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Abstract

Background Tobacco smoking is the leading cause of preventable death and disease worldwide, with over 8 million
annual deaths attributed to cigarette smoking. This study investigates the impact of cigarette smoke and heated
tobacco products (HTPs) on microglial function, focusing on toxicological profiles, inflammatory responses, and
oxidative stress using 1SO standard and clinically relevant conditions of exposure.

Methods We assessed cell viability, reactive oxygen species (ROS) production, lipid peroxidation, mitochondrial
function, unfolded protein response, and inflammation in human microglial cells (HMC3) exposed to cigarette smoke,
HTP aerosol or nicotine.

Results Our findings show that cigarette smoke significantly reduces microglial viability, increases ROS formation,
induces lipid peroxidation, and reduces intracellular glutathione levels. Cigarette smoke also alters the expression

of genes involved in mitochondrial dynamics and biogenesis, leading to mitochondrial dysfunction. Additionally,
cigarette smoke impairs the unfolded protein response, activates the NF-«kB pathway, and induces a pro-inflammatory
state characterized by increased TNF and IL-18 expression. Furthermore, cigarette smoke causes DNA damage and
decreases the expression of the aging marker Klotho B. In contrast, HTP, exhibited a lesser degree of microglial
toxicity, with reduced ROS production, lipid peroxidation, and mitochondrial dysfunction compared to conventional
cigarettes.

Conclusion These results highlight the differential toxicological profile of cigarette smoke and HTP on microglial
cells, suggesting a potential harm reduction strategy for neurodegenerative disease for smokers unwilling or unable
to quit.
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Introduction

Tobacco smoking stands as the foremost cause of pre-
ventable death and disease globally [1]. With an esti-
mated 1.3 billion smokers worldwide, cigarette smoking
alone claims over 8 million lives annually. On average,
smokers sacrifice at least 10 years of life expectancy com-
pared to non-smokers and endure a significant decline
in quality of life [2, 3]. Moreover, smoking exerts a pro-
found negative influence on neurocognitive and neuro-
pathological conditions, exacerbating anxiety, cognitive
decline, and increasing the risk of Alzheimer’s disease
(AD) and stroke, albeit displaying a protective effect
against Parkinson’s disease [4—9]. To this regard, epide-
miological studies have shown that cigarette smoking is
an important risk factor of cognitive decline and AD, the
most common form of dementia [1-3]. Cigarette smok-
ing not just doubles the risk of developing dementia and
AD [10], it also accelerates the rate of cognitive decline
in elderly without dementia [2]. In addition, cigarette
smoking has been known as an important environmental
aging accelerator [11, 12] partly because it induces oxida-
tive stress in multiple organs including the brain [4, 13,
14]. Previous studies showed that during the combustion
of a cigarette, more than 4000 chemicals are produced,
many of whom are reactive radicals, leading to a defec-
tive cellular signaling and accumulation of malfunctioned
proteins [5]. Previous studies suggest that smoking habit
shows deleterious neurological effects via oxidative
stress, triggering inflammation via a cytokine-mediated
immune response with the release of pro-inflammatory
mediators such as TNE, and interleukins that may exert
neurotoxic effects accelerating brain aging. Consistently,
a number of reports have shown that oxidative stress was
found in the brains of cigarette smoke exposed-animals
[6, 7]. However, although these studies suggest a linkage
between cigarette smoking and cognitive impairment,
there is insufficient experimental data demonstrating
how smoking induces cognition-related pathological
changes. To this regard, previous studies suggested the
potential involvement of non-neuronal cell types such as
microglia, as active players in such complex pathophysi-
ological processes leading to brain injury [15].

Microglia are highly specialized resident immune
cells, which act as the brain’s homeostatic sensor. Ciga-
rette smoke detrimentally impacts microglia through
direct and indirect pathways, triggering inflammatory
responses and functional impairments [16]. Different
studies demonstrated that toxicants in smoke promote
oxidative stress and neuroinflammation, impair phago-
cytosis, disrupt intercellular communication exacerbat-
ing neurodegeneration [16]. However, one of the limits of
these studies was the use of not clinically relevant expo-
sure conditions with particular regard to nicotine con-
centration or poor standardization of methods. Finally,
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no studies are currently available on the comparison of
the neurotoxicological profiles of cigarettes vs. heated
tobacco products (HTPs) in order to elucidate and poten-
tially offering a possible alternative for those smokers
who are not willing or are not able to quit smoking.

The present in vitro study aims to assess and com-
pare the impact of cigarette smoke and HTPs aerosol on
microglial function with particular regard to toxicologi-
cal profile, inflammatory response, and oxidative stress in
clinically relevant conditions.

Materials and methods

Cell culture

The transformed human microglial cells (HMC3) (ATCC
CRL-3304) were established through SV40-dependent
immortalization of a human fetal brain-derived primary
microglia culture. They retain the properties of primary
microglial cells and represent homogeneous cell popula-
tions which can be grown indefinitely and might repre-
sent a convenient system for the biochemical analysis of
microglial cells functions. The HMC3 cells were cultured
with EMEM medium (SIGMA° M4655™) added with 10%
FBS (ATCC® 30-2020™), Sodium pyruvate 1% (Sigma®
S8636), 1% MEM Non-Essential Amino Acids (GIBCO®
11140-50), and 1% Antibiotic-Antimycotic (15240062,
Invitrogen™ Thermo Fisher Scientific).

Test products and exposure of cells to smoke/aerosol

For the exposure of microglial cells to smoke or aerosol
were used a standardized tobacco reference cigarette,
1R6F (Center of Tobacco Reference Products, University
of Kentucky), and an HTP commercially available, IQOS
3 DUO (referred subsequently as IQOS; Philip Morris
International, Neuchatel, Switzerland), respectively. The
tobacco consumables used with IQOS were the Heat-
Sticks (or Heets) “Sienna selection” (Red). All IQOS
devices and consumables were purchased from autho-
rized dealers in Italy.

Preparation of smoke and aerosol aqueous extracts (AqE)
For the 1R6F cigarette smoke exposure was used the
Borgwaldt LM1 smoking machine (Borgwaldt KC
GmbH). The LMI1 is a linear one-port mechanical
syringe-based smoking machine that performs a whole
smoke exposure [17].

The 1R6F reference cigarettes were conditioned before
use for a minimum of 48 h at 2241 °C and 60+ 3% relative
humidity in a climatic chamber (Memmert, HCP105), in
accordance with ISO 3402:1999 [18]. Then, 1R6F were
smoked following the Health Canada Intense (HCI)
regimen (55 mL puff volume, 2 s puff duration, 30 s puff
frequency, with bell shaped profile and the hole vents
blocked), accredited under ISO/TR 19478-2:2015 [19].
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IQOS devices were used according to the manufac-
turer’s instructions. They were fully charged, cleaned, and
loaded with fresh tobacco consumables before each expo-
sure. For the IQOS aerosol exposure was used the Borg-
waldt LM4E vaping machine (Borgwaldt KC GmbH).
The LMA4E is a linear 4-port machine with one piston
pump that delivers undiluted aerosol [20]. IQOS system
was vaped following a modified Health Canada Intense
(mHCI) regimen (55 mL puff volume, 2 s puff duration,
30 s puff frequency, with bell shaped profile, but with fil-
ter vents unblocked to avoid device overheating). IQOS
system was manually button-activated 30 s before each
puffing session to initiate device heating prior to syringe
activation.

