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ABSTRACT

Nowadays ambient particulate matter (PM) levels still regularly exceed the guideline
values established by World Health Organization in most urban areas. Numerous
experimental studies have already demonstrated the airway toxicity of the fine fraction of PM
(FP), mainly triggered by oxidative stress-induced airway inflammation. However, only few
studies have actually paid close attention to the ultrafine fraction of PM (UFP), which is likely
to be more easily internalized in cells and more biologically reactive. Mitochondria are major
endogenous sources of reactive oxygen species (ROS) through oxidative metabolism, and
coordinate many critical cellular signaling processes. Mitochondria have been often studied in
the context of PM toxicity and generally associated with apoptosis activation. However, little
is known about the underlying adaptation mechanisms that could occur following exposure at
sub-apoptotic doses of ambient PM. Here, normal human bronchial epithelial BEAS-2B cells
were acutely or repeatedly exposed to relatively low doses (5 pg.cm™) of FP (PMa25s.0.18) or
quasi-UFP (Q-UFP; PMy.g) to better access the critical changes in mitochondrial
morphology, functions, and dynamics. No significant cytotoxicity nor increase of apoptotic
events were reported for any exposure. Mitochondrial membrane potential (A¥Ym) and
intracellular ATP content were also not significantly impaired. After cell exposure to sub-
apoptotic doses of FP and notably Q-UFP, oxidative phosphorylation was increased as well as
mitochondrial mass, resulting in increased production of mitochondrial superoxide anion.
Given this oxidative boost, the NRF2-ARE signaling pathway was significantly activated.
However, mitochondrial dynamic alterations in favor of accentuated fission process were
observed, in particular after Q-UFP vs FP, and repeated vs acute exposure. Taken together,
these results supported mitochondrial quality control and metabolism dysfunction as an early

lung underlying mechanism of toxicity, thereby leading to accumulation of defective
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mitochondria and enhanced endogenous ROS generation. Therefore, these features might play
a key role in maintaining PM-induced oxidative stress and inflammation within lung cells,
which could dramatically contribute to the exacerbation of inflammatory chronic lung
diseases. The prospective findings of this work could also offer new insights into the
physiopathology of lung toxicity, arguably initiate and/or exacerbate by acutely and rather

repeated exposure to ambient FP and mostly Q-UFP.

KEYWORDS: Fine particles; Quasi-ultrafine particles; Normal human bronchial epithelial BEAS-2B

cells; Toxicity; Mitochondrial function; Mitochondrial dynamics.
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1-INTRODUCTION

Epidemiological studies have highlighted associations between exposure to current and
even high levels of ambient particulate matter (PM) and hospital admissions or mortality
related to initiation and/or exacerbation of inflammatory lung diseases such as asthma and
chronic obstructive pulmonary disease (COPD), and cancers (Atkinson et al. 2015; DeVries et
al. 2017; Hamra et al. 2014; Heinrich and Schikowski 2018; Kim et al. 2017; Loomis et al.
2013; Mirabelli et al. 2016; Raaschou-Nielsen et al. 2013). Current health concerns are
especially focused on fine particles (i.e., FP, with aerodynamic diameters smaller than 2.5
pm), notably due to their ability to migrate deeply and be retained in the respiratory tract.
Recent studies drew special attention to the ultrafine particles (i.e., UFP, with aerodynamic
diameters smaller than 0.1 um), which are likely to be easily internalized in cells and to be
more biologically reactive because of their high specific surface area (Stone et al. 2017). Due
to the technologies required for their monitoring and their sampling, UFP have not yet been
extensively studied and are currently not included in current air quality standards/guidelines
although they possibly account for a large part of the adverse health effects triggered in
humans by ambient PM.

While the role of ambient PM in initiating and/or exacerbating chronic inflammatory
lung diseases has been reported, the various underlying mechanisms triggering airway
inflammation are not yet well understood. Of course, all the intriguing signaling pathways
sustaining the harmful cellular dysfunction are still far from being fully elucidated and are
probably more complicated than originally expected. On the one hand, redox responses,
inflammatory reactions, genetic and epigenetic alterations, and regulated cell death (RCD) are
often considered as some of the main PM-induced cell outcomes (Abbas et al. 2009, 2010,

2013, 2016, 2019; Badran et al. 2020; Dergham et al. 2012, 2015; Garcon et al. 2006;
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Gualtieri et al., 2010, 2011; Leclercq et al. 2016, 2017a, 2017b; Longhin et al. 2013, 2016;
Saint-Georges et al. 2008, 2009; Platel et al., 2020; Sotty et al. 2019; Vales et al. 2015; Zhou
et al. 2017). On the other hand, a growing number of studies suggested that mitochondria
possibly play a key role in the pathogenesis of chronic inflammatory lung diseases and
cancers (Lerner et al. 2016).

