculation, cells were digested and stained with
JC-1, as mentioned above. After a sufficient wash with
PBS, the fluorescence intensity of cells (1x104) was ana-
lyzed using FC500 flow cytometry (Beckman, Atlan-
ta, Georgia, USA) under both FL1 and FL3 channels.
The cells with MMP decline were separated from normal
cells by setting specific gates, which was further analyzed
using CXP software (Beckman, USA).

Necrotic cells analysis

To separate the necrotic cells from others, we pursued
the Annexin V-PI dual staining kit (KeyGen Biotech, Nan-
jing, China). In brief, CEES-treated cells (1x10¢) and the
control were digested and washed with PBS. After being
centrifuged at 1000 g for 5 min, cells were re-suspended
with 195 pL of 1xBinding buffer containing 5 pL. Annex-
in V-FITC and incubated for 10-15 min at the dark condi-
tion. Then, 5 uL PI was added into the mixture for 5 min
incubation. The fluorescence intensity of about 10* cells
was subsequently measured using FC500 flow cytometry
under both FL1 (Annexin V) and FL3 (PI) channels. The
percentage of cells with MMP decline was further ana-
lyzed using CXP software (Beckman, USA).

For in situ detection, cultured cells were washed with
PBS three times and incubated with PI as mentioned
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above. After that, cells were washed thoroughly with
PBS to remove the free probe. The fluorescent signal was
detected using fluorescence microscopy at the emission
wavelength of 617 nm. The red signal in nuclear reflected
the necrotic cells.

CEES level detection

Sample preparation was modified from a published
report (Xu et al., 2015). In brief, 1 M stock solution
of CEES was diluted into ultra-pure water containing
1 mg/mL PL-TG or not to a final concentration of
0.5 mM, and immediately vortexed in an oscillator for
5 sec in room temperature (24°C). At 0, 3, 9, 30, 60 min
after the preparation, an ice-cold 400 pL acetonitrile was
added to each 800 pL-aliquoted CEES solution and vor-
texed for 5 sec. Then, a 400 puL PTA solution (1 mg/mL
in water) was added and vortexed for 5 sec. The mixture
was subsequently heated at 50°C for 0.5 hr. After been
filtered through a 0.45 pm membrane, the samples were
now ready for analysis using the high-performance liquid
chromatography-Ultraviolet (HPLC-UV) system.

The analytical separation was performed with an
HPLC-UYV system (Shimadzu Co, Japan) equipped with
SinoChrom ODS-AP C18 column (5 um, 250 x 4.6 mm),
and the column temperature was set at 40°C. The mobile
phase A was 0.1% formic acid in the water, while the
mobile phase B was acetonitrile. The elution gradient
started at 20% B for 1 min and linearly increased to 90%
B over 5 min, with a flow rate of 1 mL/min. The volume
injection was 25 pL, and UV detection was performed at
240 nm.

Statistical analysis

All data were representatives of at least triplicate inde-
pendent experiments. The statistical analysis was con-
ducted with one-way analysis of variance and the ¢-test
using SPSS 13.0 statistical software (SPSS Inc., Chicago,
IL, USA). P < 0.05 is considered to be statistically signif-
icant.

RESULTS

PL and TG prevented CEES from dissolving in
water after vortex, which kept partial CEES as
small oily droplets

Firstly, we directly added 1 uL CEES stock solution
(1 M) into a 24-well plate containing 500 uL. MEM medi-
um. Under the microscope, the diameter of undispersed
CEES droplets on glass ranged from a few microns to
hundreds of microns, which can be easily identified due
to their refraction (Fig. 1A). The vigorous vortex could

disperse CEES solution well with no significant droplets
present in the control group, while 1 mg/mL PL, TG or
PL-TG could block vortex-dissolved CEES, which kept
partial toxicant as small CEES droplets. The number of
CEES droplets was counted, and the average amount of
CEES droplets induced by these chemicals is TG<PL<PL-
TG (Fig. 1B). The feature of CEES solution in control and
PL-TG group under the microscopy was shown (Fig. 1C).

