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ARTICLE INFO ABSTRACT
Keywords: Cigarette smoke (CS) represents one of the most relevant environmental risk factors for several chronic pa-
Extracellular Vesicles thologies. Tissue damage caused by CS exposure is mediated, at least in part, by oxidative stress induced by its
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toxic and pro-oxidant components. Evidence demonstrates that extracellular vesicles (EVs) released by various
cell types exposed to CS extract (CSE) are characterized by altered biochemical cargo and gained pathological
properties. In the present study, we evaluated the content of oxidized proteins and phospholipid fatty acid
profiles of EVs released by human bronchial epithelial BEAS-2B cells treated with CSE. This specific molecular
characterization has hitherto not been performed. After confirmation that CSE reduces viability of BEAS-2B cells
and elevates intracellular ROS levels, in a dose-dependent manner, we demonstrated that 24 h exposure at 1%
CSE, a concentration that only slight modifies cell viability but increases ROS levels, was able to increase car-
bonylated protein levels in cells and released EVs. The release of oxidatively modified proteins via EVs might
represent a mechanism used by cells to remove toxic proteins in order to avoid their intracellular overloading.
Moreover, 1% CSE induced only few changes in the fatty acid asset in BEAS-2B cell membrane phospholipids,
whereas several rearrangements were observed in EVs released by CSE-treated cells. The impact of changes in
acyl chain composition of CSE-EVs accounted for the increased saturation levels of phospholipids, a membrane
parameter that might influence EV stability, uptake and, at least in part, EV-mediated biological effects. The
present in vitro study adds new information concerning the biochemical composition of CSE-related EVs, useful to
predict their biological effects on target cells. Furthermore, the information regarding the presence of oxidized
proteins and the specific membrane features of CSE-related EVs can be useful to define the utilization of
circulating EVs as marker for diagnosing of CS-induced lung damage and/or CS-related diseases.

1. Introduction surrounded particles secreted by almost all cell types in response to a
variety of physiological and exogenous stimuli. EVs are commonly
Extracellular vesicles (EVs) are a heterogeneous group of membrane- classified on the basis of their origin, size and expression markers. Based
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on their origin, EVs have been defined as microvesicles (<100 or 200
nm), which directly bud from the plasma membrane, apoptotic blebs
(>1000 nm), which are released by cells undergoing apoptosis, and
exosomes (50-150 nm), which are secreted via exocytosis from late
endosome multivesicular bodies (MVBs) (Urbanelli et al., 2013; Théry
et al,, 2018). However, exosome and microvesicles share partially
overlapping biophysical (i.e. size and density) and biochemical (i.e.
surface markers) characteristics and EVs isolated by size-based methods
are heterogenous as it is not possible to separate vesicle subtypes (Théry
et al., 2018).

EV content is characterized by the presence of biochemically rele-
vant molecules such as nucleic acids, proteins and lipids which reflect
the physio-pathological status of the parental cell (Abels et al., 2016;
Llorente et al., 2013; Sagini et al., 2018a). Besides their role in elimi-
nating unnecessary or toxic material, EVs are involved in many bio-
logical processes by delivering their molecular cargo to neighboring and
distant cells in both physiological and pathological conditions (Robbins
et al., 2016; Yokoi et al., 2017; Chiaradia et al., 2021; Tancini et al.,
2019). In particular, it has been reported that EVs participate to cellular
communication, immune response and inflammation processes (Har-
ischandra et al.,, 2017; Sagini et al., 2018b; Haque et al., 2020).
Consequently, EVs have gained increasing interest as a source of circu-
lating biomarkers useful for diagnostic, prognostic and therapeutic ap-
plications in many diseases.

Cigarette smoke (CS) represents one of the most relevant environ-
mental risk factors for several chronic pathologies including cardio-
vascular diseases, oral and lung cancer and chronic obstructive
pulmonary disease (COPD) (Ryu et al., 2018). Most tissue damage
caused by CS exposure is mediated by a large number of toxic and
pro-oxidant molecules, which are able to induce oxidative stress damage
by promoting protein oxidation, DNA damage and lipid peroxidation
with detrimental consequences for cell integrity and function (Colombo
et al., 2019).

Redox proteomic studies revealed that exposure of epithelial bron-
chial cells to CSE induces carbonylation of a large number of proteins
involved in fundamental metabolic and cellular processes, thus con-
firming that the reactive species contained in the CSE greatly influence
homeostasis and cellular functions (Colombo et al., 2019). Reactive
oxidizing molecules could also promote lipid peroxidation, in particular
of polyunsaturated fatty acids (PUFA). Garbin et al. (2009) demon-
strated that CS induces an alteration of lipid profile in peripheral blood
mononuclear cells of young heavy smokers by formation of oxidized
phospholipids, which is associated with the activation of Nrf2/ARE
pathway.

Recently, numerous studies have also demonstrated that cell expo-
sure to CS increases EV release. High levels of circulating EVs have been
found in biological fluids of smokers (Gordon et al., 2011; Mobarrez
et al., 2014). In vitro studies showed that exposure to cigarette smoke
extract (CSE) induces EV release by different cell types, including airway
epithelial cells (Saxena et al., 2021; Benedikter et al., 2017). The
CSE-induced release of EVs seems to be related, at least in part, to
oxidative stress insult induced by CSE in originating cells. Consistently,
it has been demonstrated that oxidative stress affects the release and the
molecular content of EVs which, consequently, can deliver their cargo to
neighboring cells altering their metabolism and spreading oxidative
damage (Chiaradia et al., 2021; Yarana, 2018). Benedikter et al. (2017)
demonstrated that reactive compounds like acrolein, contained within
CS, contribute to the release of exosomes by airway epithelial cells by
depleting cell surface thiol groups and this effect can be prevented by the
thiol-based antioxidant systems, such as N-acetyl cysteine and gluta-
thione S-transferase.

It has been reported that EVs secreted under CS exposure show
pathological properties and can induce cellular responses that can
contribute to CS-related chronic diseases (Ryu et al., 2018; Fujita et al.,
2015; Benedikter et al., 2018). For instance, EVs derived from bronchial
epithelial cells exposed to CSE may have a crucial pathogenic role in the
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development of lung cancer and COPD (Fujita et al., 2015). CS-related
EVs have been found to induce endothelial dysfunction, tissue remod-
eling and angiogenesis (Benedikter et al., 2018; Ryu et al., 2018). In
addition, pro-inflammatory and pro-coagulant properties of EVs
secreted by monocytes and macrophages, as well as by airway epithelial
cells exposed to CS have been reported (Haque et al., 2020; Li et al.,
2010; Benedikter et al., 2019).