However, to date, only few authors have clearly mentioned mitochondrial dysfunction
as a possible underlying mechanism involved in the PM-induced cell outcomes without going
deeper into details other than apoptosis mechanism (Aggarwal et al. 2016; Ferecatu et al.
2010; Gualtieri et al. 2011; Jin et al. 2018; Kamdar et al. 2008; Liu et al. 2019; Upadhyay et
al. 2003; Yang et al. 2018; Zheng et al. 2017). External stresses could actively disrupt
sensitive mitochondrial functions by deregulating some critical processes in mitochondrial
homeostasis, such as redox system, oxidative phosphorylation (OXPHOS), biogenesis,
dynamics, and mitophagy (Lerner et al. 2016). Indeed, besides their fundamental role of
energy supplier through OXPHOS, mitochondria are sensible sensors of early homeostatic
disturbances related to nutrients and oxygen availability, intracellular calcium concentration,
and cellular redox state. They are involved in many cell-signaling processes by generating
reactive oxygen species (ROS), releasing damage-associated molecular patterns, and
buffering calcium, thereby, actively coordinating the regulation of hypoxia and inflammation
as well as apoptosis (Emerling et al. 2005; Meyer et al. 2018; Petrosillo et al. 2001; Schroedl
et al. 2002; Zhou et al. 2011). Nevertheless, the nuclear factor erythroid 2 p45-related factor 2
(NRF2), as the well-known main key regulator of the cellular redox homeostasis, is well-
equipped to counteract the mitochondrial redox response and therefore to maintain or recover
the critical redox balance within the cell (Cho et al. 2015; Holmstrom et al. 2016; Jiang et al.
2017; Leclercq et al. 2018; Yue et al. 2016). Consequently, the mitochondrial dysfunction

appears to be both a cause and a consequence of oxidative and/or inflammatory states of
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airways in chronic inflammatory lung diseases such as asthma and COPD, or cancers (Bewley
et al. 2017; Hara et al. 2018; Lerner et al. 2016; Reddy, 2011; Wiegman et al. 2015).

Because of their ability to monitor the redox environment in cell and regulate crucial
survival processes, lung mitochondria are likely to be early targets of inhaled air pollutants,
and to be involved in reported adverse health effects (Pardo et al. 2019). While mitochondria
are often studied in the context of acute PM toxicity and consecutive apoptosis activation,
only few toxicological studies have been interested in the adaptation mechanisms that may
occur when exposing cells to more realistic sub-apoptotic doses of PM (Lavrich et al. 2018;
Leclercq et al. 2018; Pardo et al. 2019). Recently, we reported for the first-time a
mitochondrial stress, characterized by an increase of mitochondrial ROS production and a loss
of membrane potential (A¥Ym), in different human epithelial cell models repeatedly exposed
to relatively low sub-apoptotic doses of FP. Interestingly, both the mitochondrial respiration
and the ATP level were not significantly affected, thereby suggesting the occurrence of an
adaptation mechanism that can efficiently compensate mitochondrial damage in order to
maintain critical ATP production (Leclercq et al. 2018). However, at higher levels of FP, the
NRF2-triggered antioxidant system failed to activate sufficient protection against the
oxidative burst and the subsequent severe oxidative damage to critical cellular
macromolecules (Leclercq et al. 2018).

Due to this wide spectrum of critical cellular functions that mitochondria are involved
in, maintenance of a healthy population of mitochondria is also essential for cell survival
(Zorov et al. 2019). As described by Scotland and Gottlieb (2015), impaired “mitochondrial
quality control” results in accumulation of damaged mitochondria that may release more
ROS, produce less ATP, have a lower threshold for cytochrome-c release resulting in
apoptosis, undergo mitochondrial permeability transition pore (MPTP) opening resulting in

