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Abstract. Background: Cigarette smoke (CS) can induce
cellular damage via alterations in 18 kDa translocator
protein (TSPO)-related functions, leading to cardiovascular
diseases. The current study focused on the possible protective
effect of TSPO ligands against CS-induced damage to cardiac
cells. Materials and Methods: H9C2 Cardiomyocyte cell line
of rat origin was pre-treated with TSPO ligands. Cell death,
TSPO binding, and TSPO protein expression levels were
assessed following 30-min CS exposure with/without TSPO
ligands. Results: CS exposure of H9C2 cells significantly
incensed cell death (by 26%, p<0.001). Pre-treatment with
TSPO ligands at two concentrations prevented cell death.
Neither CS nor ligands affected TSPO protein expression in
HIC?2 cells. CS led to increased cell death and reduced TSPO
binding. Conclusion: Reduced TSPO binding may have a role
in CS-induced cell death, and TSPO ligand MGV-1 can
prevent suppression of TSPO binding and corresponding cell
death. These results may be relevant to treatment of
cardiovascular diseases associated with CS.

The 18 kDa translocator protein (TSPO) is involved in various
cellular functions, including regulation of cell death and
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expression of various genes (1-6). The primary locations of
TSPO include the outer mitochondrial membrane, and nuclear
and perinuclear sites (4, 7, 8). TSPO can be found throughout
the body in various tissues (4, 9). Our group has previously
reported that following exposure to cigarette smoke (CS),
TSPO binding affinity is reduced both in vivo and in vitro (10).

Tobacco use in general and CS in particular cause nearly
6 million deaths per year worldwide, and current trends show
that this rate will increase to more than 8 million deaths
annually by 2030 (11). On average, smokers die 10 years
earlier than non-smokers (12), and the total economic cost
of smoking in the US alone is more than $300 billion a year
(13). More than 16 million Americans are living with a
disease caused by smoking; for every person who dies due
to smoking, at least 30 people live with a serious smoking-
related illness. Smoking causes lung and other kinds of
cancer, cardiovascular diseases, stroke, diabetes, and chronic
obstructive pulmonary disease, including emphysema and
chronic bronchitis (13-18). The underlying mechanisms of
the damage caused by toxic compounds inhaled from CS-is
not understood. A single cigarette contains nine inhalations,
and each of which containing about 5,000 toxic compounds,
including free radicals and various carcinogens (19).
Cessation of smoking, or avoidance in the first place, is the
preferable way to reduce disease incidence; however, due to
social factors and the highly addictive nature of cigarette
smoking, the option of avoidance is often unlikely.
Moreover, immunological and biological changes affecting
smokers are not completely reversible even after smoking
cessation (20). Thus, treatment for damage caused by CS is
an unmet need.

TSPO ligand 2-phenylquinazolin-4-yl dimethylcarbamate
(MGV-1) and 2-(2-chlorophenyl) quinazolin-4-yl dimethyl-
carbamate (2-CI-MGV-1) (21) were developed by expansion
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of a quinazoline scaffold. Inhibitory effects on inflammatory
reactions of these have been described (22). TSPO has low
affinities for these ligands (both approximately 825 nM) due
to their elongated alkyl side chains, which results in reduced
lethal effects as compared to the classical TSPO ligands as
described previously (21, 23).

The current study focused on the possible protective effect
of TSPO ligands against CS-induced damage to cardiac cells.

Materials and Methods

Cells and study design. In this study, rat cardiomyocyte H9C2 cell
line was used. The cells were maintained as described by the
American Type Culture Collection (ATCC, Manassas, VA, USA):
culture medium consisted of Dulbecco’s modified Eagle’s medium
(high glucose, with no L-glutamine and no sodium pyruvate),
supplemented with fetal bovine serum (10%), glutamine (2%),
sodium pyruvate (1%) and penicillin-streptomycin solution (x10)
(0.1%). The cells were grown at 37°C in 5% CO, for 48 h to reach
80% confluency, then incubated for 24 h with or without either the
tricyclic, quinazoline-based TSPO ligand 2-(2-chlorophenyl)
quinazolin-4-yl  dimethylcarbamate = (2-CI-MGV-1) or 2-
phenylquinazolin-4-yl dimethylcarbamate (MGV-1) (21). TSPO has
low affinity for these ligands (both approximately 825 nM) due to
the elongation of the alkyl side chains, which reduces their lethal
effects as compared to the classical TSPO ligands as described
previously (21, 22). The anti-inflammatory effects of MGV-1 and
2-CI-MGV-1 were described previously (23).