Despite that the correlation between CS-induced damage and the
crucial role played by CS-induced EVs in the pathogenesis of smoke-
related diseases has been clearly evidenced, studies analyzing the mo-
lecular composition of EVs released by CSE-treated airway epithelial
cells are very scarce. In particular, results have been reported concern-
ing the analysis of changes in the protein and RNA profiles of EVs from
airway epithelial cells (Benedikter et al., 2019; Corsello et al., 2019).
Here, we evaluated the presence of carbonylated proteins and changes in
lipid profiles of EVs released by human bronchial epithelial BEAS-2B
cells treated with CSE, a cell model representative of how cells lining
the bronchial tree may function in vivo. Detailed characterization of the
biochemical cargo of EVs released by CSE-treated cells can shed light on
the molecular mechanism underlying CSE effects on target cells.
Knowledge derived from our in vitro study adds new information
regarding the molecular cargo of CSE-related EVs, useful to define the
potential use of circulating EVs as diagnostic tool for CS-associated
diseases.

2. Materials and methods
2.1. Materials

All culture reagents were from Euroclone S.p.A (Pero, Italy). Cis and
trans fatty acid methyl esters (FAME), dimethyl disulfide, iodine,
cholesterol, sphingomyelin, sodium thiosulphate and Iodine were pur-
chased from Merck Life Science (Darmstadt, Germany) and used without
further purification; sapienic acid methyl ester, 8cis-18:1 methyl ester
and sebaleic acid methyl ester were purchased from Lipidox (Lidingo,
Sweden). The solvents chloroform, methanol, isopropanol, diethyl ether
and n-hexane (HPLC grade) were purchased from Millinckrodt (Phil-
lipsburg, NJ, USA) and used without further purification. POPC (1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine), POPE (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine) and POPS (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoserine) were purchased from Larodan
(Solna, Sweden) and used without further purification. Silica gel
analytical thin-layer chromatography (TLC) was performed on Merck
silica gel 60 plates of 0.25 mm thickness (Merck Life Science) and spots
were detected by spraying the plate with a cerium ammonium sulfate/
ammonium molybdate reagent. gEVoriginal/70 nm columns were pur-
chased from Schaefer South-East Europe Srl (Rovigo, Italy). All other
reagents were from Merck Life Science.

2.2. Cigarette smoke extract (CSE)

CSE was prepared according to previous studies (Benedikter et al.,
2019; Zhang et al., 2018), with some modifications. After the removal of
the filter, the smoke of one cigarette (Marlboro, Philip Morris, Inc.,
Richmond, VA, containing 10 mg of tar and 0.8 mg of nicotine) was
bubbled through 10 mL of cell culture medium with the use of an
experimenter-operated syringe (50 mL). After lighting the cigarette, the
mainstream smoke was drawn on the syringe up to 50 mL. The puff
should be slow and last 2-4 s. Puffs were repeated every 30 s until the
marking on the cigarette was reached. The CSE solution was filtered
through a 0.45 pm pore-sized filter to remove bacteria and particulate.
This solution was considered to be 100% CSE. To ensure the standard-
ization between experiments, the absorbance of the CSE solution at 320
nm was measured. CSE solution was used when the optical density of
100% CSE was 0.9-0.95 (Saxena et al., 2021). For each experiment, CSE
was freshly prepared before use and diluted to an appropriate
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concentration with cell culture medium.
2.3. Cell culture and treatments

Human bronchial epithelial BEAS-2B cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS), 100 U/mL penicillin and 100 U/
mL streptomycin. Cells were maintained in a humidified 5% CO; at-
mosphere at 37 °C and passaged as needed. For experiments, BEAS-2B
cells were seeded in complete medium and allowed to attach for 24 h.
Then, the culture medium was carefully removed and cells were washed
twice with phosphate-buffered saline (PBS). BEAS-2B cells were incu-
bated for 24 h in the absence (controls) or in presence of various con-
centration of CSE. To avoid any contamination by lipidic/proteic
complexes and lipoproteins present in FBS, all experiments were carried
out in serum free medium. In particular: 1 x 10* cells were seeded onto
96-well plates for MTT assay and onto 96-well black plates to determine
intracellular ROS concentration; 1.5 x 10° cells were seeded onto cell
culture flasks (25 cm?) to evaluate carbonylated proteins; 4 x 10° were
seeded onto cell culture flasks (75 cmz) for EV isolation from culture
media.

2.4. Evaluation of cell viability

Following exposure to CSE, media were removed and cells were
treated for 3 h with thiazolyl blue tetrazolium bromide (MTT; 2 mg/mL).
Then, dark blue formazan crystals were solubilized in DMSO and the
absorbance of dissolved formazan was measured at 570 nm using a
microplate reader (Beckman Coulter DTX880). The percentage of viable
cells was calculated using the following formula: (absorbance of CSE-
treated wells/absorbance of control wells) x 100.

2.5. Evaluation of intracellular ROS production

Intracellular ROS levels were measured using the Hy;DCFHDA
method (LeBel et al., 1992), with some modifications. Following expo-
sure to different CSE concentrations, cells were washed with PBS and
incubated for 60 min with 20 pM HDCFDA at 37 °C. Then, cells were
washed three times with PBS and the fluorescence intensity of the
oxidized form of DCF was measured at excitation/emission wavelengths
of 485/530 nm using a microplate reader (DTX880 Multimode Detector,
Beckman Coulter). Data, expressed as percentage of DCF fluorescence
with respect to control, were normalized to cell viability evaluated by
MTT assay.

2.6. Evaluation of lipid peroxidation

Lipid peroxidation was assessed by measuring the production of
thiobarbituric acid-reactive substances (TBARS) of malondialdehyde
(MDA), according to the method proposed by Draper and Hadley (1990).
Cell lysate supernatants were mixed with TBA solution (0.1% thio-
barbituric acid, 10%TCA and 0.01% BHT) and heated for 45 min at
95 °C. After cooling in ice, 0.5 mL of n-butanol were added, mixed and
finally centrifugated at 200xg for 10 min. The butanol phase was then
transferred to 96-well plate and absorbance was measured at 532 nm
using microplate reader Tecan infinitive (TECAN, USA). MDA concen-
trations were calculated using 1,1,3,3-tetramethoxypropane standard
curve and normalized to total protein concentration.