cell death, or may release mitochondrial components (mtHSP60, oxidized mitochondrial
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DNA) into cytosol, where its recognition by receptors for damage-associated molecular
patterns activates inflammation. Mitochondrial turnover is therefore an integral aspect of
quality control in which dysfunctional mitochondria are selectively eliminated through
mitophagy and replaced through expansion of preexisting mitochondria (Zorov et al. 2019).
Indeed, mitochondria are highly dynamic organelles undergoing coordinated cycles of fission
and fusion, and mitochondrial trafficking, referred as “mitochondrial dynamics”, in order to
maintain their shape, distribution and size. Their transient and rapid morphological
adaptations are crucial for many cellular processes such as cell cycle, immunity, apoptosis and
mitochondrial quality control (Tilokani et al. 2018). As reported by Dorn (2019), the four
major protein mediators of mitochondrial dynamics are each members of the larger family of
dynamin guanosine triphosphatases: mitofusins (MFN) 1 and 2, optic atrophy 1 (OPA1), and
dynamin-related protein 1 (DRP1). MFN1, MFN2, and OPA1 are mitochondrial localized:
MENI1 and MFN2 are inserted into the outer mitochondrial membrane (OMM) with both the
amino and carboxy termini facing the cytosol, and OPA1l is localized to the inner
mitochondrial membrane (IMM). DRPI1 is almost entirely localized in the cytosol, until it is
recruited to mitochondria where it binds to any of several OMM DRP1 receptor proteins.
Interestingly, for further insights into the results already publisher by Leclercq e al;
(2018), we hypothesized that specific conditions leading to reduced NRF2 levels will
drastically increase the adverse health effects of FP (PM2s.0.18) and possibly quasi-ultrafine
particles (Q-UFP; PMy.1s). We investigated therefore the underlying mechanisms that govern
the harmful effects of sub-apoptotic doses of the smallest size fractions of ambient PM on
normal human bronchial epithelial BEAS-2B cells with respect to their toxicity, oxidative
stress, and particularly mitochondrial function and dynamics. Taken together, the original
results of this in vitro study should contribute to a better knowledge of the pro-survival

mechanisms occurring in human bronchial epithelial cells exposed to ambient PM, and



161  provide new insights into the critical role of mitochondria in PM-induced chronic
162 inflammatory airway diseases and even cancers.
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2 - MATERIALS AND METHODS

2.1 - Reagents

BEAS-2B cells and all the chemical reagents were purchased from Sigma-Aldrich
(Saint-Quentin Fallavier, France). MitoSOX" Red mitochondrial superoxide indicator,
Mitotracker® Green FM, Mitotracker® Red CMXROS, tetramethylrhodamine methyl ester
perchlorate (TMRM), SYTOX® Red, SYTOX® Blue, DAPI slowfade® gold antifade, cell
culture reagents, and molecular biology reagents were from Life Technologies (ThermoFisher
Scientific, Villebon-sur-Yvette, France). CellTiter-Glo® luminescent cell viability, Caspase
Glo® 3/7, Caspase Glo® 8, and Caspase Glo® 9 assays, and DeadEnd™ fluorometric
TUNEL system were from Promega (Charbonniere-les-Bains, France). Nuclear extract and
TransAM® NRF2 kits were from Active Motif (La Hulpe, Belgium). Cell Signaling
Technology (Montigny-le-Bretonneux, France) provided rabbit polyclonal anti-human
Phospho-DRP1 (Ser616) antibody (#3455), rabbit polyclonal anti human phospho-DRP1
(Ser637) antibody (#4867), and rabbit monoclonal anti-mouse IgG, HRP-linked antibody
(§7076). Bio-Techne (Lille, France) provided mouse monoclonal anti-human actin antibody
(MAB8929), mouse monoclonal anti-human HO-1/HMOXI1/HSP32 antibody (GTS-1),
mouse monoclonal anti-human NQO-1 antibody (A180), rabbit polyclonal anti-human
TOMM?20 antibody (NBP1-81556), mouse monoclonal anti-DRP1 antibody (3B5), rabbit
monoclonal OPA1 antibody (1284B), mouse monoclonal anti-mitofusin 1 antibody (11E9-
1H12), mouse monoclonal anti-mitofusin 2 antibody (4H8), and goat polyclonal anti-rabbit
IgG, HRP-linked antibody (NB7160). Abcam plc (Cambridge, UK) provided rabbit
polyclonal anti-human GCLM antibody (ab154017), rabbit polyclonal anti-VDAC1/Porin
antibody - mitochondrial loading control (ab15895), total OXPHOS WB antibody cocktail

(ab110413, which contains 5 mouse monoclonal antibodies, one each against CI-subunit
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NDUFBS8 (ab110242), CII-30kDa (ab14714), CIII-Core protein 2 (ab14745) CIV subunit I
(ab14705), and CV alpha subunit (ab14748) as an optimized premixed cocktail). GeneTex,
Inc. (Irvine, CA 92606 USA) provided mouse monoclonal anti-human FIS1 antibody

(GT9810).

2.2 - Field campaign, sampling description, and physicochemical characterization
of FP and Q-UFP