HMC3 cells were exposed to aqueous extract (AqE)
generated by bubbling 1R6F smoke (6 cigarettes with
9 puffs/cigarette; total 54 puffs in 30 ml PBS) or IQOS
aerosol (10 sticks with 12 puffs/stick; total 120 puffs in
40 ml PBS) in ice-cold impinger.

Quantification of nicotine in HPLC

Nicotine identification and quantification in AqE was
conducted using reversed phase chromatographic tech-
nique. The apparatus consisted in a SpectraSystem P4000
pump connected to a highly sensitive UV6000LP diode
array detector (ThermoQuest Italia, Rodano, Milan,
Italy), equipped with a 5-cm-light-path flow cell and set
up between 190 and 300 nm wavelength. Puffs from dif-
ferent sources of nicotine (1.8 puffs for 1R6F or 3 puffs
for IQOS, respectively) were bubbled in 1 ml PBS which
was then loaded onto a 150x4.6 mm, 3 pm particle size
Hypersil Gold RP C18 column provided with its own
guard column (Thermo Fisher Scientific, Milan, Italy). A
binary gradient was built up using buffers A (10% metha-
nol+90% 10mM KH,PO, pH 7.4) and B (50% metha-
nol+50% 10mM KH,PO, pH 7.4) mixed in the following
linear steps: 0—5 minutes 100% A, 5-30 minutes 100%
B. Flow rate was 1 ml/min and column temperature was
kept at 30°C. The nicotine peak was eluted with a k' =13
(where K’ =V - V/V,, with V=the elution volume of the
compound of interest and V,=the void volume of the
system) and its quantification was performed at its maxi-
mum of absorbance (A\=268 nm) [21].

Nicotine solution preparation

Nicotine (SIGMA® N3876™) was used as a reference stan-
dard for our experiments. The nicotine standard was
diluted in the culture medium to a concentration of 340
nM established after calculating the ICy, of HMC3 cells.

MTT assay and IC50 evaluation

Cytotoxicity evaluation was performed through MTT
assay to establish the IC; of cells exposed to 1R6F aque-
ous extract (AqE).
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Briefly, HMC3 cells were seeded in a 96-well plate at a
density of 10x 10° cells/well. After 24 h they were exposed
to AqE at different nicotine concentrations (0.067
nM=4.3x10"7 puffs/ml; 0.27 nM=1.7x10"° puffs/ml;
2.2 nM=1.4x10"° puffs/ml; 17 nM=1.11x10"* puffs/
ml; 34 nM=2.2x10"* puffs/ml; 140 nM=8.8x 10~ * puffs/
ml; 1100 nM=7x10"2 puffs/ml; 2200 nM=1.4x10"2
puffs/ml; 1.76 x10* nM=1.1x10 puffs; 1.41x10° nM=0.9
puffs). Exposure of cells to AqE was maintained for 24 h.

Cell viability was measured through the colorimetric
tetrazolium salts assay. This assay evaluates total cel-
lular integrity and assesses the ability of cells to reduce,
by means of the mitochondrial succinate dehydrogenase,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl ~ tetrazolium
bromide (MTT). The tetrazolium salts enter the cells
and are transformed into violet-coloured formazan crys-
tals. The level of formazan is used as an indirect index
of cell density. After incubating the cells for 3 h, in 5%
CO, at 37 °C, with 100 pl of the tetrazolium salt solution
(0.5 mg/ml), the supernatant was removed and 100 pl of
DMSO per well was added for the elution of the crys-
tals. Eventually, the optical density (OD) was measured
at a wavelength of 570 nm with the use of a microplate
spectrophotometer (Biotek Synergy H1 multiplate reader,
Milan, Italy).

Assessment of cytotoxicity by real-time cell
analysis (RTCA)

Real-time cell proliferation analysis was performed using
the xCELLigence RTCA DPsystem (Agilent). The back-
ground impedance was measured in E-plate 16 with
100 pl medium (without cells) after 30 min incubation
period at room temperature. HMC3 cells were detached,
counted and seeded in E-16 xCELLigence plate at a den-
sity of 5x10° cells/well. Plates were subsequently incu-
bated at 37 °C, 5% CO2 for 30 min to allow cell settling
to the bottom of the well. After incubation, cells were
treated respectively with nicotine, IQOS AqE and 1R6F
AqE at the same concentration of 340 nM. Real-time
changes in electrical impedance were measured and
expressed as “cell index’, defined as (Rn-Rb)/15, where Rb
is the background impedance and Rn is the impedance
of the well with cells. Cell proliferation was monitored
every 20 min for 48 h.

Reactive oxygen species production and lipid peroxidation
analysis

Extracellular Reactive Oxygen Species formation (ROS)
was determined fluorometrically (Biotek Synergy H1
multiplate reader, Milan, Italy). Briefly, 100 pl of cell
supernatant was added to each well of a 96-well micro-
plate (PerkinElmer, Milan, Italy) and dichlorofluores-
cein diacetate (DCFA-DA) (Sigma Aldrich, Milan, Italy
— D6883), was first dissolved in DMSO, and then was
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added to a final concentration of 10 uM. Then, the plate
was incubated for 1 h in the dark. Thereafter, fluores-
cence was read with an excitation at 485 nm and emis-
sion at 528 nm and, finally, fluorescence intensity was
normalized to cell number [22]. Lipid peroxides were
examined by C11-BODIPY 581/591 (BODIPY) staining.
Briefly, at the end of treatment, cells were incubated with
BODIPY at a final concentration of 5 uM for 30 min at
37 °C in the dark. Then, the washed cells were analyzed
via flow cytometry to determine the intensity of green
fluorescence, which was positively correlated with the
level of lipid peroxides.

Assessment of mitochondrial potential, mass and
fragmentation

Mitochondria were stained with 200 nM MitoTracker
Red CMXRos probe (ThermoFisher Scientific, Milan,
Italy) for 30 min at 37 °C, according to the manufacturer’s
instructions. MitoTracker deep Red is a red-fluorescent
dye that stains mitochondria in live cells and accumu-
lates selectively in mitochondria due to its negative mem-
brane potential. The dye is chemically reactive linking to
thiol groups in the mitochondria, becomes permanently
bound, and thus remains after the cell death or fixation
[23, 24]. Briefly, the cells were seeded in a 96-well plate
(Cell Carrier Ultra) at a density of 10x10° cells. After
24 h HMC3 cells were treated with nicotine or IQOS
AqE or 1R6F AqE at the same concentration of 340 nM
for 6 and 24 h. Following these two different time points,
cells were stained with MitoTracker and then washed 3
times in phosphate-buffered saline (PBS) to remove the
unbound probe. Nuclei were stained by NucBlue™ Live
ReadyProbesTM Reagent (R37605) for 10 min at 37 °C,
according to the manufacturer’s instructions, and washed
3 times in PBS.

Operetta (PerkinElmer, MA, USA) was used for image
acquisition, where cells were maintained at 37 °C. Data
collected were analyzed by Harmony software (Version
number 4.9; PerkinElmer, MA, USA). All experiments
were performed in quadruplicate and the results were
analyzed by statistical analysis.