2.7. EV isolation

BEAS-2B cells were incubated for 24 h in the absence (controls)
(three flasks) or in the presence of 1% CSE (three flasks), as described
above. Then, media were collected to isolate EVs by differential
centrifugation protocol (Kowal et al., 2016; Buratta et al., 2021). Briefly,
media were subjected to low-speed centrifugations to remove cells, cell
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debris and large EVs (300xg for 10 min; 2,000xg for 10 min; 10,000xg
for 30 min). Supernatants were then ultracentrifuged at 100,000xg for
70 min to pellet EVs, which were washed in PBS and centrifuged again at
100,000xg for 70 min. The final pellets were re-suspended in small
volume (100-150 pl) of filtered (0.22 um pore size) PBS and used for
further analyses. In some cases, EVs recovered by the last step of ultra-
centrifugation were further purified using Size Exclusion Chromatog-
raphy (SEC). In particular, EVs (40 ug) were loaded on the top of an
qEV/70 nm SEC column (Izon Science) and eluted with PBS, following
manufacturer’s instructions. Twenty fractions of 0,5 mL were collected.
The EV-containing fractions were identified by western blotting using an
antibody against the EV protein marker CD81.

2.8. EV Characterization

2.8.1. Scanning electron microscopy, nanoparticle tracking analysis and
cryo-transmission electron microscopy

Scanning Electron Microscopy (SEM) examination was carried out
according to previous studies (Buratta et al., 2017, 2021). EVs were
fixed in 2.5% glutaraldehyde for 15 min at room temperature, washed
twice with large volume of water using Vivaspin concentration devices
(300,000 Da cut-off), then sedimented on glass coverslips and allowed to
dry at room temperature. SEM images were obtained using a field
emission LEO 1525 electron scanning microscope (Zeiss, Thornwood,
USA) equipped with a Gemini column, after Cr metallization using a
high-resolution sputter Q150T ES-Quorum apparatus (24 s sputter at a
current of 20 mA). Chromium thickness was ~10 nm.

A Malvern Panalytical NanoSight NS300 Nanoparticle Tracking
Analysis (NTA) system (Malvern, Worcestershire, UK) was used to assess
the EV concentration and size distribution. EVs were resuspended and
diluted in filtered PBS to be suitable for the NTA system’s working
concentration range and five measurements were performed for each
one. The analysis of EVs from two independent experiments has been
carried out.

Samples for cryo-Transmission Electron Microscopy (cryo-TEM)
analysis were prepared by placing a drop of 5 pul EV samples on a
Quantifoil Multi A holey carbon-coated copper grid (copper R2/1,
Quantifoil Micro Tools GmbH) that were previously glow discharged.
Excess fluid was blotted from the grid and plunge frozen in liquid ethane
using a FEI Vitrobot Mark IV plunge freezer to achieve sample vitrifi-
cation. Frozen samples were stored in liquid nitrogen until EM imaging
in a Philips CM200FEG microscope operating at 200 kV and equipped
with a TVIPS TemCam-F224HD CCD camera and a Gatan 626 Cryo-
Holder.

2.8.2. Immunoblotting

Cells were recovered by centrifugation and pellets were lysed in RIPA
buffer (50 mM Tris-HCI pH 8, 150 mM NacCl, 1% (v/v) NP-40, 0.1% (w/
v) SDS, 0.5% (w/v) sodium deoxycholate) in the presence of protease
inhibitor mixture. Insoluble material was removed by centrifugation at
13,000 g for 10 min at 4 °C.

Aliquots of cell lysates (20-30 pg proteins) or EVs (2-5 pg proteins)
were mixed with sample buffer 5X (1 M Tris-HCI pH 6.8, 5% (w/v) SDS,
6% (v/v) glycerol, 0.01% (w/v) Bromophenol blue) containing 125 mM
DTT. Samples were electrophoresed on 10-12% acrylamide gels and
electrotransferred to PVDF membranes. After blocking, membranes
were incubated overnight with the following primary antibodies: anti-
CD9 (Santa Cruz, Dallas, USA), anti-f-actin (Sigma-Aldrich), anti-
calnexin (Santa Cruz), anti-flotillin (BD Biosciences, Franklin Lakes,
USA), anti-CD81 (Santa Cruz). HRP-linked secondary antibodies (GE
Biosciences, Piscataway, USA) were probed according to manufacturer’s
instructions. Immunoblots were detected by chemiluminescence using
ECL system (GE Biosciences).
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2.9. Immunoblot detection of carbonylated proteins in control and CSE-
treated cells, and released EVs

Levels of carbonylated proteins in cells and EVs were evaluated by
indirect on-PVDF membrane protein labelling with 2,4-dinitrophenylhy-
drazine (DNPH) according to Colombo et al. (2016). Control or 1%
CSE-treated cells were lysed in RIPA buffer as reported above. Aliquots
of cell lysates (25 pg proteins) or EVs (18 pg proteins) were subjected to
SDS-PAGE (10% acrylamide gels) and proteins were transferred onto a
PVDF membrane. Membrane was washed for 15 min in PBS-T and
incubated in 2 N HCI for 5 min before the derivatization step. PVDF
membrane was incubated for 5 min in 0.1 mg/mL DNPH solution in 2 N
HCI to derivatize protein carbonyls. After washing and blocking steps,
the membrane was incubated with anti-DPN antibody (Molecular
Probes, Eugene, OR, USA) to specifically bind to DNPH-labeled elec-
troblotted proteins. Anti-rabbit HPR-coniugated were used as secondary
antibodies (Cell Signalling, Beverly, USA). Immunoreactive proteins
were finally evidenced by chemiluminescence using the ECL system.
Film images were then acquired using a GS-800 imaging systems scan-
ner (Biorad, Hercules, USA). After immunoblotting, PVDF membranes
were stained with R-250 blu Coomassie according to Goldman et al.
(2016), in order to define the total protein content of each lane. The
carbonyl levels and the total protein levels were densitometrically
defined using the software Quantity One (Biorad). The ratio between the
optical density (OD) of each whole lane in the films and the OD of
corresponding whole lane in the Coomassie-stained membranes were
reported as levels of carbonylated proteins.