Both FP and Q-UFP sampling and physicochemical characterization have been already
described in details by Saleh et al. (2018) and Sotty et al. (2019). Briefly, FP and Q-UFP were
collected in Dunkerque, a highly industrialized coastal city, located in the north of France.
Briefly, a high-volume impactor sampler has been set up to collect the fine fraction (i.e.,
PM255.0.18, with aerodynamic diameters between 2.5 pm and 0.18 pm) by impaction, and
quasi-ultrafine fraction (i.e., PMo.1s, with an aerodynamic diameter < 0.18 um) by filtration on
A4 sized-polycarbonate filters. Weekly samples were collected between September 9, 2013
and April 14™, for 26 weeks in total, quickly stored at -20°C, and combined together after
ultrasonic extraction in a Hanks' Balanced Salt Solution (HBSS; ThermoFisher Scientific).
Size distribution and zeta potential were carried out by dynamic light scattering using
zetasizer nano ZS (Malvern Panalytical, Orsay, France). After microwave mineralization
under acid conditions, trace metal and metalloid concentrations of FP and Q-PUF were
carried out by inductively coupled plasma mass spectrometry (NeXion 300x, Perkin Elmer,
Waltham, MA, USA), as published elsewhere (Alleman et al. 2010, Mbengue et al. 2014).
Before the analysis of surface contents by X-Ray photoelectron spectroscopy (XPS-K
ALPHA, ThermoFisher Scientific), FP and Q-UFP were set up on silicon wafer, introduced in
primary vacuum chamber (107 mbar, 60 min) to degas, and transferred in the analysis

chamber (10 mbar, 320 min). Pressurized liquid extraction using a Dionex ASE 200
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instrument (ThermoFisher Scientific) and preconcentration under a gentle stream of nitrogen
in a TurboVap II water bath held at 60°C (Zymark, Roissy, France) were needed before
analyzing PAH concentrations of FP and Q-UFP by high-pressure liquid chromatography
(Waters 2695 Alliance system, on-line 996-photodiode array, and a 2475-fluorimetric
detector; Waters SA, Saint-Quentin-en-Yvelines, France), as published elsewhere (Crenn et

al. 2017).

2.3 - Cell culture and exposure strategies

The BEAS-2B cell line (ATCC CRL 9609™) was derived from normal human
bronchial epithelial cells obtained from autopsy of non-cancerous individual. The culture
conditions of BEAS-2B cells have been published by Leclercq et al. (2018). According to the
future endpoints to study, BEAS-2B cells were seeded at the density of 30x10* cells/well in
96 well white plates with clear bottom (Corning, ThermoFisher Scientific) and XF24 V7
microplates (Seahorse Bioscience, Billerica, MA, USA), at the density of 50x10° cells/well in
Nunc™ Lab-Tek™ II Chamber Slide™ 8 wells (ThermoFisher Scientific) or ibiTreat®
culture chamber pSlides 8 wells (Ibidi Gmbh, Grifelfing, Germany), and at the density of
200x10°* cells/well in CellBIND® 6-well microplates (Corning), using LHC-9 culture medium
supplemented with 1% (v/v) amphotericin B (250 pg/mL) and 1% (v/v) penicillin (5,000
U/mL)/streptomycin (5,000 pg/mL) solution. BEAS-2B cells were thereafter incubated at
37°C for 24 h in a humidified atmosphere containing 5% CO.. FP and Q-UFP stock solutions
(2 pg/uL) were diluted in supplemented LHC-9 cell culture medium at 24 pg/mL to finally
expose BEAS-2B cells at concentrations ranging from 0.5 to 50 pg/cm?2. Figure 1 depicts the
global exposure strategy we applied to acutely or repeatedly expose BEAS-2B cells to FP or
Q-UFP. BEAS-2B cells incubated thrice for 24 h to supplemented LHC-9 cell culture medium

served as negative controls. For the acute exposure, BEAS-2B cells were incubated twice for
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24 h to supplemented LHC-9 cell culture medium and, at last, for 24 h with supplemented
LHC-9 cell culture medium with FP or Q-UFP. For repeated exposures, BEAS-2B cells were
incubated thrice for 24 h to supplemented LHC-9 cell culture medium with FP or Q-UFP Just
before each exposure, both FP and Q-UFP solutions were sonicated for 2 x 1 min. Except for
the study of cytotoxicity, theoretical final doses of FP and Q-UFP applied on BEAS-2B cells
were respectively 5 ug/cm? after a single exposure and 15 pg/cm? after the three repeated
exposures. The rationale for selection of this dose (5 ug FP or Q-UFP/cm?/exposure) in the
experimental strategy we applied was notably based the works published by Platel et al.
(2020) and Sotty et al. (2019), reporting the harmful alterations of inflammatory, genetic and
epigenetic endpoints in different human bronchial epithelial cell models, acutely and mostly
repeatedly exposed to these relatively low cytotoxic doses of FP or Q-UFP. In addition,
Leclercq et al. (2018) reported the harmful occurrence of mitochondrial dysfunction, as
evidenced through severe mitochondrial ROS overproduction, A¥Wm loss, respiration
reduction, and ATP inappropriate production, in BEAS-2B cells acutely and mostly
repeatedly exposed to ambient FP at the sub-apoptotic dose of 10 pg/cm?. In contrast, these
authors indicated that a repeated exposure to relatively low doses of FP (2 ug/cm?) triggered a
mitochondrial stress concurrently with some adaptation mechanisms that can contribute to
maintain critical ATP production. Hence, as shown in the Results section of this publication,
in order to suitably study the mitochondrial metabolism and/or dynamics, a particular
attention has been paid to the verification that the exposure strategy we further applied ensure
to limit the occurrence of massive regulated cell death and notably apoptosis in BEAS-2B
cells after their exposure to FP or UFP. Immediately after the last exposure, adherent cells
were washed once with 1mL-aliquots of cold sterile PBS, and either quickly prepared for
microscopic observations and cytofluorometric analyses, or frozen at -80°C until the future

analyses of the other toxicological endpoints under study.
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2.4 - Apoptosis