Table 1 Primer sequences for gene expression analysis
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Real-time PCR for gene expression analysis

HMC3 cells were seeded in T-25 flasks. When they
reached confluence at 80%, they were treated with nico-
tine or IQOS AgE or 1R6F AqE for 6 h. Next, RNA was
extracted using Trizol® reagent (Invitrogen, Carlsbad,
CA, USA).First-strand complementary DNA (cDNA)
was then synthesized with a reverse transcription reagent
from Applied Biosystems (Foster City, CA, USA). Quanti-
tative real-time PCR (qRT-PCR) was performed with the
use of Rotor Gene Q Real-Time PCR System (QIAGEN)
by employing the SYBR Green PCR MasterMix (Life
Technologies, Monza, Italy). The specific PCR products
were detected by SYBR green fluorescence. The relative
messenger RNA (mRNA) expression level was calculated
by the threshold cycle (Ct) value of each PCR product
and normalized with that of f-actin using a comparative
2788 method Table 1.

Western blot analysis

For western blot analysis, cells were seeded in T-25 flasks
at a final density of 1x10° for each flask and incubated
at 37 °C before exposure. Nicotine or IQOS AqE or 1R6F
AqE was added at the final concentration of 340 nM on
cells and incubated for 24 h. Then, cells were washed in
PBS, detached using a cell culture Tripsin-EDTA solution
0.25% —0.2 g EDTA (Sigma -Aldrich T4049) and cen-
trifuged for 5 min at 300 x g to collect dry pellet, which
were stored at —80 °C until use. Proteins were extracted
mechanically by sonication (3 cycles for 10 s at 4 °C) in
100 pl of PBS supplemented with protease inhibitor
(1:100, Cat#P8340, Merck). Samples were centrifuged at
13,000 rpm for 10 min at 4 °C.

Briefly, for Western blot analysis, 30 ug of proteins
were loaded onto a 12% poly-acrylamide gel Mini-PRO-
TEAN® TGX™ (BIO-RAD, Milan, Italy). Electro-transfer
to nitrocellulose membrane was obtained through Trans-
Blot® TurboTM (BIO-RAD) using a Trans-Blot® SE Semi-
Dry Transfer Cell (BIO-RAD). Membranes were blocked
in Blocking Buffer (Biorad Cat #12010020), according to
the manufacturer’s protocol. After blocking, membranes
were incubated with antibodies against IREla (Inositol

Genes Forward Primer (5'——3’)

Reverse Primer (5'=—3’)

MFN1 TCGGGAAGATGAGGCAGTTT TGCCATTATGCTAAGTCTCCG
MFN2 CGGGAAGGTGAAGCGCAATG ACCAGGAAGCTGGTACAACG
OPA1 GAAAGGAGCTCATCTGTTTGGAGTC TTCTTCCGGAGAACCAAAATCG
FIST ACTACCGGCTCAAGGAATACG CATGCCCACGAGTCCATCTT
SIRT1 AGGCCACGGATAGGTCCATA GTGGAGGTATTGTTTCCGGC
HMOX1 TGTTGGAGCCACTCTGTTCC GCTCAAAAACCACCCCAACC
IL-18 GATAGCCAGCCTAGAGGTATGG CCTTGATGTTATCAGGAGGATTCA
TNF GCAACAAGACCACCACTTCG GATCAAAGCTGTAGGCCCCA
DRP1 GTGGGCGGGACCACGATGAG AATGGGCTCTCCAAAAACTA

B-actin

ACGTTGCTATCCAGGCTGTGCTAT

TTAATGTCACGCACGATTTCCCGC
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requiring enzyme-1 o) (1:500, ab189494, ABCAM),
HSP90 (heat shock protein 90) (1:500, ab203085,
ABCAM), HSP60 (heat shock protein 60) (1:500,
ab190828), CLPP (Caseinolytic Mitochondrial Matrix
Peptidase Proteolytic Subunit) (1:500, Cat #PA5-52722,
Invitrogen), BIP (Binding Immunoglobulin Protein)
(1:1000, cell signaling 3177T), BAX (bcl-2-like protein
4) (1:1000, cell signaling 2772T), PERK (Protein Kinase
RNA-Like ER Kinase) (1:1000, cell signaling 5683T) and
HO-1 (heme oxygenase 1) (1:1000, ab52947, ABCAM),
overnight at 4 °C. The next day, membranes were washed
three times in PBS tween 0.1% for 5 min and incubated
with anti-rabbit IRDye700CW secondary antibodies
(1:5000) in blocking solution for 1 h at room tempera-
ture. All the antibodies were diluted in Odyssey Blocking
Buffer. The obtained blots were visualized by an Odyssey
Infrared Imaging Scanner (Licor, Milan, Italy). Densito-
metric analysis was used for protein level quantification,
normalizing data to protein levels of B-actin.

Immunocytochemical analysis

Briefly, HMC3 cells were detached and seeded in a
96-well plate (Cell carrier ultra) at a density of 10x 103
cells/well. After 24 h, cells were treated with nicotine or
IQOS AqE or 1R6F AqE at the same concentration of 340
nM for 6 and 24 h.

After washing with PBS, cells were fixed in 4% para-
formaldehyde (category no. 1004968350 Sigma-Aldrich,
Milan, Italy) for 20 min at room temperature. Subse-
quently, cells were incubated with human NRF2 (nuclear
factor erythroid 2-related factor 2) antibody (ab 62352,
ABCAM), at a dilution of 1:100, human Nf-kB (nuclear
factor kappa-light-chain-enhancer of activated B cells)
antibody (GTX 107678) at a dilution of 4,4 pg/ml over-
night at 4 °C. The next day, cells were washed three times
in PBS for 5 min and the nuclei were stained by DAPI
(1 pg/ml) (27706074, Thermo Fisher Scientific, Milan,
Italy) for 1-5 min at 37 °C, according to the manufactur-
er’s instructions. The fluorescent images were obtained
using Operetta (PerkinElmer, MA, USA).

DNA damage assessment by comet assay

Neutral Single cell gel electrophoresis assay (comet assay)
was carried out as previously described [25] with slight
modifications in order to detect double strand breaks
on nuclear DNA. Briefly, HMC3 were treated for 24 h as
described above. After treatments, cells were trypsinized
and resuspended in cold PBS Ca**/Mg?>* free.

Then, each cell sample was homogenized with 0.7%
low melting point agarose solution and dropped onto
Trevigen® treated slides, allowing their jellification. Next,
slides were immediately immersed in a lysis buffer (R&D
System) and incubated 1 h at 4 °C. Then, all slides were
transferred to an electrophoresis tank and covered with a
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cold neutral buffer (90 mM Tris-base, 90 mM boric acid,
and 2 mM Na2 EDTA, pH 8) incubating 20 min at 4 °C
for allowing DNA unwinding. Afterwards, the electro-
phoresis was carried out for 40 min at 4 °C (0.5 V/cm).
Once the electrophoresis finished, the slides were washed
twice with a 300mM NaOH solution for 5 min, then
neutralized in Tris-buffer (0.4 M Tris-HCI [pH 7.5]) and
dehydrated with 70% ethanol. Subsequently, DNA was
stained with SYBR Green® (1:10.000 dilution in TE buf-
fer —Tris-HCl 10 mM pH 7.5, EDTA 1 mM) for 20 min
at room temperature in darkness. Finally, the slides were
air-dried and kept in dark conditions. Comet nucleoids
and tails were visualized using a Leica DMI 5500 fluores-
cence microscope (Aexc 490 nm). At least 50 nucleoids
were randomly analyzed to determine DNA damage.
Images of stained slides were analyzed with Open Comet
vs. 13.1. The level of DNA damage of each sample was
calculated as Tail Moment (TMOM), defined as the
product of the percentage of DNA in the tail of the comet
and Tail Length.