2.10. Lipid characterization and phospholipid fatty acid analysis of
control and CSE-treated cells, and released EVs

2.10.1. Lipid extraction and characterization

The work up of the samples followed the previously published pro-
cedures (Ferreri et al., 2020; Kiiciiksayan et al., 2022). Briefly, 3 x 10°
cells were added with tri-distilled H2O (1 mL) and centrifuged at 10,000
x g for 15 min at 4 °C to obtain membrane pellet. They were then
reconstituted in tri-distilled HyO (1 mL); one aliquot (20 pl) was injected
in the HPLC instrument (Agilent 1200, Santa Clara, USA) equipped with
RP18 column (Macherey-Nagel EC 150/4.6, Nucleodur C18 HTEC, 5
um) applying previously published calibration procedures and separa-
tion protocol (Ferreri et al., 2020; Kiiciiksayan et al., 2022), while the
remaining part was extracted with CHCls/MeOH (2:1, v/v) (4 x2 mL)
according to the Folch method (Folch et al., 1957). The organic layers
were collected, dried on anhydrous NaySO4 and evaporated to dryness;
the extracts (0.4-0.6 mg in each sample) were also checked by three
different TLC analytical conditions (n-hexane/Et,O 9:1 v/v, n-hex-
ane/Et0 3:7 v/v and CHCl3/MeOH/H0 4.3:2.3:0.2 v/v/v) evidencing
the presence of phospholipids and free cholesterol. The lipid extracts
were then added with 0.5 M KOH in MeOH (0.5 mL) for the conversion
to Fatty Acid Methyl Esters (FAME). The transesterification reaction was
left stirring for 10 min and quenched by brine (0.5 mL); FAME were
extracted with n-hexane (4 x 2 mL), dried on anhydrous NasSOg,
evaporated to dryness and dissolved in n-hexane (10 pl) for GC analysis
using standard references for peak identification and quantitation as
described in the next section and in previous work (Sansone et al., 2013;
Scanferlato et al., 2019).

EV samples (100 pg) were treated as previously described for HPLC
and GC analyses of the lipid and fatty acid contents, respectively (Ferreri
et al., 2020).

2.10.2. Fatty acid methyl ester analysis by gas chromatography

Gas chromatography and detection with a flame ionization detector
(GC-FID) were carried out by Agilent 6850 equipment (Agilent, Milan,
Italy) in splitless mode using a 60 m x 0.25 mm x 0.25 um (50%-cya-
nopropyl)-methylpolysiloxane column and the following oven program:
temperature started from 165 °C, held for 3 min, followed by an increase
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of 1 °C/min up to 195 °C, held for 40 min, followed by a second increase
of 10 °C/min up to 240 °C, and held for 10 min. A constant pressure
mode (29 psi) was chosen with helium as the carrier gas. FAME obtained
from membrane phospholipids (see above) were separated and quanti-
fied using previously published procedures and commercially available
standard references (Sansone et al., 2013; Scanferlato et al., 2019).
FAME are expressed as relative percentage (mean + SD) of the quanti-
tative values of each fatty acid obtained by calibration curves calculated
directly by the software Chem Station Agilent of the GC instrument. The
recognized FAMEs corresponded to > 99% of the peaks present in the GC
run. The procedures for LOD, LOQ and calibration of GC instrument
have been previously detailed (Sansone et al., 2013; Scanferlato et al.,
2019).

Dimethyl disulphide adducts of FAME were analyzed by GC-MS
(Thermo Scientific Trace 1300) equipped with a 15 m x 0.25 mm x
0.25 pm 5% phenyl methyl polysiloxane column (Thermo Scientific™
TraceGOLD™ -SQC) with helium as the carrier gas, coupled to a mass-
selective detector (Thermo Scientific ISQ, Waltham, MA, USA) with
the following oven program: temperature started at 80 °C, maintained
for 2 min, increased at a rate of 15 °C/min up to 140 °C, increased at a
rate of 5 °C/min up to 280 °C and held for 10 min

The results of the FAME profiles in cell membrane are listed in

Table 1
Fatty acid residues (as fatty acid methyl esters, calculated as % rel. quant.) and
corresponding fatty acid indexes of control and 1% CSE-treated cells.

FAME (% rel. quant)! CTRL 1% CSE
n=28) (n=28)
mean=+SD mean+SD

14:0 1.22 +£0.39 0.96 + 0.43

16:0 24.52 £+ 3.11 22.72 + 5.45

6 cis 16:1 3.33+0.35 3.00 = 0.50

7 cis 16:1 traces traces

9 cis 16:1 1.48 £0.32 1.44 £ 0.31

18:0 1412 +1.34 13.80 &+ 2.33

9 trans 18:1 0.18 + 0.06 0.20 + 0.04

8 cis 18:1 2.70 £ 0.51 2.86 + 0.92

9 cis 18:1 29.37 £ 2.76 30.60 + 4.33

11 cis 18:1 6.33 + 0.92 6.46 + 1.11

5, 8 cis 18:2 0.30 + 0.08 0.38 £ 0.11

monotrans18:2 0.13 + 0.02 0.17 £ 0.10

18:2n-6 1.93 £0.73 1.84 + 0.69

20:0 0.21 + 0.09 0.37 £0.13 *

11 cis 20:1 0.39 + 0.06 0.44 + 0.06

20:3 n-6, DGLA 0.98 +0.21 1.08 +£0.23

20:4 n-6, ARA 5.41 + 0.96 5.99 +1.11

monotrans ARA 0.11 £+ 0.02 0.15 £+ 0.05

20:5n-3, EPA 0.54 +0.10 0.49 +0.18

22:5n-3, DPA 1.60 + 0.47 2.08 + 0.86

22:6 n-3, DHA 3.91 + 0.80 4.11 +£1.38

SFA 40.06 + 4.24 37.85 £ 7.92

MUFA 44.45 + 4.24 45.47 £ 6.26

PUFA 14.68 + 2.31 15.97 &+ 3.06

n-6 8.32+1.25 8.91 +1.14

n-3 6.05 = 1.24 6.68 £+ 2.22

n— 6/n-3 1.40 £ 0.19 1.44 £ 0.42

SFA/MUFA 0.92 +0.18 0.87 £+ 0.30

total trans 0.41 = 0.07 0.52 £+ 0.12*

n-10 6.33 £ 0.71 6.23 + 0.89

ARA/EPA 10.18 + 1.44 13.59 +£ 5.0

PI 70.76 £ 12.90 77.43 + 20.04

! Values are obtained in pg/mL considering the GC peak areas recognized and
calibrated with standard references (corresponding to >99% of the total peaks of
the chromatogram). Values are expressed in percentages relative to the sum of
all the quantities of the recognized peaks =+ SD (% rel. quant.) from the analyses
of n = 8 samples. Table reports also the distribution of fatty acids grouped on the
basis of their unsaturation level, the content of n-3 e n-6 PUFA and of trans
geometrical isomers of unsaturated fatty acids (*p < 0.04, CSE-treated cells vs
CTRL). SFA, Saturated Fatty Acids; MUFA, Mono-Unsaturated Fatty Acids;
PUFA, Poly-Unsaturated Fatty Acids; n-6 PUFA (n-6); n-3 PUFA (n-3); PI =
[(MUFA TOT) + (C18:2) + (C20:3) + (C20:4) + (C20:5) + (C22:6)].
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Table 1. A representative example of GC chromatogram of the analyzed
cell sample is reported in Fig. 1 S. The fatty acid composition of EVs is
listed in Table 2.