Apoptosis within BEAS-2B cells acutely or repeatedly exposed to FP or Q-UFP was
evaluated through two complementary methods. Firstly, DNA fragmentation was evaluated
with Terminal deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL) technique,
using DeadEnd™ Fluorometric TUNEL system (Promega), a classic TdT-mediated dUTP
Nick-End Labeling (TUNEL) assay designed for the specific detection of apoptotic cells
within a cell population, according to the manufacturer’s recommendations. Nucleus were
thereafter stained with DAPI slowfade® gold antifade (ThermoFisher Scientific). According
to supplier recommendations, BEAS-2B cells treated with DNase I (10 UI/mL, 30 min, 37°C)
served as positive controls. Fluorescent signals were observed with EVOS® FL imaging
system (Life Technologies). Secondly, caspase activities were measured using Caspase Glo®
3/7, Caspase Glo® 8, and Caspase Glo® 9 Assays (Promega) using a Spark® multimode
microplate reader (TECAN, Minnedorf, Switzerland). BEAS-2B cells treated with hydrogen
peroxide (H202; 50 uM, 24 h, 37°C) served as positive control cells. Thirdly, fluorescence
labelling with SYTOX™ Red allowed to discriminate live cells among BEAS-2B cells acutely
or repeatedly exposed to FP or UFP. SYTOX™ Red is a high-affinity nucleic acid stain that
easily penetrates cells with compromised plasma membranes, but will not cross intact cell
membranes. After a brief incubation with SYTOX' " Red stain (A excitation/emission
~640/658 nm), the nucleic acids of dead cells fluoresce bright red when excited with 633 or
635 nm laser light. Cells were collected by a careful trypsinization, and after a recovering
time (30 min, 37°C, 5% CO.), to avoid any artefact of cell detachment, stained with SYTOX™
red (5 nM, 10 min, 37°C, 5% COy; ThermoFisher Scientific). BEAS-2B cells treated with

menadione (100 uM, 4 h, 37°C, 5% COx) served as positive control cells. Fluorescent signals
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were recorded on 50,000 cells using the Attune NXT flow cytometer (ThermoFisher

Scientific).

2.5 - Intracellular ATP concentration

Intracellular ATP concentrations within BEAS-2B cells acutely or repeatedly exposed
to FP or Q-UFP were determined immediately after their last exposure using CellTiter-Glo®
luminescent cell viability assay (Promega). This assay system used the properties of a
proprietary thermostable luciferase to enable reaction conditions that generate a stable “glow-
type” luminescent signal. The mono-oxygenation of luciferin was catalyzed by luciferase in
the presence of Mg?**, ATP, and molecular oxygen, and resulted in the emission of light,
directly linked to the ATP concentration and also the number of living cells. Luminescent
signals were normalized with total protein concentration in each well with the Pierce™ BCA

Protein Assay Kit (ThermoFisher Scientific).

2.6 - Mitochondrial membrane potential

Mitochondrial membrane potential (Aym) was measured within BEAS-2B cells acutely
or repeatedly exposed to FP or Q-UFP immediately after their last exposure. Cells were
collected by a careful trypsinization, and after a recovering time (30 min, 37°C, 5% CO»), to
avoid any artefact of cell detachment, labelled with TMRM (25 nM, 30 min, 37°C, 5% COx;
ThermoFisher Scientific). TMRM (A excitation/emission ~488/570 nm) is a cell-permeant dye
that accumulates in active mitochondria with intact membrane potentials. If the cells are
healthy and have functioning mitochondria, the signal is bright. Upon loss of the
mitochondrial membrane potential, TMRM accumulation ceases and the signal dims or
disappears. Thereafter, after a wash with PBS, BEAS-2B cells were incubated with SYTOX®

Blue (1 uM, 10 min, 37°C, 5% CO»; ThermoFisher Scientific). SYTOX® Blue dead cell stain
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(A excitation/emission ~405/530 nm)) is a high-affinity nucleic acid stain that easily
penetrates cells with compromised plasma membranes but will not cross uncompromised cell
membranes. After brief incubation with SYTOX® Blue stain, the nucleic acids of dead cells
fluoresce bright blue when excited with 405 nm violet laser light. BEAS-2B cells treated with
FCCP (25 uM, 1 h, 37°C, 5% CO) to inhibit Aym served as positive control cells.
Fluorescent signals were recorded on 50,000 cells using the Attune NxT flow cytometer
(Thermofisher Scientific), and TMRM analyses were made only on negative SYTOX® Blue-

cell population to specifically isolate only live BEAS-2B cells.