Initially, two concentrations of the ligands were used based on
preliminary studies, 1 and 25 uM final concentrations. Eventually, the
chosen final concentration of the ligands in the current study was 25
1M, as used previously (22, 23). Following incubation, the cells were
exposed to CS for 30 and 60 min in order to optimize the cell death
assays. The experimental groups were: i) Sham/negative control
group grown in starvation medium with 1% ethanol (vehicle) exposed
to ambient air; Positive control: ii) Cells grown in starvation medium
with 1% ethanol (as in the control group) and exposed to CS; iii)
Experimental group I: Cells treated with 2-CI-MGV-1 or MGV-1
dissolved in ethanol in starvation medium (ligand and vehicle at 1%
of the total volume) and exposed to ambient air; iv) Experimental
group II: Cells grown in starvation medium treated with 2-CI-MGV-
1 or MGV-1 dissolved in ethanol in starvation medium (ligand and
vehicle at 1% of the total volume) and exposed to CS.

Exposure of HIC2 cells to CS. HIC2 cells were seeded at different
densities [10© cells/petri dish for binding and western blot assays,
103 cells/well in a 96-well plate for lactate dehydrogenase (LDH)
assay, and 250x103 cells/well in 6-well plate for fluorescence-
activated cell sorting (FACS) analysis] and grown until they reached
80% confluence. Depending on the protocol, the medium of the
dishes/plates was replaced by 1% ethanol-containing starvation
medium (supplemented with 0.5% fetal bovine serum, instead of
10%) and a ligand-containing starvation medium prepared prior to
application; these 1% ethanol-containing and ligand-containing
starvation medium were applied 24 h prior to CS exposure.

The study was carried out using cigarettes (filtered ““Time”
cigarettes; Dubek, Israel) containing 14 mg of tar and 0.9 mg of
nicotine per cigarette combined with a source of lowered pressure
system as previously described (24). In short: an open petri dish/plate
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with cell cultures submerged in starvation medium was placed in a
sealed reservoir with a sidearm to which a cigarette was attached. A
reproducible low pressure was created in the reservoir by a vacuum
pump. When the attached cigarette was lit, a valve was opened and
the smoke from the lit cigarette was drawn in until the entire
cigarette had burned. According to previous work in our laboratory,
a single cigarette smoked in the above apparatus produced smoke
equivalent to nine inhalations (25). During the exposure to CS, the
reservoirs were sealed with the smoke inside and incubated (26).
This procedure was repeated every 15 min for 30 and 60 min.
Control samples were subjected to ambient air instead of CS.

Measurement of LDH enzyme activity. LDH is an enzyme that is
released from cells when the cellular membrane is compromised, as
is the case with cells after necrosis and late apoptosis (26). The
release of LDH to the medium can be used to determine cell
viability (27). We used the Cytotoxicity Detection Kit (LDH)
(Roche pharmaceuticals, Basel, Switzerland) according to the
manufacturer's instructions. Absorbance at 492 nm with reference
at 620 nm was measured with a Zenyth 200 spectrophotometer
(Anthos, Eugendorf, Austria) and the results were calculated and
normalized according to the formula given by the manufacturer.

TSPO binding assay. The cells were scraped from 100 mm petri
dishes in their culture medium after being exposed to CS. The cells
were then centrifuged (15,808 xg, 45 min, 4°C). The pellets were
suspended in 20 ml of cold (4°C) phosphate-buffered saline (PBS)
and centrifuged again (15,808 x g, 45 min, 4°C). The pellets were
frozen and stored at —20°C for further use. For further processing,
the pellets were thawed and homogenized in 2 ml of PBS using a
Kinematika Polytron (Lucerne, Switzerland) (setting 6) for 10 s.
Protein concentration was determined by the Bradford method (28).
Bradford solution for determination of protein concentration was
obtained from Bio-rad, Munich, Germany. Bovine serum albumin
(BSA) was used as a standard.

Binding of 3H-labeled PK 11195 to the cell membrane was then
conducted. The reaction mixture contained 400 ul of homogenized
membranes (40 pg protein) and 25 pl of 3H-labeled PK 11195 (New
England Nuclear, Boston, MA, USA) (6 nM final concentration), in
the absence (total binding) or in the presence of 10 uM unlabeled
PK 11195 (nonspecific binding). After 90 min incubation at 40°C,
the samples were vacuum filtered through Whatman GF/C, washed
three times with 4 ml 5 mM ice-cold phosphate buffer and placed
in vials containing 4 ml of CytoScint (MP Biomedicals, Costa Mesa,
CA, USA). Radioactivity was counted after 12 h with a 1600CA
Tri-Carb liquid scintillation analyzer (Packard, Global Medical
Instrumentation, INC, Ramsey, MN, USA). Specific binding was
obtained by subtracting the nonspecific binding from the total
binding.