Immunofluorescence

Briefly, HMC3 cells were detached and seeded in a
Chamber Slide™ (Nunc) at a density of 40x 10® cells/well.
After 24 h, cells were treated with nicotine or IQOS AqE
or 1R6F AqE at the same concentration of 340 nM for
24 h.

Immunofluorescence was performed as previously
described [26, 27]. Briefly, after washing twice in PBS,
cells were stained with CellMask™ Deep Red Plasma
Membrane Stains 1X working solution for 10 min at
37 °C, cells were washed three times. Then, cells were
fixed in 4% paraformaldehyde for 20 min at room tem-
perature. After fixation, cells were washed three times
in PBS for 5 min and treated with a blocking solution
(5% FBS and 95% PBS) for 30 min. Subsequently, the
cells were washed twice in PBS and incubated with the
primary antibody directed against human anti-mouse
Klotho P at the concentration of 2 pg/ml (MAB 5889,
ReD SYSTEMS) overnight at 4 °C. Then, cells were
washed three times in PBS for 5 min and incubated for
1 h with a conjugated secondary antibody: Alexa Fluor®
488 AffiniPure Goat Anti-Mouse IgG (H+L) (Jackson
115-545-003) at dilution 1:500. Nuclei were stained with
Hoechst Stain Solution (1:1000, Hoechst 33258, Sigma-
Aldrich). The images were captured using a Leica Con-
focal Microscope TCSSP8 (Leica Microsystems). Ten
random visual fields were examined for each condition.

Metabolomic profile by HPLC analysis

After incubation under the different experimental condi-
tions (Untreated, Nicotine, IQOS AqE, 1R6F AqE), cells
(3x10°% n=4 replicates) were washed twice with large
volumes of ice-cold PBS and then centrifuged at 1860 x g
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for 5 min at 4 °C. Cell pellets were vigorously mixed with
1 mL of ice-cold, nitrogen-saturated, deproteinizing solu-
tion (10 mM KH,PO,+HPLC-grade CH;CN, pH 7.4, 1:3
v: v) and centrifuged at 20,690 x g for 10 min at 4 °C. The
supernatants were mixed with two volumes of HPLC-
grade chloroform and centrifuged (20,690 x g for 10 min
at 4 °C), and the upper aqueous phase was recovered and
used for the HPLC analysis of metabolites. The simulta-
neous separation and quantification of adenine nucleo-
tides (ATP, ADP, and AMP) and nicotinic coenzymes
(NAD*, NADH, NADP*, NADPH) in the protein-free
cell extracts were carried out using established HPLC
methods [28-31].

Phagocytosis assay

HMCS3 cells were seeded in 8-well glass chamber slides
(Lab-Tek II, Cat. # 154534) with a density of 3x10* cells
in 0.5 ml of complete medium per well. Twenty-four
hours later, the cells were either treated with complete
medium (Untreated) or exposed to 340 nM of nicotine,
or IQOS AqE (340 nM), or 1R6F AqE (340 nM) for 24 h.
A well without cells was used as a negative control and
filled with the complete medium, subsequently treated
with the fluorescent latex beads, the blocking buffer, the
primary and secondary antibodies, and all the following
procedures. After the exposure, cells were treated with
fluorescent yellow-green latex beads (Sigma-Aldrich,
Cat. # 1L1030) diluted in pre-warmed EMEM (with 0.05%
FBS) to a final concentration of 0.01% [32] for 1 h and
15 min and incubated at 37 °C with 5% CO, before they
were rinsed by ice-cold PBS five times followed by being
fixed by 4% paraformaldehyde (PFA) at room tempera-
ture (RT) for 20 min and protected from light. After the
fixation, PFA was discarded, and the cells were rinsed
with ice-cold PBS five times before proceeding to immu-
nofluorescence assay. The HMC3 cell body was stained
by an immunofluorescence assay performed as previously
reported with modifications [33, 34].

Briefly to say, after removing PBS, each well in the
chamber slide was filled with 500 ul of 0.1% Triton X-100
in PBS to permeabilize the cells for 10 min at RT. After
permeabilization, the cells were rinsed with PBS five
times before quenching auto-fluorescence by freshly
made 1 mg/ml of NaBH,, dissolved in PBS, for 30 min at
room temperature. Then, the cells were rinsed five times
with PBS before being rocked with the blocking buffer
(5% BSA in PBS) at RT for 1 h. After that, the primary
antibody (IBA1 monoclonal antibody, Invitrogen Cat.
# MA5-27726, 1:150 diluted with 5% BSA in PBS) was
applied to the cells. After rocking the cells with the pri-
mary antibody at RT for 1 h, the cells were rinsed with
PBST (PBS with 0.01% Triton X-100) five times and
incubated with the secondary antibody (1:300 diluted
with 5% BSA in PBS, donkey anti-mouse IgG, Alexa 488,
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Invitrogen Cat. # A-21202) at RT for 1 h. Finally, the
cells were rinsed with PBST five times before the nuclei
were counter-stained by DAPI (SlowFade Gold Antifade
Mountant with DAPI, Invitrogen, Cat. # S36938).

The mounted slides were examined under an Olym-
pus XI81 fluorescence microscope with a 20X objective
lens. The nuclei, latex beads, and the cell bodies that were
expressing IBA1 (a marker for microglia cells) were visu-
alized by using DAPI, FITC, or TRITC filters, respec-
tively. For each treatment, pictures were taken from five
random fields. The total number of cells, the number of
fluorescent latex beads, and the number of cells phago-
cytosed beads were quantified by using Fiji [35] (version
May 30, 2017), a distribution of Image] and Image]2.

Statistical analysis

All experiments were conducted in quadruplicate. Ander-
son—Darling normality test was performed to assess data
distribution. For continuously distributed data, symmet-
ric distributions were summarized using the mean (and
standard deviation, SD), while skewed distributions were
summarized using the median (and confidence interval
at 95%, CI195%). The IC;, values were calculated by fitting
a sigmoidal dose-response curve with a variable slope
to determine the best fit values of nonlinear regression
model. Cell viability, oxidative stress (ROS and LOOH),
metabolomic, mitochondrial function, ER stress (NRF2
and NF-kB), Klotho B, western blot, and gene expression
data were processed via one-way ANOVA followed by
Tukey’s post hoc multiple comparison test.

Comparisons of DNA damage data were performed
using Kruskal-Wallis test followed by Dunnett’s post hoc
multiple comparison test.

For phagocytosis assay, confidence intervals of the
proportions of cells phagocytosis fluorescent beads to
the total number of cells were calculated using the exact
method for calculating a confidence interval of a pro-
portion. Odds ratios and p-values from Fisher’s exact
tests were calculated as well. The p-values were adjusted
using the False Discovery Rate (FDR) multiple compari-
son correction method. The g-value<0.05 is considered
as statistically significant. The confidence interval of the
count of cells under the microscope was calculated using
the Poisson Distribution confidence interval method. All
statistical analyses were performed by Prism 9.0 software
(GraphPad Software, San Diego, CA, USA), except for
phagocytosis assessment data that were analyzed using
R (version 4.3.1). All analyses were considered significant
with a p value<0.05.