PL-TG partially slowed CEES conversion after vortex

It is known that CEES can quickly hydrolyze once it
dissolving in water. Thus, we assumed that PL-TG-pro-
moted CEES droplets formation could partially block this
process. To measure CEES level, we established a meth-
od based on the HPLC-UV system, which detected the
derivative of CEES and potassium thioacetate (PTA). The
principle of the chemical reaction, as shown in Fig. 2A.
After separation, the CEES derivative was detect-
ed at 15 min, with the maximum absorbance at 240 nm
(Fig. 2, A and C). The standard curve showed that CEES
level from 0.03 mM to 1.0 mM correlated well with the
peak area, indicating the feasibility of CEES quantification
(Fig. 2B). Additionally, we detected that only 31.2%,
18.3%, and 5.3% of CEES remained in control medium
at 3, 9, and 30 min after vortex, indicating a rapid con-
version of the dissolved CEES. CEES level in the PL-
TG group was significantly higher than that in the control
group after vortex (46.1% at 3 min, 27.6% at 9 min, both
P < 0.05) (Fig. 2D), which further insisted the surmise
that PL-TG could block the solubility of CEES.

CEES droplets focally damaged nearby cells

We noticed that PL-TG prevented CEES hydrol-
ysis early after vortex (3 or 9 min) but not latter (30 or
60 min), suggesting that CEES droplets should degrade
and hydrolyze with time. Under the microscope, we
observed that the feature of the CEES droplets went on
change once it stayed on the glass. Different from its orig-
inal feature at 0 min, CEES droplets changed to be irreg-
ular with dim refraction 60 min later (Fig. 3A). In cul-
tured cells, most cells around CEES droplets rounded up,
detached or debris obviously, indicating that CEES drop-
lets focally damaged nearby cells (Fig. 3B).

CEES droplets increased the percentage of
necrotic cells

In situ study, cells nearby CEES droplets exhibited
weak light refraction, but intense PI staining. Meanwhile,
the cells outside the damaged area were little affected
(Fig. 4A). Additionally, flow cytometry showed that the
percentage of necrotic cells in the PL-TG group is high-
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Fig. 1. Effects of PL and TG on CEES droplets formation. (A) 1 pL stock solution of CEES (1 M in DMSO) was directly added
into 24-well plate (pre-covered with slide) pre-filled with 500 L MEM medium, the feature of CEES droplets under a mi-
croscope was shown. (B) 500 pL 0.5 mM CEES was freshly prepared in MEM containing 1 mg/mL PL, TG, PL-TG or not.
After 5 sec vortex, the toxic medium was immediately added on each glass from 24-well plate. The number of CEES drop-
lets (diameter > 10 pm) was subsequently counted, **, P < 0.01, compared with the control group (n=6). (C) The feature of
CEES solution containing PL-TG or not on glass was shown.
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Fig. 2. Measurement of CEES using HPLC. (A) The spectrum of CEES derivative detected using an HPL-UV system at 240 nm.
The principle of derivative reaction between PTA and CEES was shown above. (B) The linear relationship between CEES
derivative concentration and peak area. (C) The absorbance value of CEES derivative after 200 to 800 nm wavelength scan-
ning. (D) Analysis of the hydrolysis rate of CESS (0.5 mM) in water containing 1 mg/mL PL-TG or not. *, P < 0.05; com-
pared to the control group at the same time point (n=4).
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The feature and toxic effects of CEES droplets. (A) The feature of CEES droplets on the glass surface was recorded at
0 min and 60 min, respectively. (B) Cells were exposed to 0.5 mM CEES freshly prepared in MEM containing 1 mg/mL
PL-TG. After 3 hr exposure, the feature of droplets-injured cells under a microscope was captured. White arrows indicated

CEES droplets.
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CEES droplets increased the percentage of necrotic cells. (A) Cells were exposed to 0.5 mM CEES freshly prepared in
MEM containing 1 mg/mL PL-TG. After 3 hr exposure, cells were stained with PI, and the necrotic cells were captured
under a fluorescence microscope. White arrow indicated CEES droplets. The circle outlined CEES droplet-damaged area.
(B) Flow cytometry was employed to separate and calculate the necrotic cells stained with Annexin V and PI. R1, necrotic
cells; R2, late apoptotic cells; R3, normal cells; R4, early apoptotic cells. The typical image and the calculated results were
shown. **, P <0.01, compared to the control group (n=4).
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er than that in the control group (Fig. 4B). These results
indicated that CEES droplets were fatal to nearby cells,
which led to cell necrosis, but not apoptosis.