Western blot. The assay was performed as previously described (29).
Briefly, protein levels were measured by Bradford method using BSA
as a standard. Equal amounts of protein were electrophoresed on
sodium dodecyl sulfate polyacrylamide gel, transferred to a
nitrocellulose membrane and blocked in 5% non-fat milk. Then the
membranes were immuno-blotted overnight at 40°C with the primary
rabbit anti-rat TSPO (1:1,000; Abcam, Cambridge, UK). Mouse anti-
human f-actin (1:10,000; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) was used as a loading reference. After washing with 0.1% PBS-
Tween, the membranes were incubated with IgG secondary antibody
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linked to horseradish peroxidase (anti-rabbit IgG 1:20,000, anti-mouse
IgG 1:10,000; Jackson Immunologicals, West Grove, PA, USA) in
PBS-Tween for 1 h at room temperature. Binding of antibodies to the
membrane was detected with the EZ-ECL-detection reagent
(Biological Industries, Beit Haemek, Israel), and using Totallab Quant
software analysis (Las4010) (TotalLab Ltd., Newcastle-Upon-Tyne,
UK). The results were analyzed using densitometry.

TSPO measurement using FACS. Cells were trypsinized and
collected with the medium. The cells were centrifuged (660 xg for
5 min) then the medium was removed. The cells were fixed in 4%
paraformaldehyde for 10 min then washed with PBS without Ca*2
and Mg*2. The cells were then resuspended in 800 pl of PBS
containing 0.2% Tween for 10 min in ice. The cells were washed
again with PBS and resuspended in 100 ul of PBS-Tween containing
3% BSA and anti-TSPO (1:100; Abcam). The samples were incubated
overnight at 4°C. The next day the cells were washed and
resuspended in 100 pl of PBS-Tween containing 3% BSA and Alexa
Fluor 488 AffiniPure Goat Anti-Rabbit IgG (1:1,000; Jackson
Immunologicals). The mean fluorescence was measured using a
FACS machine CyAN ADP (Beckman Coulter, Brea, CA, USA). The
data were analyzed using FlowJo (FlowJo LLC, Ashland, OR, USA).

Statistical analysis. Data are expressed as mean+S.E.M. The
program used for statistical analysis was GraphPad prism
(GraphPad Software, San Diego, CA, USA). When comparisons of
more than two groups were conducted, the one-way analysis of
variance (ANOVA) was performed with Bonferroni's multiple
comparisons post hoc test. When comparing only two groups,
Mann-Whitney #-test was performed as appropriate. The criterion
for statistical significance was p<0.05.

Ethics Committee approval. Since this was an in vitro study, no
ethical approval was required.

Results

LDH enzyme activity. The LDH level in the medium was
measured as an indicator for CS-induced cellular death. The
mean results of 12 repetitions are presented in Figure 1. The
results showed a significant increase in LDH levels
following 30 and 60 min of CS exposure. In the case of 30-
min CS exposure, cell death increased by 30% (p<0.001) as
compared to the control group (Figure 1A). After 60 min of
CS exposure, the cell death increased by 48% compared to
the control group (Figure 1B).

Determination of the protective capacity of TSPO ligands
against CS-induced cell death. The protective potential of
the ligands in pretreatment application 24 h prior to 30-min
exposure of HIC2 cells to CS was tested by evaluating the
level of cell death. Death in cells exposed to CS for 30 min
without ligand pretreatment was increased by 26% (p<0.001)
as compared to the control group (Figure 2). The application
of the ligand 2-CI-MGV-1 at 25 pM led to a significant
decrease (p<0.001) in cell death, reducing it to level
comparable with that of the control group, while at 1 uM it

A
12
10 iy
e
08p e

2

0O.D. (arbitrary units)
>

04
00
CS
Treatment
B
12g ok &
10p P
""" ]

i
e

0.D. (arbitrary units)
(=]
(=2

02 E
- e
Control CS
Treatment

Figure 1. The effect of exposure to cigarette smoke (CS) on death of
HOIC cardiomyocytes as measured by elevation in lactate dehydrogenase
(LDH) level in the medium. A: Cell death level following 30 min of CS
exposure. B: Cell death level following 60 min of CS exposure. The
results are presented as mean O.D. values (arbitrary units)+S.E.M
(n=12 in each group). ***Statistically significant differences at p<0.001
as compared to the control group.

reduced cell death by 61% (p<0.01) as compared to the CS
group (Figure 2A). In the case of MGV-1, application at 1
and 25 uM as a pre-treatment reduced cell death by 50%
(p<0.05) and 62% (p<0.01), respectively, as compared to the
CS group (Figure 2B).