Results

Cigarette smoke reduces microglial cell viability

In the first set of preliminary experiments ICg, (dose
decreasing to 50% cell viability) was calculated through
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MTT assay, to establish the optimal concentration to be
used for subsequent experiments (Fig. 1A). The estab-
lished concentration was 0.0023 puffs/ml (Fig. 1B) cor-
responding to 340 nM of nicotine (Fig. 1C) for the 1R6F
reference cigarette smoke.

The effects of Nicotine, IQOS AqE and 1R6F AqE at
the same nicotine concentration of 340 nM were evalu-
ated on HMC3 cell viability. The results showed that
1R6F AqE treatment caused a significant decrease in
normalized cell index (Fig. 1D) and area under the curve
(AUC) (Fig. 1E) compared to control cells, indicating
a reduction in cell viability. Furthermore, nicotine and
IQOS AgE induced a significant increase in cell prolif-
eration (Fig. 1D-E) compared to cigarette smoke treated
cells (p<0.0001) whereas no significant differences were
observed when compared to untreated cells.

Cigarette smoke increases ROS formation, lipid
peroxidation, nitrosative stress and reduces intracellular
reduced glutathione

Oxidative stress and ROS production were assessed
fluorometrically after 6 h and 24 h of HMC3 nicotine
or IQOS AqE or 1R6F AqE treatment (Biotek Synergy
H1 multiplate reader, Milan, Italy). 1R6F AqE treat-
ment led to a strong increase in ROS production in cells
(p<0.0001) compared to the Untreated group. On the
other hand, nicotine and IQOS AqE did not induce the
same ROS content (Fig. 2A). The overproduction of ROS
has been associated with oxidative damage inflicted on
lipid, DNA and protein. This effect was confirmed by
the higher levels of lipid peroxidation (LOOH) observed
in the presence of 1R6F AqE (Fig. 2B). In this regard,
we measured GSH levels showing that cigarette smoke
induced a decrease in GSH levels in cells (p<0.005) com-
pared to Untreated cells. On the contrary, nicotine and
IQOS do not show a significant reduction in GSH levels
(Fig. 2C). We also assessed nitrite and nitrate levels by
HPLC analysis, showing that cigarette smoke increases
nitrite and nitrate levels compared to the Untreated and
to nicotine (p<0.05), (Fig. 2D).

Expression profile of genes involved in mitochondrial
dynamics and mitochondrial biogenesis

To further evaluate the effects of cigarette smoke on
mitochondrial function, we analyzed the expression of a
panel of genes involved in mitochondrial dynamics and
mitochondrial biogenesis.

The treatment with nicotine and IQOS induces a sig-
nificant decrease in DRP1 (Dynamin 1 Like) (Fig. 3A)
relative expression levels of mRNAs (p<0.0001 vs.
Untreated), (p<0.0003 vs. Untreated). Also, cigarette
smoke shows a significant decrease in the relative expres-
sion levels of DRP1 mRNA (p<0.05 vs. Untreated), but
not highly significant as those of nicotine and IQOS.
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The treatment with nicotine, IQOS and 1R6F showed
a significant decrease in OPA1l (Mitochondrial Dyna-
min Like GTPase) (Fig. 3B) relative expression levels of
mRNAs (p<0.0001 vs. Untreated). Similarly, we observed
a significant decrease in the FIS1 (fission, Mitochondrial
1) (Fig. 3C) relative expression levels of mRNAs with
nicotine (p<0.0001 vs. 1R6F) and IQOS (p<0.0001 vs.
1R6F). On the contrary, treatment with 1R6F induced a
significant increase of FIS1 (p<0.0001 vs. Untreated).
Treatment of HMC3 cells with cigarette smoke induced
an increase in the relative mRNA expression levels of
the genes involved in the mitochondrial fusion process
MENI1 (Fig. 3D) (p<0.05 vs. Untreated, p<0.05 vs. Nic-
otine, p<0.05 vs. IQOS) and MFN2 (Fig. 3E) (»p<0.0001
vs. Untreated, p<0.0001 vs. Nicotine, p=0.0001 vs.
IQOS). The expression of Sirtuin 1 gene (SIRT1) (Fig. 3F)
involved in mitochondrial biogenesis was decreased
with nicotine (p=0.001 vs. 1R6F) and IQOS treatments
(p=0.001 vs. 1R6F), while 1R6F induces a significant
increase in SIRT1 expression (p<0.01 vs. Untreated).

Cigarette smoke and mitochondrial fitness

Our data showed that at 6 h and 24 h none of the treat-
ments caused a significant increase in mitochondrial
fragmentation (Fig. 4B-C). This figure shows representa-
tive images of mitochondria fragmentation in Untreated
cells and in cells after treatment with nicotine or IQOS
AqE or 1R6F AqE (Fig. 4A). These data suggest that
mitochondria would not be affected morphologically. To
deepen into the energetic status of HMC3 cells under-
going nicotine or IQOS AqE or 1R6F AqE treatment,
we studied the intracellular energy charge, calculated as
[ATP+(0,5*ADP)]/[(ATP+ADP+AMP)] (Fig. 4G) and
the level of total triphosphates (ATP+GTP+UTP+CTP)
(Fig. 4H), following a very sensitive HPLC method. In
both of the two cases, results pictured a suffering state
exclusively in 1R6F treated-cells. Suspicion of a mito-
chondrial dysfunction was suggested by the ratio ATP/
ADP, as a measure of cellular phosphorylating capacity.
Indeed, cigarette smoke (1R6F) manifested a dramatic
decrease of the ratio (p<0.01 vs. Untreated), whereas
a slighter modification was detected in IQOS samples
(p<0.05 vs. Untreated). In addition, NAD+/NADH
ratio (Fig. 4E), key parameter managing the speed of
Krebs cycle and the efficiency of oxidative phosphory-
lation, dropped only in cigarettes treatment (p<0.05
vs. Untreated). Coherently, in the same samples, the
reducing potential steeply fell (Fig. 4F) (p<0.0001 vs.
Untreated).

Effects on unfolded protein response and ER stress in
HMC3 cells

Our data showed that IQOS induced an increase
in HSP90 (Fig. 5A-D) (p<0.05) protein expression
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Fig. 2 Effect of cigarette smoke on ROS cell-free production. (A) MFI (Mean Fluorescence Intensity) of ROS production after 6 and 24 h of treatment. (B)
Membrane lipid peroxidation (LOOH) after 24 h of treatment. (C) GSH (reduced glutathione) levels after 24 h of treatment evaluated by HPLC analysis.
(D) Nitrite and Nitrate levels after 24 h of treatment evaluated by HPLC analysis. Data are presented as the mean =+ standard deviation of experiment per-

formed in quadruplicate. (*p <0.05; **p <0.01; ****p <0.0001)

compared to Untreated cells, instead the cigarette smoke
showed no variation in HSP90 protein expression. Nico-
tine induced an increase in HSP60 (Fig. 5B-D) (p<0.0001)
protein expression compared to Untraeted cells and, also,
the treatment with cigarette smoke (p<0.01) and IQOS
(p<0.001) showed an increase in HSP60 protein expres-
sion compared to Untreated cells, but less significant.
Finally, regarding CLPP (Fig. 5C-D), our data revealed
that nicotine induced an increase of protein expression
(p<0.001) compared to Untreated cells, while IQOS and
1R6F showed a decrease of the relative protein expres-
sion (p<0.0001).