2.7 - Mitochondrial respiration

Oxygen consumption rates (OCR) were measured within BEAS-2B cells acutely or
repeatedly exposed to FP or Q-UFP immediately after their last exposure using the XFe24
Extracellular Flux Analyzer (Agilent Technologies, Les Ulis, France). Briefly, supplemented
LHC-9 cell culture medium with or without FP or Q-UFP were removed and BEAS-2B cells
were washed once with Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich), pH
buffered at 7.35, supplemented with 10 mM glucose and 2 mM glutamine. Then, cells were
incubated with DMEM in CO,-free chamber at 37°C for 30 min. Baseline OCR was
measured: (i) at the basal state, (ii) after oligomycin (Oli) injection (1 uM), (iii) after FCCP
injection (i.e., first at 0.27 uM and then at 0.34 uM), and (iv) after rotenone (Rot)/antimycin
A (AA) mix injection (0.5 uM). OCR measurements were normalized against cell densities.
All data analyses were conducted with the Seahorse Wave software (Agilent technologies),
and calculations of oxygen consumption due to proton leak (i.e., the respiration not modified
by oligomycin), and ATP turnover (i.e. the respiration inhibited by oligomycin) were

performed according to the method described by Divakaruni et al. (2014).
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2.8 - Superoxide anion production

Superoxide anion production within live BEAS-2B cells acutely or repeatedly exposed
to FP or Q-UFP was evaluated using MitoSOX™ Red and MitoTracker® Green FM
(ThermoFischer Scientific). Firstly, to confirm mitochondrial localization of superoxide
production, immediately after their last exposure to FP or Q-UFP, cells seeded on Nunc™
Lab-Tek™ II Chamber Slide™ 8 wells (ThermoFisher Scientific) were washed once with
PBS and stained with MitoTracker® Green FM (70 nM, 30 min, 37°C, 5% CO;) and
MitoSOX ™ Red (5 uM, 30 min, 37°C, 5% CO») (ThermoFisher Scientific). The cell-permeant
MitoTracker® Green FM probe (A excitation/emission ~490/516 nm) contains a mildly thiol-
reactive chloromethyl moiety for labeling mitochondria. MitoSOX™ Red mitochondrial
superoxide indicator (A excitation/emission ~510/580 nm)) is a fluorogenic dye for highly
selective detection of superoxide in the mitochondria of live cells. MitoSOX™ Red reagent is
live-cell permeant and is rapidly and selectively targeted to the mitochondria. Once in the
mitochondria, MitoSOX™ Red reagent is readily oxidized by superoxide, but not by other
ROS- or reactive nitrogen species-generating systems, and exhibits red fluorescence.
Thereafter, Nunc™ Lab-Tek™ II Chamber Slide™ & wells were washed, mounted under
coverslip with DAPI slowfade® gold antifade mounting medium (ThermoFisher Scientific),
and thereafter observed with EVOS® FL imaging system (Life Technologies). The relative
quantification of fluorescence intensity of MitoSOX" Red and MitoTracker® Green FM was
calculated using ImageJ software (https://imagej.nih.gov/ij/). Indeed, for each Nunc™ Lab-
Tek™ II Chamber Slide™ 8 wells, 3 fields were chosen at random per selected condition, and
for each of them, corrected total cell fluorescence (CTCF) of at least 10 cells was also
calculated as follows: integrated density — area of selected cell x mean fluorescence of
background). Secondly, BEAS-2B cells seeded in CellBIND® 6-well microplates (Corning)

were collected by a careful trypsinization, and after a recovering time (30 min, 37°C, 5%
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CO»), to avoid any artefact of cell detachment, labelled with MitoSOX™ Red (5 uM, 30 min,
37°C, 5% COz), and then, after washing with PBS, with SYTOX® Red (5 nM, 10 min, 37°C,
5% CO2) (ThermoFsher Scientific). Fluorescent signals were recorded on 50,000 cells using
the Attune NxT flow cytometer (Applied Biosystems, ThermoFisher Scientific). MitoSOX ™
Red analyses were made only on negative SYTOX® Red population to specifically isolate

only live BEAS-2B cells.