Analysis of TSPO binding assay. The effect of CS on TSPO
binding in our cellular model was performed. The mean
results of four experiments are presented, showing a
significant decrease in the binding level after 30 min of
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Figure 2. The effect of pre-treatment with translocator protein (TSPO)
ligand on death in H9C2 cardiomyocytes after exposure to cigarette
smoke (CS) for 30 min. A: Comparison of HIC2 cell death in the CS
group compared to the control group. The application of the TSPO
ligand 2-CI-MGV-1 at two different concentrations had a protective
effect against CS-induced cell death. B: The protective effect of TSPO
ligand MGV-1 against CS-induced death of HIC?2 cells. The results are
expressed as the mean O.D. (arbitrary units)+S.E.M (n=4 in each
group). Significantly different at ***p<0.001 compared to the control
group; "p<0.05, "p<0.01, and "*p<0.001 compared to the CS group.

exposure to CS. In the control group, the mean binding level
was 2531+536 fmol/mg protein (referred to as 100%).
Following CS exposure, the binding level significantly
decreased to 616+277 fmol/mg protein (25% as compared to
control). Since the inhibitory effects of the ligands on CS-
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Figure 3. Protection by ligand MGV-1 (25 uM) against cigarette smoke
(CS)-induced reduction in translocator protein (TSPO) binding of 3H-
labeled PK 11195 (6 nM) by H9C2 cardiomyocytes. The figure
represents the mean percentage+S.E.M of the binding results of four
experiments. Control: Cells not exposed to CS or ligand. Significantly
different at p<0.05 compared to the *control group and *CS group.

induced H9C2 cell death were similar, we only included the
impact of MGV-1 as a representative ligand in the experiment
on TSPO binding. Furthermore, MG V-1 is the scaffold of the
other ligand. Pre-treatment with MGV-1 at a concentration of
25 uM prevented the CS-induced loss of TSPO binding (83%
as compared to the control) (p<0.05) (Figure 3).

Western blot analysis. Western blot analysis was performed
in order to measure the level of TSPO protein following 30
min of CS exposure. Five experiments were performed to
measure the level of TSPO in the control and CS groups. CS
exposure for 30 min did not result in a significant change in
the expression of TSPO as compared to the control group
(Figure 4).

TSPO levels on H9C2 cells following 30 min of CS
exposure were measured using FACS. TSPO expression was
not altered significantly following CS exposure nor by the
application of either TSPO ligands (Figure 5).

Discussion

The most important finding of the current study was the
ability of the TSPO ligands MGV-1 and 2-CI-MGV-1 to
prevent in vitro CS-induced death of cardiomyocytes. It is
likely that CS-induced cell death through TSPO occurs
mainly via apoptotic cell death, as previously described for
H1299 1lung cancer cells (30). 2-CI-MGV-1 at a
concentration of 25 uM was more protective than MGV-1,
and practically completely prevented cell death, while MG V-
1 exhibited only a partially protective effect (62%) Figure
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Figure 4. Translocator protein (TSPO) expression in control and
cigarette smoke (CS)-exposed cells. A: A representative western blot
analysis of TSPO expression in the control group and H9C2
cardiomyocytes exposed for 30 min to CS. B: TSPO expression in the
control group exposed to ambient air and H9C2 cells exposed to CS.
Results are expressed in relative O.D. (arbitrary units) of TSPO
expression normalized to that of f-actin+S.E.M.

2). It is of note that longer exposure to CS was more
cytotoxic than short exposure to CS (60 versus 30 min: cell
death rate 48% versus 30%, Figure 1). Thus, in the present
study we focused on the 30-min duration of CS exposure in
an attempt to be able to demonstrate the protective effect of
the ligands. In future studies, more time points and dose
dependency experiments should be performed.

The present observation is consistent with previous studies
demonstrating that exposure of lymphocytes or SCC-25 oral
cancer cells to CS resulted in time-dependent cell death with
survival rates of 56% and 61.6%, respectively (31, 32). It is
likely that the protective effect of the ligands, at least
partially, is mediated by their interaction with TSPO, since
the prevention of CS-induced cell death was associated with
a parallel prevention of a decrease in TSPO binding.