To further study the effects of cigarette smoke on endo-
plasmatic reticulum (ER) stress, we analyzed the expres-
sion of different stress sensors.

Our results showed a significant decrease in IRElx
protein expression following cigarette smoke treat-
ment compared to Untrated cells (p<0.001) (Fig. 6A-E).

Regarding BIP (binding immunoglobulin protein)
(Fig. 6B-E), we have found a significant increase follow-
ing IQOS treatment (p<0.001) and cigarette treatment
(p<0.001) compared to controls. As for BAX (Bcl-2Asso-
ciated X-protein) (Fig. 6C-E) cigarette smoke showed a
significant decrease in protein expression compared to
Untreated (p<0.01), to nicotine treatment (»<0.001) and
also to IQOS treatment (p<0.01. In order to confirm the
involvement of unfolded protein response, we also evalu-
ated PERK (protein kinase R (PKR)-like endoplasmic
reticulum kinase) (Fig. 6D-E). Our findings showed a sig-
nificant increase in PERK protein expression following
1R6F treatment compared to Untreated cells (p <0.05).

Cigarette smoke impairs NRF2 translocation and activates
NF-kB pathway

Our findings showed that cigarette smoke induces a
significant decrease in the percentage of NRF2 (Fig. 7)
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Fig. 3 Real-time PCR analysis of genes involved in mitochondrial dynamics and biogenesis. mRNA expression levels of (A) DRP1, (B), OPA1, (C) FIST,
(D) MFNT1, (E) MEN2, (F) SIRTT after 6 h of treatment. Values represent the mean+5SD of experiments performed in quadruplicate. (*p <0.05; **p<0.071;

***p<0.001; ****p <0.0001)

nuclear translocated cells compared to Untreated cells at
6 h (»p<0.0001). Furthermore, nicotine and IQOS showed
a decrease in the translocation of NRF2 compared to
Untreated cells (p<0.001). This decrease relative to NRF2
presence in the nucleus may be associated with the mod-
ulation of NRF2-regulated antioxidants genes. The same
trend was found at 24 h, however it is not significant at
any of the treatments. Consistently, we decided to assess
the activation of NF-kB, which is the first regulator of
the inflammatory response targeted by NRF2. Our data
showed that none of the treatments at 6 h exhibited an
increase in the percentage of translocated nuclear NF-kB
(Fig. 8). On the other hand, cigarette smoke at 24 h
showed an increase in the percentage of NF-kB nuclear

translocated cells compared to nicotine treated cells
(p<0.01).

Cigarette smoke impairs the inflammatory state of HMC3
cells
Our results showed that the HO-1 gene expression
(Fig. 9A) exhibited a significant.

increase in all treatments compared to the Untreated
group (p<0.001 for nicotine, p<0.0001 for IQOS and
1R6F). Furthermore, HO-1 protein expression showed an
increase following nicotine treatment (Fig. 9B-C) com-
pared to Untreated cells (p<0.01). Also, IQOS showed
an increase of HO-1 protein expression compared to
Untreated cells, but it is not significant. On the contrary,
cigarette smoke treatment showed a decrease in HO-1
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Fig.6 Effect of HMC3 cells on endoplasmic reticulum (ER) stress. Protein expression levels of (A) IRE1q, (B) BIP, (C) BAX, (D) PERK. (A) Densitometry analysis
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protein expression (Fig. 9B-C) compared to Untreated IQOS-treated cells, but the extent of damage was negli-
(p<0.01). Nicotine and IQOS showed a significant gible and much lower than 1R6F treatment.
increase of TNF gene expression (Fig. 9D) compared In the same way, regarding Klotho p (Fig. 11A, B),
to Untreated cells (p<0.0001). Also, cigarette smoke which appears to play a key role in slowing aging, nico-
showed an increase of TNF gene expression (p<0.05), tine and IQOS treatments had no effect in Klotho
but less significant. Regarding IL-18 gene expression expression compared to Untreated. Conversely, ciga-
(Fig. 9E), 1R6F treatment showed an increase compared  rette smoke led to a decrease in the protein expression of
to Untreated cells (p<0.05). Instead, nicotine and IQOS  Klotho p compared with Untreated (p<0.01).
induced a decrease in the relative mRNA expression lev-
els of IL-18 (p<0.01) compared to 1R6F cigarette smoke. Phagocytosis assay

Consistently, phagocytosis assay (Fig. 12; Table 2), show

Cigarette smoke induces microglial DNA damage and that IQOS at 24 h of treatment increase phagocytosis in
senescence a significant manner (p<0.001) (Table 3) compared to
Consistently, comet assay (Fig. 10A-B), a well-established =~ 1R6F treated cells and (p <0.05) to nicotine treatment.

marker of DNA damage, showed that the DNA damage Compared with untreated cells, cell counts summa-

of 1R6F treated HMC3 cells at 24 h was higher com- rized in Table 2 show that all the other treatments, which
pared to that of Untreated cells (p<0.0001) and nicotine  have the same concentration of nicotine, have relatively
(p<0.0001) or IQOS treated cells (p<0.001), suggest- higher cell counts (Poisson ClIs comparisons), indicating
ing the induction of double strand breaks (DSBs) after  that nicotine stimulates the cell growth and proliferation
1R6F treatment. However, the increase in tail moment of HMC3. The pure nicotine treatment shows a similar
(TMOM) observed upon standard cigarette exposure is  effect on cell growth to 1R6F cigarette smoke-bubbled
associated with a slight double-stranded damage, con-  PBS treatments. It is interesting to notice that the heated
sistent with the doses administered in the treatments. tobacco product IQOS stimulates cell growth to a lesser
The levels of DSBs were also significantly increased in  extent than nicotine or 1R6F, indicating that the other
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Fig. 7 Effect of cigarette smoke on NRF2 expression. (A) Immunocytochemistry for NRF2 at 6 h. (B) Immunocytochemistry for NRF2 at 24 h. Values repre-
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components in the IQOS may have a counter effect on
cell growth and worth further investigation.