2.10.3. DMDS derivatization

The FAME mixtures were also treated by DMDS derivatization and
GC/MS analysis for the unambiguous assignment of the double bond
position as previously described (Sansone et al., 2013; Scanferlato et al.,
2019).

2.11. Determination of protein concentration

The protein concentration was determined spectrophotometrically
by Bradford method using Bio-Rad protein assay. Bovine serum albumin
was used to generate standard curve.

2.12. Statistical analysis

All data are expressed as mean + SD (standard deviation). Statistical
analysis was performed using GraphPad Prism 5.0 software (GraphPad
Software, Inc., San Diego, CA, USA). We used the non-parametric un-
paired t-test, two-tailed, with a 95% confidence interval when 2 groups
were compared, whereas analysis of variance (ANOVA) with Bonferroni
correction were used for multiple pairwise comparisons. p-values below
0.05 were considered statistically significant.

3. Results

3.1. CSE exposure decreased viability and increased intracellular levels of
ROS and carbonylated proteins in BEAS-2B cells

Firstly, we evaluated the relative survival and the intracellular levels
of ROS in BEAS-2B cells exposed to various CSE concentrations
(0.5-10%), that were chosen on the basis of previous studies on the same
cell line (Gornati et al., 2013; Colombo et al., 2019). As shown in Fig. 1,
CSE reduced viability (panel A) and increased ROS levels (panel B) in a
dose-dependent manner in BEAS-2B cells.

Then, we evaluated levels of carbonylated proteins, which are stable
markers of protein oxidation, in BEAS-2B cells incubated in the absence
(CTRL) or presence of various CSE concentrations (0.5-5%). As reported
in Fig. 2, CSE increased intracellular levels of carbonylated proteins in a
dose-dependent manner. In addition, we evaluated the levels of
malondialdehyde (MDA), which is a well-known product of lipid
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peroxidation, in cells exposed for 24 h to various CSE concentrations
(0.5-10%). Only the highest concentration of CSE was able to signifi-
cantly increase MDA levels (data not shown).

3.2. Characterization of EVs released by control and CSE-treated cells

EVs were isolated from culture media of BEAS-2B cells incubated in
the absence (CTRL-EVs) or presence of 1% CSE (CSE-EVs), a concen-
tration that only slightly affect cell viability but increased the intracel-
lular levels of ROS and carbonylated proteins (see Figs. 1 and 2). EVs,
isolated by differential centrifugation, were characterized by SEM, NTA,
cryo-TEM and immunoblotting. SEM images showed the presence of
round cup-shaped vesicles typical of exosomes and/or small plasma
membrane-derived microvesicles, both in CTRL-EVs and CSE-EVs
(Fig. 3A). Cryo-TEM revealed that our preparations contained round
shaped vesicles surrounded by membrane bilayer (Fig. 3B). The mean
concentration (particles/mL =+ SD) and size distribution of EV pop-
ulations isolated from cell culture media of CTRL and CSE-treated cells
were measured by NTA. No significant differences in EV concentrations
were observed between CTRL and CSE samples (Fig. 3C). Most of the EVs
from CTRL and CSE-treated cells had an average size of 123 + 1.1 and
125.6 + 1.2 nm (with a mode size 93.6 +5.8 and 87.5 +2.5), respec-
tively (Fig. 3C). Immunoblotting showed the presence in our vesicle
preparations of EV markers such as CD81, CD9 and flotillin-1, whereas
calnexin (marker of endoplasmic reticulum) and actin were not detected
(Fig. 3D). These results indicated that our EV preparations were devoid
of endoplasmic reticulum or cytoskeletal components and were enriched
of vesicles having a size typical of small EVs (Kowal et al., 2016; Théry
et al., 2018).

3.3. Carbonylated protein levels and fatty acid profiles in EVs released by
control and CSE-treated cells

In this section, results regarding the specific molecular cargo of EVs
released by control and CSE-treated cells have been reported. In
particular, we evaluated if CSE exposure modify the content of oxidized
proteins and alter the phospholipid fatty acid composition of EVs
released by BEAS-2B cells. As shown in Fig. 4, CSE-EVs presented higher
content of carbonylated proteins, compared to CTRL-EVs. In order to
unambiguously confirm the presence of carbonylated proteins in CSE-
EVs, we also tested an EV-enriched fraction obtained by loading EVs
recovered by the last step of differential ultracentrifugation on the top of
an qEV/70 nm SEC column. Western blotting of the SEC fractions
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Fig. 1. Cell viability and intracellular ROS levels in BEAS-2B cells exposed to various CSE concentrations. Cells were treated for 24 h with CSE at the indicated
concentrations. A) Cell viability was evaluated using MTT assay. Results are expressed as percentage of cell survival compared with control (*p < 0.05, **p < 0.001,

***p < 0.0001, CSE-treated cells vs controls). B) Intracellular ROS production was evaluated using the Ho,DCFDA assay. Normalized DCF fluorescence values are
expressed as percentage compared with control (*p < 0.05, **p < 0.001, CSE-treated cells vs controls). All data are reported as mean + S.D. from four independent

experiments carried out in triplicate.
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Table 2

Fatty acid residues (as fatty acid methyl esters, calculated as % rel. quant.) and
corresponding fatty acid indexes of EVs released by control and CSE-treated
cells.

FAME (% rel. quant)1 CTRL-EVs (n = 8) CSE-EVs (n = 6)