The observed reduction in TSPO binding following CS
exposure was reported in different cellular models (10, 33-
35). Interestingly, the CS-induced suppression of TSPO
binding was not reflected in the western blot and FACS
analysis of TSPO protein expression. This discrepancy may
be related to the fact that the binding assay measures the
protein content only in viable cells, while the protein analysis
by western blot or FACS reflects the total protein content,
irrespective of the viability of the cells. As for the mechanism
by which CS affects cells, we suggest that among others, free
radicals, transitional metal ions and aldehydes might cause
severe cellular damage resulting in DNA aberrations that lead
to cancer and other conditions, eventually resulting in cellular
death (31, 32). Furthermore, the underlying mechanism by
which CS reduces TSPO binding is unknown and may be the
result of various CS-borne components such as complex
metals or free radicals such as reactive oxygen species and
volatile aldehydes (36). With regard to free radicals, in our
laboratory we found that in a model in which oxidative stress
was induced by dimethylbenz(alpha)anthracene, the binding
capacity of the TSPO in rat aorta was reduced (37). However,
recently we reported in another study, conducted in a totally
different model, that CS-induced reduction in salivary TSPO
binding was not mediated by an increase of free radicals (35).
Regardless the exact mechanism and the specific CS
components responsible for this phenomenon, it is clear that
TSPO ligands can prevent a decrease in TSPO binding in
cardiomyocytes exposed to CS.

The cellular pathways involved in the protective effect of
the TSPO ligands against cellular death induced by CS are
still unclear. In another relevant study, it was shown that
TSPO ligands can also prevent initiation of cellular events
(collapse of the mitochondrial membrane potential and
generation of reactive oxygen species) leading to
mitochondrial apoptosis cascade. Moreover, it was
demonstrated that TSPO ligands, including the compounds
examined here, can regulate cell death processes (21).

Limitations. The major limitation of the study is the CS
model. The study was conducted by exposing rat-derived
cardiomyocytes to smoke. In the human paradigm, this does
not occur. Heart cells are exposed to certain constituents of
CS and their metabolites via the circulation. Future study
should include an alternative model using exposure of
cardiomyocyte cells in culture directly with CS extract
instead of exposure to all CS condensate. An alternative in
vitro approach would be to generate extract of CS and
supplement the growth medium with it at appropriate
concentrations. The model most relevant to the clinical
scenario would be to expose animals to cigarette smoke for
a period of time and then conduct the study on primary cells
derived from organs of interest from animals exposed to CS
and those exposed to ambient air. In addition, it would also
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Figure 5. Translocator protein (TSPO) expression in H9C2 cardiomyocytes represented by mean fluorescence intensity (MFI). A: Control group. B:
Group treated with CS for 30 min. C: Cells pretreated for 24 h with TSPO ligand MGV-1 without exposure to CS. D: Cells pretreated for 24 h with
25 uM TSPO ligand 2-CI-MGV-1 without exposure to CS. E: Cells pretreated for 24 h with 25 uM TSPO ligand MGV-1 prior to CS exposure. F:
Cells pretreated for 24 h with 25 uM TSPO ligand 2-CI-MGV-1. G: Quantitative data for TSPO level in the different experimental groups. Results

are represented are the mean MFI+S.E.M (n=4 in each group).

be informative to examine in future studies whether
administration of the ligands during CS exposure has a
similar effect or reduces the extent of cellular damage. The
second limitation of the study is the fact that the effects of
the ligands in restoring downstream signaling, namely the
pathways by which the restoration of TSPO signaling
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prevents CS-induced cell death, were not investigated.
Furthermore, no studies were conducted to look at the classic
markers of cell proliferation or apoptosis, therefore, it was
not possible to determine whether cell death was due to
necrosis, apoptosis, or autophagy. Future studies will be
focused on the cellular processes involved in the protective
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effects of the ligands. Transcriptomic assessment of the
cardiac cells exposed to CS compared with those in ambient
air and receiving vehicle or treatment can help to uncover
the potential mechanisms involved in this process.

Conclusion

The data presented here show that these TSPO ligands
protect cells against CS-induced cellular death
concomitantly with prevention of the CS-induced reduction
in TSPO binding. One cannot overemphasize the potential
importance of this finding, as tobacco in general, and CS in
particular, are responsible for a huge amount of morbidity
and mortality worldwide. Furthermore, the mechanistic
significance of these findings indicates the pivotal role of
TSPO in the cellular cascade of events, which begins with
exposure to CS and ends with devastating diseases such as
lung cancer, chronic obstructive pulmonary disease and
cardiovascular diseases. The next phase should be
complementary in vivo experiments where animals are
exposed to CS following pharmacological or genetic
manipulation of TSPO, as well as administration of TSPO
ligands prior to CS exposure. Nevertheless, these results
may be relevant to the prevention or treatment of
cardiovascular diseases associated with CS.
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