Discussion

The present in vitro study describes the comparison of
the toxicological profiles of nicotine, a commercially
available HTP, and conventional cigarettes on microg-
lia using standard and clinically relevant conditions.
Our findings reveal distinct characteristics exhibited
by microglia in response to various smoke exposure
stimuli, encompassing cellular responses and metabolic
states. These results enrich and deepen our comprehen-
sion of microglial metabolic changes in the context of

inflammatory responses [36]. Previous reports showed
that in smokers, the maximal total brain nicotine con-
centrations can be calculated as 40 nM after a single
puff and 357 nM after smoking an entire cigarette. We
showed that under our experimental conditions, and
the use of 340 nM nicotine concentration in nicotine,
IQOS AqE and 1R6F AqE treatments, nicotine and
HTP did not reveal significant toxicity in comparison
to Untreated condition, whereas combustible cigarette
exhibited a time dependent significant decrease in cell
viability. These results are consistent with the suggestion
that toxicity may be dependent on combustion products
rather than the direct effect of nicotine. Furthermore, our
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Fig. 8 Effect of cigarette smoke on NF-kB translocation. (A) Immunocytochemistry for NF-kB at 6 h. (B) Immunocytochemistry for NF-kB at 24 h. Values
represent the mean +SD of experiments performed in quadruplicate. (**p<0.01, ***p <0.001)

findings are coherent with previous reports showing that
HTP results in a minimal impact on neurodegenerative
disease and that the gene expression profile of cerebral
cortex tissues does not involve inflammatory pathways
[37]. In order to determine possible biochemical mecha-
nisms responsible for the toxicological profiles, we also
measured various markers of oxidative stress under
our experimental conditions. These set of experiments

showed that cigarette exposure resulted in a significant
increase of ROS, nitrosative stress, lipid peroxidation and
a significant decrease of intracellular GSH levels. Inter-
estingly, no significant effects on oxidative stress markers
were observed in nicotine treated cells or after exposure
to HTP. Our results are consistent with previous reports
showing that [38] cigarettes induced the levels of perox-
ides, pro-inflammatory cytokine expression, autophagy,
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Fig.9 Effect of cigarette smoke in inflammatory cytokines expression. mRNA expression levels of (A) HMOX1, (D) TNF, (E) IL-18. (B) Densitometry analysis
of HMOX1. (C) Western blot analysis of HMOX1 protein. 3-Actin protein was used as a total protein loading reference. Values represent the mean+SD of
experiments performed in quadruplicate. (*p <0.05, *p<0.01, ***p <0.001, ***» <0.0001)

catalytic Fe (II) and 8-hydroxy-2’-deoxyguanosine when
compared to HTPs.

Further examination of mitochondrial dynamics
reveals impairments in mitochondrial fission mecha-
nisms, as evidenced by decreased DRP1 and increased
mitofusins (MFN1 and MFN2) expression in HMC3 cells
treated with 1R6F AqE. Given the crucial role of DRP1
and since many studies reported that DRP1 undergoes
several post-translation modifications [39], future stud-
ies should explore potential associations between these
modifications and mitochondrial dynamics imbalance.

Various stressors, including ROS, can lead to the accu-
mulation of misfolded proteins detected by the unfolded
protein response (URP). This is a signaling system that
coordinates a cellular response aimed at restoring protein
homeostasis [40]. There are three key regulators (IREla,
PERK, ATF6) involved in UPR signal activation which
give rise to separate branches of the response [41].

ER stress sensors activation is inhibited by physical
interaction, in the ER lumen, with BIP which induces
their allosteric changes [42]. BIP is a major ER chaperone
which is able to switch from its chaperone cycle to ER
stress sensor cycle [41]. Its distribution is also altered in
several neurodegenerative diseases, in cancer and during
infections [43]. Binding affinity analysis indicated that, in
the absence of ER stress, IREla will be bound to BIP. This
interaction favors BIP acting as a stress sensor. IREla is a
low expression protein [44], while BIP is one of the most
abundant proteins in the ER. This strong difference in
concentration could protect cells from UPR activation at
low levels of misfolded proteins [41].

In our work, we observed increased protein expres-
sion of BIP and decreased IREla protein levels in HMC3
1R6F AqE treated cells. Overexpression of BIP above the
endogenous level significantly suppressed the activation
of IREla [45].
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Fig. 10 DNA damage measured by the comet assay. HMC3 cells were exposed for 24 h to nicotine, IQOS and 1R6F. (A) Representative fluorescence
images of comets. (B) DNA double strand breaks (DSBs) were measured by neutral comet assay and expressed as TMOM. Data presented are median of
+95% Cl of experiments performed in quadruplicate. (*** p<0.001 and ****p <0.0001, as a result of the Kruskal-Wallis test followed by Dunnett’s post hoc
test, denotes a significant increase in DSBs as indicated by the brackets for each specific comparison)
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Fig. 11 Effect of cigarette smoke on Klotho 3 expression. (A, B) Immunofluorescence of Klotho (3 and CellMask. HMC3 cells were exposed for 24 h to
nicotine, IQOS and 1R6F. Values represent the mean + SD of experiments performed in quadruplicate. (**p <0.01). (Scale bars in (A) 50 um)

Phagocytosis Activity

S

)

o
]

* * k%

0.10- -
I T

Fig. 12 Phagocytosis activity by beads. The height of the bars represents
the calculated proportion using the Exact Method. The error bars stand
for the 95% confidence interval of the proportion. (*p <0.05, *** p<0.001)

e

-

(4]
1

S

(=)

o
1

&

=

=)
l

Proportion of cell Phagocytosed Beads

We also noticed that, after all the three treatments
PERK increased even though the cells overexpressed BIP.

This result implies that PERK is the most sensitive
branch of the UPR signaling, which also may explain why
it is not easily attenuated during ER stress conditions
[45].

It is important to underline that UPR sensors are acti-
vated through dimerization and phosphorylation mech-
anisms [46], so in order to explore the link between the
effects of cigarette smoke and UPR on HMC3 cells, it
would be interesting to assess the phosphorylation status
of these factors reflecting their full activation.

Moreover, our findings underscore the significance of
Nuclear Factor Erythroid Related Factor 2 (Nrf2) and
Nuclear Factor-kB (NF-kB) in the cellular response to
oxidative stress and inflammation [47—-49]. Dysregulation
of these pathways can exacerbate oxidative damage and
inflammation, potentially leading to apoptotic responses.
A major pathway that maintains redox homeostasis in
the brain is the transcription factor nuclear erythroid
2-related factor 2 (Nrf2), which binds to the antioxi-
dant response element (ARE) located at the promoter
region of antioxidant genes [50, 51]. Nrf2 is ubiquitously
expressed in the brain and plays a crucial role in defense
mechanism against oxidative stress toxicity [52]. In addi-
tion to its antioxidant activities, Nrf2 is an anti-inflam-
matory agent by inhibiting NF-kB activities. Moreover,
the activation of the transcription factor NF-kB, is sug-
gested to be the primary regulation for inflammatory
responses [53]. NF-kB is responsible for proinflammatory
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Table 2 Summary of HMC3 cells phagocytosis assay results. Human microglial cell line, HMC3, was treated by 4 treatments: untreated
(control), nicotine, 1R6F, or IQOS. The total number of cells from 5 random fields was tabulated in the table. The number of cells that
have phagocytosis fluorescent beads was also presented. The observed proportion was calculated using cell phagocytosis fluorescent
beads divided by the total number of cells. For each observed proportion, the confidence interval (exact method) at a 95% confidence
level, the calculated proportion, and the margin of error were computed and summarized in this table

Treatments Total num-  Total cell count Total Number of Observed Calculated  Margin of 95% confi-
ber of cells  poisson confidence  cells phagocytosed  Proportion (p)  Proportion  Error (w) dence inter-
Interval (95%) fluorescent beads of cells with (p") val (exact
beads method)
Untreated 651 [602.703] 55 0.084 0.086 0.022 [0.064, 0.109]
Nicotine 1329 [1259,1402] 110 0.083 0.084 0.015 [0.069, 0.099]
1QOS 743 [691.798] 90 0.121 0.123 0.024 [0.099,0.147]
1R6F 1337 [1266.1411] 83 0.062 0.063 0.013 [0.050, 0.076]