2.9 - NRF2 signaling pathway, and mitochondrial mass and dynamics

NRF2 binding activities were studied within BEAS-2B cells acutely or repeatedly
exposed to FP or UFP using TransAM® NRF2 from Active Motif, according to the
manufacturer’s recommendations. Western blot analyses, performed on RIPA-extracts from
exposed BEAS-2B cells using highly specific primary antibodies, allowed to investigate: (i)
the antioxidant response through NRF2 signaling pathway activation: mouse monoclonal anti-
human HO-1/HMOXI1/HSP32 antibody-GTS-1, mouse monoclonal anti-human NQO-1
antibody-A180, and rabbit polyclonal anti-human GCLM antibody-ab154017), (ii) the
mitochondrial mass: rabbit polyclonal anti-human TOMM20 antibody-NBP1-81556, rabbit
polyclonal anti-VDACI1/Porin antibody-Mitochondrial Loading Control-ab15895, total
OXPHOS WB antibody cocktail-ab110413, and (iii) the mitochondrial dynamics through the
mitochondrial fission: mitochondrial fission rabbit polyclonal anti-human Phospho-DRP1
(Ser616) antibody-#3455, mouse monoclonal anti-human FIS-1 antibody-GT9810, and mouse
monoclonal anti-DRP1 antibody-3BS5, the mitochondrial fission inhibition: rabbit polyclonal
anti-human phospho-DRP1 (Ser637) antibody-#4867, and the mitochondrial fusion: rabbit
monoclonal OPA1 antibody-1284B, mouse monoclonal anti-mitofusin 1 antibody-11E9-
1H12, and mouse monoclonal anti-mitofusin 2 antibody-4HS8. Electrophoresis were realized

with 20 ug total proteins on SDS-PAGE 4-12% bis-tris gels (Thermofisher Scientific). Then,
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after transfer, nitrocellulose membranes were saturated in non-fat dry milk at 5% (v/v) in Tris-
Buffer saline and TWEEN® 20 (0.1% v/v) solution (45 min, RT) and thereafter incubated
with specific primary antibodies diluted according to the manufacturer’s recommendations
(overnight, 4°C). After three washes (5 min) in Tris-Buffer saline and TWEEN® 20 (0.1 v/v)
solution, membranes were incubated with dedicated secondary antibodies: rabbit monoclonal
anti-mouse IgG, HRP-linked antibody-S7076, goat polyclonal anti-rabbit IgG, HRP-linked
antibody-NB7160 (1 h, RT). Finally, membranes were washed three times (5 min) and
luminescent signals were read using ECL. Advanced Western Blotting Detection reagent (GE
Healthcare, Chicago, USA) on the Fusion FX Spectra (Vilbert-Lourmat, Marne la-Vallée,
France). All the above-acquired signals were corrected with those of [-actin (mouse
monoclonal anti-human actin antibody-MAB8929) or TOMM?20 (rabbit polyclonal anti-

human TOMM?20 antibody-NBP1-81556).

2.10 - Live cell imaging of the mitochondrial dynamics

While mitochondria are highly dynamic organelles undergoing coordinated cycles of
fission and fusion, and mitochondrial trafficking, referred as “mitochondrial dynamics”, in
order to maintain their shape, distribution and size, their transient and rapid morphological
adaptations were observed using live cell imaging. Immediately after their last exposure to FP
or Q-UFP, BEAS-2B cells seeded on ibiTreat® culture chamber uSlides 8 wells (Ibidi
Gmbh), were washed once with PBS and stained with Mitotracker® Red CMXROS (250 nM,
30 min, 37°C, 5% CO2) (ThermoFisher Scientific). The cell-permeant MitoTracker® Red
CMXRos probe (A excitation/emission ~579/599 nm) contains a mildly thiol-reactive
chloromethyl moiety for labeling mitochondria. To label mitochondria, cells are simply
incubated with MitoTracker® Red CMXRos probe, which passively diffuse across the plasma

membrane and accumulate in active mitochondria. Cells were maintained at 37 °C and 5%
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CO: during real time acquisitions. Time-lapse acquisitions were performed using an inverted
Yokogawa Spinning Disk confocal microscope with a 63X oil-immersion lens (NA 1.4)
(Zeiss, Jena, Germany). Images were acquired during 10 min and processed with ZEN
software. All setups, using similar illumination and recording conditions (detector frequency,

gain, and laser intensity), were applied between each condition.

2.11 - Transmission electron microscopy observations

Immediately after their last exposure, BEAS-2B cells acutely or repeatedly exposed to
FP or Q-UFP were first fixed for 20 min with paraformaldehyde-glutaraldehyde (2% v/v) in
PBS, and then fixed for 40 min by renewing the fixation solution. After a post-fixation with
osmium tetroxide (1% v/v) in PBS, cells were progressively dehydrated in graded alcohols
and embedded in an Epon/ethanol mixture and thereafter in Epon. After total polymerization,
85 nm sections were cut and stained with uranyl acetate (2% v/v) and Reynolds lead citrate
prior to their observation in transmission electron microscopy (TEM; Zeiss EM900, Carl

Zeiss SAS, Marly le Roi, France).