means+SD means+SD
14:0 1.89 +0.28 1.66 + 0.43
16:0 26.31 + 1.98 28.52 + 1.13*
6 cis 16:1 3.14 £ 0.38 2.21 £ 0.24* **
7 cis 16:1 traces traces
9 cis 16:1 1.48 £+ 0.55 1.48 +£0.36
18:0 19.57 + 2.51 21.19 £ 0.76
9 trans 18:1 0.08 + 0.02 0.07 + 0.01
8 cis 18:1 2.19 + 0.47 2.25 +0.33
9 cis 18:1 23.11 + 1.69 20.29 + 1.72* *
11 cis 18:1 3.90 + 0.85 3.70 + 0.58
5, 8 cis 18:2 0.17 + 0.02 0.14 + 0.05
monotrans18:2 0.07 £+ 0.02 0.06 = 0.02
18:2n-6 2.50 + 0.68 3.03 + 0.17
20:0 1.69 + 0.31 2.01 + 0.10%
11 cis 20:1 0.43 + 0.19 0.65 + 0.05*
20:3 n-6, DGLA 0.90 + 0.19 1.24 £+ 0.24*
20:4 n-6, ARA 4.42 + 0.33 4.11 + 0.58
monotrans ARA 0.05 £+ 0.03 0.08 = 0.01
20:5 n-3, EPA 0.65 + 0.16 0.79 £ 0.12
22:5 n-3, DPA 1.69 + 0.70 1.49 + 0.40
22:6 n-3, DHA 3.62 + 0.94 3.15 + 0.47
SFA 49.45 + 3.77 53.37 + 1.49*
MUFA 35.07 + 2.52 31.62 + 1.13* *
PUFA 13.95 + 2.03 13.96 + 1.45
n-6 7.82 + 0.82 8.38 £ 0.76
n-3 5.96 + 1.66 5.43 £ 0.70
n—6/n-3 1.31 £ 0.38 1.55 £+ 0.11
SFA/MUFA 1.42 £0.21 1.69 £+ 0.10*
total trans 0.20 £+ 0.04 0.19 £+ 0.02
n-10 5.50 + 0.66 4.60 + 0.42
ARA/EPA 7.46 £+ 3.12 5.34 +1.39
PI 65.89 + 11.78 61.65 + 7.47

1 Values are obtained in pg/mL considering the GC peak areas recognized and
calibrated with standard references (corresponding to >99% of the total peaks of
the chromatogram). Values are expressed in percentages relative to the sum of
all the quantities of the recognized peaks + SD (% rel. quant.) from the analyses
of n = 8 CTRL-EVs and n = 6 CSE-EVs. Table reports also the distribution of fatty
acids grouped on the basis of their unsaturation level, the content of n-3 e n-6
PUFA and of trans geometrical isomers of unsaturated fatty acids (*p < 0.034,
**p < 0.009, ***p < 0.0002, CSE-EVs vs CTRL-EVs). SFA, Saturated Fatty Acids;
MUFA, Mono-Unsaturated Fatty Acids; PUFA, Poly-Unsaturated Fatty Acids; n-6
PUFA (n-6); n-3 PUFA (n-3); PI = [(MUFA TOT) + (C18:2) + (C20:3) + (C20:4)
+ (C20:5) + (C22:6)].

revealed the presence of the EV marker protein CD81 in the fraction 8
(Fig. 2S). EVs contained in this fraction were recovered by ultracentri-
fugation and analyzed for the presence of carbonylated proteins. Results
showed that EVs from CSE-treated cells contained higher level of car-
bonylated proteins, compared to the control (Fig. 3S).

Then, we analyzed the phospholipid fatty acid composition of CTRL
and 1% CSE-treated cells, and their released EVs. Cells and EVs were first
examined for the lipid classes, identifying phosphatidylethanolamine
(PE), phosphatidylserine (PS) and phosphatidylcholine (PC), together
with cholesterol (CHO) and sphingomyelins (SM), by appropriate
methods and standard references. In cells, treatment with 1% CSE
induced a significant increase in the content of PS and a reduction in the
content of PE (Fig. 5A), whereas an increased level of SM was observed
in CSE-EVs compared to CTRL-EVs (Fig. 5B).

Then, the phospholipid fatty acid composition of cells and EVs was
analyzed by GC. Tables 1 and 2 report the percentage of FAME from
membrane phospholipids of cells and EVs, respectively. Tables reported
also the positional and geometric isomers of unsaturated fatty acids and
FAME grouped in saturated (SFA), monounsaturated (MUFA) and PUFA,
as the phospholipid saturation degree determines important biophysical
and functional properties of membranes.

European Journal of Cell Biology 102 (2023) 151285

In BEAS-2B cells, SFA represented ~40 % of total fatty acids whereas
the content of MUFA and PUFA were ~45% and ~15%, respectively
(Table 1). Regarding SFA, the most abundant fatty acids were palmitic
(16:0) and stearic acid (18:0), whereas regarding MUFA ~6 % of them
were represented by n-10 fatty acids. In particular, the analysis of MUFA
positional isomers demonstrated that among the hexadecenoic fatty acid
(16:1) family the most abundant species were sapienic acid (6 cis16:1-
n10) followed by palmitoleic acid (9 cis 16:1 n-7), whereas in the 18:1
family the most abundant species were oleic acid (9 cis-18:1 n-9) fol-
lowed by 11 cis 18:1 n-7 and 8 cis-18:1 n-10 (Table 1). The total trans
fatty acid (TFA) isomers including MUFA, PUFA isomers, were ~0.4%
(Table 1).

Treatment of BEAS-2B cells with 1% CSE induced only few changes
in phospholipid fatty acid profiles consistent of higher levels of arachidic
acid (20:0) and of the total content of TFA, compared to controls
(Table 1).

In CTRL-EVs, SFA represented ~50% of total fatty acids whereas the
content of MUFA and PUFA were ~35 % and 15 %, respectively
(Table 2). As for cells, palmitic (C16:0) and stearic (C18:0) acids were
the most abundant SFA in CTRL-EVs (Table 2). Regarding C16 and C18
positional MUFA, we observed that the most abundant isomer of 16:1
family is sapienic acid (6 cis16:1 -n10), whereas oleic acid (9 cis-18:1 n-
9) was the most abundant isomer among 18:1 MUFA (Table 2). Focusing
the attention on CSE-induced effects, we observed numerous rear-
rangements in the acyl chains of the membrane phospholipids of CSE-
EVs, which presented significant higher content of palmitic (16:0) and
arachidic (20:0) acids, and reduced levels of sapienic (6 cis-16:1 n-10)
and oleic (9 cis-18:1 n-9) acids, compared to CTRL-EVs (Table 2). These
changes accounted for the higher SFA levels and lower MUFA levels,
resulting in a significant increase of the SFA/MUFA ratio in CSE-EVs
(Table 2). Further, higher levels of 1lcis-eicosenoic acid (1lcis-
20:1 n:9) and dihomo-y-linolenic acid (20:3 n-6, DGLA) were observed
in CSE-EVs, compared to CTRL-EVs (Table 2).

4. Discussion

Several studies have demonstrated that various cell types exposed to
CSE release EVs having an altered biochemical cargo which might affect
signaling and biological responses to other cells (Haque et al., 2020; Li
et al., 2010; Benedikter et al., 2019). Even if the effects exerted by EVs
released by airway epithelial cells treated with CSE have been investi-
gated, few studies analyzed their molecular cargo.