Table 3 Odds ratios and p-values. The odds ratio (OR) of
phagocytosed cells from various treatments is reported in this
table. Fisher’s exact tests were used to calculate the p-values
with the null hypothesis as OR= 1. The false discovery rate (FDR)
method has been used to minimize the type | error accumulated
from the 6 comparisons and adjust the p-values

Avs.B Odds ratio Raw p-value FDR cor-

(odd of B/odd from fisher’s rected

of A) exact test p-value

(g-value)

Untreated vs. Nicotine  0.9796805 09313 09313
Untreated vs. 1R6F 0.7348761 0.09265 0.11118
Untreated vs. IQOS 143341 0.04444 0.08888
Nicotine vs. 1R6F 0.7501089 0.06219 0.093285
Nicotine vs. IQOS 1463162 0.01126 0.03378
1R6F vs. 1Q0S 1.950662 3.66E-05 0.0002196

gene induction, which increases inflammatory response
[54]. Furthermore, the increase in NF-kB expression can
also lead to a further decrease in Nrf2 [55], confirmed
also by our findings.

Changes in the redox state within the cell can alter the
regulation of intracellular signaling, chromatin remodel-
ing, and activation of redox-sensitive transcription fac-
tors, such as NF-kB, linking cigarette smoke exposure to
altered cytokine production. Cigarette smoke therefore
promotes inflammation by inducing the production of
pro-inflammatory cytokines [56].

It has been suggested that the Nrf2/ARE pathway plays
a crucial role in regulating the intracellular redox state,
and oxidative stress is one of the most potent stimuli
for its activation. Consistently, our data suggest that
exposure to cigarette smoke results in a time dependent
impairment of Nrf2/ARE pathway response to intracel-
lular oxidative stress. These results are consistent with
previous clinical studies showing reduced Nrf2 expres-
sion in whole lung tissue and alveolar macrophages of
patients with pulmonary emphysema [29], as well as in
pulmonary macrophages of current smokers and patients
with chronic obstructive pulmonary disease (COPD)
[30], conditions where oxidant-antioxidant imbalance
is strongly implicated [32, 33]. Additionally, our study

demonstrates that, unlike the Nrf2/ARE pathway, there
was a progressive activation of NF-kB in HMC3 follow-
ing cigarette smoke exposure compared to untreated
cells. A substantial body of experimental evidence sup-
ports the activation of the transcription factor NF-kB
as a key redox-sensitive event linked to neuroinflam-
mation (PMID: PMID: 38259497). The reasons for this
unexpected result on Nrf2 are unclear. Recent data have
shown that NF-kB p65 subunit repressed the Nrf2/ARE
pathway at transcriptional level [17]. In particular, in the
cells where NF-kB and Nrf2 were simultaneously acti-
vated, p65 unidirectionally antagonized the transcrip-
tional activity of Nrf2.

Microglia also play an important role in the inflamma-
tory process in the central nervous system [57]. Our find-
ings show that the treatment of HMC3 cells with 1R6F
induces an increase in IL-18.

In order to further understand the interplay of smok-
ing and HMC3 cells, we employed the neutral comet
assay to measure double strand DNA damage. The prin-
ciple of that assay is based on alterations found in DNA
such as strand breaks resulting in the extension of DNA
loops from lysed and salt-extracted nuclei, which, in turn,
form a comet-like tail after either alkaline electrophore-
sis, indicating SSBs, or neutral electrophoresis, indicating
DSBs. In previous studies in which the effects of ciga-
rette smoke condensate/cigarette smoke on DNA strand
breaks were investigated by the comet assay, only DNA
single-strand breaks were detected [58].

The interaction of cigarette smoke treatment in a clini-
cally relevant dose on DNA DSBs in HMC3 cells has
not been reported previously. The increase in TMOM
observed upon combustible cigarette exposure is associ-
ated with a slight double-stranded damage.

To evaluate the effects on aging in HMC3 cells we have
studied the role of Klotho . This is a protein that when
under-expressed, in mice, causes a syndrome of aging,
including a short lifespan [59]. Although all the roles
of Klotho B in the CNS are not yet fully understood, it
may play an important role in neuroprotection. A reduc-
tion of this protein is associated with nerve damage and
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brain dysfunction [60]. Our findings reveal that cigarette
smoke leads to a decrease in the protein expression of
Klotho P suggesting an attenuation in its neuroprotective
role, promoting aging.

Microglial phagocytosis of pathogens, extracellular
protein aggregates, and apoptotic cell debris dampens
inflammation, protects neurons and keeps homeosta-
sis in the CNS. Deficient or excessive microglial phago-
cytic ability could lead to abnormal synaptic connections
and deposits of aggregated proteins [32]. Our findings
showed a lower phagocytic ability of HMC3 cells treated
with cigarette smoke. We suppose that this is due to the
inflammatory state triggered by cigarette exposure which
leads to a depletion of the cells’ phagocytic ability.

Our results give valuable insights into the implications
of cigarette smoking in neuroinflammation and/or neu-
rodegeneration and may provide a possible rationale to
develop harm reduction strategies for heavy smokers.

Conclusion
This study further demonstrates that HTP exhibits
reduced toxicity in microglial cells when compared to
cigarette smoke using ISO standard and clinically rel-
evant conditions of exposure. In particular, HTP showed
reduced oxidative stress and inflammation compared to
cigarette smoke which in turs leads to increased microg-
lial dysfunction and senescence. Furthermore, nicotine
does not appear to be directly responsible for the delete-
rious effects of cigarette smoke on microglial cells. Future
studies are now warranted in order to translate such
effects into an in vivo setting with particular regard to
chronic conditions of exposure.

Our study concluded that HTP and nicotine resulted in
a significant reduction of toxicity when compared to cig-
arette smoke even though they should not be considered
risk free products. Some limitations of the study should
be taken into due account in order to further validate
our results. In particular, our study was conducted using
HMC3 in a controlled laboratory environment, which
may not fully replicate the complex biological responses
of the human brain in vivo. The findings may differ in
living organisms due to factors such as metabolic inter-
actions, blood-brain barrier dynamics, and long-term
exposure effects. Furthermore, the experiments primar-
ily examined the effects of short-term (acute) exposure
to cigarette smoke and HTP aerosol. Chronic exposure
over longer periods may produce different toxicological
and inflammatory responses, which this study did not
address. Finally, The findings are based solely on cell-
based experiments and have not been validated in animal
models or human clinical trials. This limits the ability
to make direct conclusions about the effects of cigarette
smoke or HTPs on brain health in living organisms.
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AqE Aqueous Extract

ENDS Electronic nicotine delivery systems
HTPs Heating tobacco products

E-cigs Electronic Cigarettes

HCS High Content Screening

ISO International Organization for Standardization
HCl Health Canada Intensive

CRM81  CORESTA Recommended Method n. 81
BAX Bcl-2-associated X protein

BIP Binding Immunoglobulin Protein

CLPP Caseinolytic protease P

ER Endoplasmic reticulum

GSH Glutathione

HSP60 Heat shock protein 60

HSP90 Heat shock protein 90

IRETa Inositol requiring enzyme 1
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