CEES droplets decreased MMP from nearby
cells

In situ study, CEES droplets were proved to decrease
cellular MMP in a limited circle area. In this area, cells
stained with JC-1 exhibited intense green fluorescences.
Cells outside the damaged area exhibited a normal MMP
(Fig. 5A). Additionally, using flow cytometry, we detect-
ed the percentage of MMP-declining cells in the PL-TG
group was higher than that in the control group (Fig. 5B).
Due to the importance of MMP in maintaining cell sur-
vival, MMP decline might play an essential role in CEES

JC-1(In situ):

{100um
Under light microscopy

B

JC-1(Flow Cytometry):
Ctrl

droplets-induced cell necrosis.
DISCUSSION

It is known that sulfur mustard or its analog CEES has
a higher specific density than water, and the very low sol-
ubility (0.1% at 30°C) leads to undissolved mustard fall
into the bottom of the water. Vortex may disperse CEES
into fine droplets as a solution status and enhance CEES
solubility and hydrolysis in water. However, residu-
al CEES droplets are hard to be avoided under the con-
ventional solution preparation, such as diluting CEES in
medium containing fetal serum (data not shown). In the
present study, we showed that PL and TG, two essential
components in serum, could promote CEES droplets for-

p
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CEES droplets increased the percentage of cells with MMP decline. (A) Cells were exposed to 0.5 mM CEES freshly pre-

pared in MEM containing 1 mg/mL PL-TG. After 3 hr exposure, cells were stained with JC-1, and the fluorescent signal
was captured under fluorescence microscopy. (B) For calculation, cells were digested and stained with JC-1, which were
further detected using flow cytometry. FL1 and FL3 channels were set for separating normal (green) and MMP-declining
cells (blue). The typical image and the calculated results were shown. **, P < 0.01, compared to the control group (n=4).
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mation after the regular dilution and vortex of CEES solu-
tion. These findings may add our understanding of oily
mustard droplets formation in vitro tests.

Until now, many methods have been constructed for
SM biomarkers detection, such as the hydrolysis/oxi-
dation products, B-lyase metabolites, DNA adducts, and
hemoglobin adducts (Manandhar et al., 2018; Zubel et
al., 2019). However, the prototype of SM or CEES is
hard to be detected as they are highly active and unstable
once dissolving in water. Potassium thioacetate (PTA) can
react with the dissolved SM to form a stable derivative,
which had been reported recently in quantifying SM level
Xu et al., 2015; Xu et al., 2017). Based on this principle
of chemical reaction, we completed CEES level detection
by using the HPLC-UV system. Moreover, our method is
simple without the use of a mass spectrometer. Results
showed that CEES level was high at the beginning but
significantly decreased to 30% after 3 min. The result is
similar to other reports that the half-life of CEES in aque-
ous solution is in 2 min (Noort et al., 2002; Tewari-Singh
et al., 2010). Moreover, we found that PL-TG partially
blocked CEES conversion at 3 min and 9 min (not lat-
ter), indicating that CEES droplets might slowly dissolve
in water. Since CEES is a lipophilic agent that may com-
bine with PL and TG, the residual CEES droplets could
be a result of the decreased solubility of CEES-PL-TG
mixtures in water. Besides, due to the different charac-
ter of PL (solid) and TG (oil), the complex treatment may
have synergy effects on droplets formation. Further stud-
ies need to take to explore these questions.

The original feature of CEES droplet on glass was
round with intense refraction, but changed to be irregu-
lar with weak refraction after 60 min, probably caused by
hydrolysis and diffusion. In cultured cells, CEES drop-
lets focally damaged nearby cells with MMP decline in
a circular area. Since CEES (over 1.5 mM) in the medi-
um can decline cellular MMP (Gould et al., 2009), we
assume that a high level of CEES existing in the circle
arca after CEES droplet diffusion, which severely dam-
aged the contacted cells. Noticeably, the hallmark of
necrosis, in general, is ATP deletion, as apoptosis requires
a sufficient presence of intracellular ATP (Paromov et al.,
2011). Thus, we believe that CEES droplets-declined cel-
lular MMP results of cell necrosis.

It should be noted that the general preparation of CEES
solution is still feasible in exploring the molecular toxici-
ty mechanism, even a bit of CEES droplets remaining, as
most of the cells are out of CEES droplets-damaged area.
Meanwhile, most of CEES droplets-damaged cells are
detached from the culture plate, which can be removed
after sufficient wash with PBS prior to harvesting cells.

After all, since the damage pattern of CEES droplet is
different from that of the dissolved CEES in vitro condi-
tion, special attention on its formation and toxicity is still
meaningful.
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