Several evidences indicate that the exposure of BEAS-2B cells to CSE
induces the release of EVs enriched in tissue factors via depletion of cell
surface thiols (Stassen et al., 2019) and in proteins involved in haemo-
stasis, cell communication and signal transduction (Benedikter et al.,
2019). Corsello and coworkers (2019) demonstrated that human small
airway epithelial cells (SAE) treated with cigarette smoke condensate
release EVs displaying an enrichment in hsa-miR-3913-5p, whose
potentially target genes are involved in lipid transport, lipid binding,
and regulation of mRNA stability.

Most of the effects exerted by CSE have been linked to its pro-oxidant
components that can induce oxidative stress and consistently can affect
EV release and composition, enriching their cargo in oxidized molecules
(Chiaradia, 2021).

In the present study, we demonstrated that 24 h treatment of BEAS-
2B cells with 1% CSE increased the content of carbonylated proteins not
only in cells but also in their released EVs. Furthermore, relevant dif-
ferences in phospholipid fatty acid composition of CSE-EVs have been
observed, whereas only few changes were observed in the fatty acid
asset of membrane phospholipids of CSE-treated cells.

In the first part of this study, we demonstrated that CSE reduced
viability of BEAS-2B cells and elevated intracellular ROS levels, in a
dose-dependent manner. These results are in agreement with other
studies that suggest a crucial role of ROS and oxidative cell injury in the
smoking-associated pathology of airway tissues (Van Der Toorn et al.,
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Fig. 2. Protein carbonylation levels in BEAS-2B cells treated with various CSE concentrations. Cells were treated for 24 h with CSE at the indicated concentrations. A)
Representative immunoblot of carbonylated proteins and the corresponding Coomassie-stained PVDF membranes. B) Bar graph reports carbonylated protein levels
expressed as ratio of optical density (OD) obtained from the whole lane on film and the OD of the corresponding lane in Coomassie-stained PVDF membrane

(*p < 0.05; ***p < 0.001, CSE-treated cells vs CTRL, n = 4).
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Fig. 3. Characterization of EVs released from control and CSE-treated cells. EVs were isolated from cell culture media of control (CTRL-EVs) and 1% CSE-treated cells
(CSE-EVs), as described in Materials and Methods. A) Representative images of EVs by SEM. B) Representative cryo-TEM images of EVs. C) Concentration and size
distribution of the released EVs by NTA. Representative distribution is shown. Number of particles/mL ([]/mL), mean (nm) and mode (nm) are reported in the Table.
Data are expressed as mean + SD of five measurements. D) Cell lysates and EVs were separated by SDS-PAGE, electro-transferred and probed with the indicated
positive and negative EV markers. Immunoblots are representative of two independent experiments.

2009; Reis et al., 2021). We also observed a dose-dependent increase of
carbonylated protein levels in CSE-treated cells, compared to controls.
Similar results were obtained by Colombo et al. (2019) by exposing a
human bronchial epithelial cell line (16-HBE cells) to 2.5-10% CSE for
1 h, 3 h and 24 h. However, our results showed increased intracellular
levels of carbonylated proteins also at 1% CSE, a concentration able to
induce oxidative stress without a remarkable reduction of cell viability.
It is well known that carbonylated proteins completely or partially lose
their function until they become toxic for cells. In addition, they cannot
be efficiently removed by the proteasome ubiquitin system. In partic-
ular, Kastle and co-workers demonstrated that carbonylated proteins are
not preferentially ubiquitinated (Kastle and Grune, 2011; Kastle et al.,
2012), whereas Colombo et al. (2019) observed a reduction of protein

carbonylation levels after 24 h, compared to 1 h and 3 h of CSE exposure
of 16-HBE cells, without significant differences in protein ubiquitina-
tion. Since EVs can also act in removing intracellular unwanted material
(Chiaradia, 2021; Tancini et al., 2019), carbonylated proteins loaded in
EVs could represent an additional way to dispose of oxidatively
damaged proteins, in order to avoid their detrimental intracellular
overload.

In the present study, we isolated EVs released by control or 1% CSE-
exposed cells and investigated their cargo. CTRL-EVs and CSE-EVs are
both round shaped vesicles surrounded by a membrane bilayer. SEM and
NTA analyses showed no significant differences in morphology and size
distribution between CTRL-EVs and CSE-EVs. Interestingly, we did not
observe an increased EV release by 1% CSE-treated BEAS-2B, in
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Fig. 4. Protein carbonylation levels in EVs released by control and CSE-treated
cells. EVs were isolated from cell culture media of control (CTRL) and 1% CSE-
treated cells, as described in Materials and Methods. A) Representative immu-
noblot of carbonylated proteins and the corresponding Coomassie-stained PVDF
membranes. B) Bar graph reports carbonylated protein levels expressed as ratio
of optical density (OD) obtained from the whole lane on film and the OD of the
corresponding lane in Coomassie-stained PVDF membrane (* p < 0.025, n = 4).

accordance with other authors (Fujita et al., 2015; Stassen et al., 2019).
Conversely, the increased secretion of EVs from cultured human bron-
chial epithelial cells exposed to CSE has been reported in some studies
(Saxena et al., 2021; Benedikter et al., 2017; Moon et al., 2014). This
discrepancy could be due to differences in CSE concentration used in the
studies, as only concentrations > 1% CSE seems to be able to increase
the release of EVs (Saxena et al., 2021; Benedikter et al., 2017; Moon
etal., 2014; Stassen et al., 2019). However, in our model, concentrations
of CSE > 1% were associated with a significant decrease in cell viability.
Interestingly, oxyblot analyses showed that 24 h treatment of BEAS-2B
cells with 1% CSE increased the content of oxidatively modified pro-
teins, not only in cells but also in their released EVs, indicating that the
exposure of BEAS-2B cells to low CSE concentrations is able to alter the
composition of EVs without affecting the level of EV release. However,
the effects of oxidative stimuli on proteins might be related to the cell
type and oxidative conditions. For instance, Eldh’s (2010) study evi-
denced that 24 h exposure of mouse mast cell line (MC/9) to Hy04
(125 mM) increases the level of oxidized proteins in cells, but not in
exosomes. However, the presence of carbonylated proteins has been
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evidenced in the EVs derived from pigmented ciliary epithelium cells
under oxidative stress condition induced by 2,2-Azobis
(2-amidinopropane) dihydrochloride (Lerner et al., 2020).

Lipid extraction and characterization by GC analyses of phospholipid
fatty acid composition in CSE-EVs and CTRL-EVs, evidenced interesting
differences, whereas only a few changes were observed in the phos-
pholipid fatty acid asset of CSE-treated cells. These data indicate that the
analysis of EV lipid asset, can highlight differences between control and
CSE-treated samples that did not emerge from the analysis of the cellular
counterparts. Cells exposed to 1% CSE presented a significant increase in
arachidic acid (20:0) and TFA isomers, compared to controls. It is well
known that the cis configuration of the double bonds of unsaturated fatty
acids is the most abundant configuration present in membrane phos-
pholipids. Oxidative stress conditions can cause isomerization of un-
saturated fatty acids from the natural cis to unnatural trans configuration
(Ferreri et al., 2016, 2022), which is the thermodynamically most
favored structure. By increasing free radicals, smoke can contribute to
biomolecule reactivity and TFA isomer formation, as reported for
trans-arachidonic acid isomers detected in human blood plasma of
smokers (Hung et al., 2016). The presence of TFA in cell membrane
phospholipids can influence physical and functional properties of the
membrane, such as fluidity, permeability and cell signaling (Cort et al.,
2016). Besides, cis-trans isomerization is a process that can amplify the
reactivity of relatively small quantities of radical species generated in
the biological environment. Therefore, the mild oxidative stress induced
by 1% CSE might be sufficient to induce cis-trans isomerization of the
double bond of unsaturated fatty acids, whereas does not produce
extensive lipid peroxidation, as demonstrated by the lack of increase of
MDA levels in treated cells (data not shown). Our result indicates that
the evaluation of trans geometrical isomers in cell membranes could be a
useful indicator of an early stage of oxidative stress-induced cell dam-
age. It is important to add that the detection of TFA, as well as of the
positional isomers for purposes of precision medicine, requires the use of
GC under specific conditions of column length and oven program, as
reported in the Materials and Methods. This is the gold standard meth-
odology to separate geometrical as well as positional isomers, whereas
the sole use of direct injection of lipid mixture in mass spectrometry
cannot give precise quantifications of small amounts of such isomers,
especially when they are in mixture with other fatty acids such as in
biological samples.

Interestingly, the quantification of lipid classes by HPLC revealed
that CSE treatment caused changes in the cellular phospholipid
composition, with a decrease of PE and an increase of PS, which is
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Fig. 5. Main lipid classes isolated from control and CSE-treated cells (A), and their corresponding EVs (B). Values are expressed as relative quantitative percentages
(% rel. quant.) calculated from the quantities of lipids obtained by HPLC analysis identified and calibrated by the standard references. Values are mean =+ SD of
experiments performed in replicates (***p < 0.0005 (1% CSE-treated cells vs controls, n = 8) (*p < 0.05, CSE-EVs vs CTRL-EVs, n = 8 and n = 6, respectively). PS
= phosphatidylserine, CHO = free cholesterol; PE = phosphatidylethanolamine; SM = sphingomyelin; PC = phosphatidylcholine.
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known to play a pivotal role in apoptotic signaling (Barth et al., 2017).

Regarding fatty acids composition of released EVs, in line with pre-
vious studies (Llorente et al., 2013; Sagini et al., 2018a; Ferreri et al.,
2020; Buratta et al., 2021), we observed an enrichment in the content of
SFA and MUFA, compared to parental cells. The SFA enrichment can
contribute to membrane rigidity of EVs (Llorente et al., 2013; Trajkovic
et al., 2008) as well as to EV stability in biological fluids (Alvarez-Erviti
et al., 2011). Besides, CSE exposure affected the fatty acid composition
of EV more than cells. The most relevant changes in CSE-EVs were the
increased content of palmitic acid (16:0) and arachidic acid (20:0) and
the reduced levels of sapienic acid (6 cis-16: 1 n-10), oleic acid (9 cis-18:
1 n-9) and 11cis-eicosenoic acid (11cis-20:1 n:9), which lead to an in-
crease in the SFA/MUFA ratio. This can suggest a metabolic shift
induced by CSE, with a decreased desaturase enzymatic conversion of
SFA into MUFA. Indeed, in THP-1 cells cigarette smoke induced a
reduction of desaturase activity, which modified linoleic acid and the
omega-6 PUFA biosynthetic pathway (Ghezzi et al., 2007). Moreover, it
has been demonstrated that SFA-enriched EVs induce pro-inflammatory
responses in target cells (Kakazu et al., 2016; Hirsova et al., 2016) and
that saturation level of membrane phospholipids influence EV uptake by
recipient cells (Buratta et al., 2021). The only significant difference on
PUFA components of EVs was found to be the level of omega-6 DGLA
(20:3 n-6) that increases in CSE-EVs, compared to CTRL-EVs. DGLA, one
of the downstream omega-6 PUFAs derived from linoleic acid, is the
precursor for series-1 lipid mediators, but it is also the precursor of
arachidonic acid through the delta-5 desaturase transformation (Wang
et al., 2012). This increase suggests a desaturase impairment caused by
CSE. Thus, CSE-treated cells released EVs enriched in phospholipid
containing DGLA which might be converted in bioactive lipids in target
cells. Notably, EVs carry and deliver membrane-derived bioactive lipids
protecting them from degradation and play a role in their transcellular
synthesis (Sagini et al., 2018b). Lipid analysis revealed that CSE-EVs are
enriched in SM, probably linked to the SFA enrichment observed in the
fatty acid families.

5. Conclusion

The present study expands the knowledge about the biochemical
cargo of EVs released by airway epithelial cells exposed to CSE. Overall,
our results demonstrate that cell treatment with 1% CSE induced the
release of EVs with altered phospholipid fatty acid composition, and an
increased cargo of carbonylated proteins. The release of oxidatively
modified proteins via EVs might represent a mechanism used by cells to
remove toxic proteins in order to maintain cell homeostasis. On the
other hand, EVs containing oxidized proteins can induce harmful effects
in target cells such as inflammatory responses. The further identification
of specific oxidized protein species in CSE- EVs will be useful to predict
the effects exerted by CSE-EVs on neighboring or distant target cells.
Regarding lipid composition, the increased SFA/MUFA ratio observed in
CSE-EVs might influence their biological and targeting properties.
Therefore, getting insights into the molecular composition of EVs will be
useful to predict their biological effects, as it has been demonstrated that
cells exposed to CSE-EVs undergo pro-inflammatory and pro-fibrotic
changes. The same predictivity can be foreseen for the TFA presence
that has been detected in cell membrane phospholipids, confirming cis-
trans isomerization as first indicator of changes induced by the smoke
habits. Results of the present in vitro study could be a starting point for
the utilization of circulating EVs and, in particular their oxidized protein
cargo and SFA/MUFA ratio, as biomarkers for the diagnosis of CS-
induced lung damage and/or CS-related diseases.
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