2.12 - Statistical analyses

Each experiment was repeated three times independently (n = 3). Data analyses and
graphs were made with PRISM v7 software (Graph Pad, San Diego, USA). Data on graphs
included means and standard deviations. Student’s T-test was used to compare FP or Q-UFP-
acutely or repeatedly exposed BEAS 2-B cell groups with control BEAS-2B cell groups.

Significant differences were reported for p values <0.05.
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3-RESULTS

3.1 - Apoptosis within BEAS-2B cells exposed to FP or Q-UFP

The investigation of the adaptation mechanisms that may occur to counteract
mitochondrial damages and preserve critical ATP production after BEAS-2B cell exposure to
ambient FP or Q-UFP highly required to apply an original exposure strategy ensuring to
observe some harmful cell effects without any massive RCD. Hence, the first step of this
work aimed at confirming the absence of RCD, notably by apoptosis, within BEAS-2B cells
acutely or repeatedly exposed to 5 pg/cm? doses of FP or Q-UFP. Acute (data not shown) as
well as repeated (Figure 2-A) exposure of BEAS-2B cells to FP or Q-UFP did not trigger any
significant DNA fragmentation. Moreover, neither FP nor Q-UFP exposure activated any
initiator caspase-8 nor caspase-9, nor effector caspase 3/7 activity (Figure 2-B). In addition,
for any exposure, no significant alteration of cell membrane selective permeability was
detected by SYTOX® red analysis (Figure 2-C). Taken together, these results closely
supported that acute and repeated exposures to 5 pg/cm? of FP or Q-UFP did not significantly

trigger any significant cell death by apoptosis in BEAS-2B cells.

3.2 - Mitochondrial membrane potential and ATP concentration within BEAS-2B
cells exposed to FP or Q-UFP

Mitochondrial membrane potential (Aym) is generally consumed by ATP synthase to
produce ATP. As shown in Figure 3-A, acute exposure to FP or Q-UFP did not significantly
modify Aym, whereas repeated exposure to these two PM size fractions were likely to slightly
decreased Aym, as indicated by TMRM immunofluorescence labelling. Accordingly, a
similar profile of the intracellular ATP concentrations was reported within BEAS-2B cells

acutely or repeatedly exposed to FP or Q-UFP, thereby supporting that these cells still
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conserved their ability to produce ATP when exposed to both these particles at the dose of 5
pg/cm? (Figures 3-B and 3-C). Overall, these data clearly indicated that acute and repeated
exposures to 5 pg/cm? of FP or Q-UFP did not significantly alter mitochondrial membrane

potential nor ATP production in BEAS-2B cells.

3.3 - Mitochondrial respiration and mitochondrial mass within BEAS-2B cells
exposed to FP or Q-UFP

As shown in Figure 4, there were statistically significant increases of OCR in BEAS-2B
cells acutely or repeatedly exposed to FP or Q-UFP, without any major difference according
to the PM size fraction nor the exposure strategy (Figures 4-A, 4-B, and 4-C and 4-D,
respectively). In all cases, these increases of OCR were no longer seen after the
administration of selective electron transport chain (ETC) inhibitors (rotenone, Rot/antimycin
A, AA), thereby indicating that the increased respiration was specifically of mitochondrial
origin (Figures 4-A and 4-B). Moreover, both the acute and the repeated exposures to FP or
Q-UFP enhanced the maximum respiration, observed after FCCP administration, thus
indicating the possible increase of the mitochondrial mass.

All the mitochondrial ETC complex subunits (CI subunit NDUFBS, CII-30kDa, CII-
Core protein 2, CIV subunit I, and CV alpha subunit) and mitochondrial porins (translocase of
outer mitochondrial membrane 20: TOMMZ20, and voltage dependent anion channel: VDAC)
were also analyzed as mitochondrial mass markers (Figures 5-A, 5-B, 5-C, and 5-D,
respectively). As shown in Figure 5-B, repeated exposure to FP as well as acute and repeated
exposures to Q-UFP induced sharp increases of the CIV subunit I, as expressed vs [3-
ACTINE. In addition, the protein levels of all the complex subunits tend to increase with
repeated exposure to both the PM size fractions, and especially Q-UFP. Moreover, as shown

in Figure 5-C, there were significant increases of the CIV subunit I, as expressed vs
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TOMMZ20, in BEAS-2B cells acutely or repeatedly exposed to FP or Q-UFP. Statistically
significant decreases of CV-ATP5A, as expressed vs TOMM20, were reported in BEAS-2B
cells acutely or repeatedly exposed to Q-UFP. As expected, VDAC and especially TOMM20
showed similar profiles of protein expression according to PM size fraction and exposure
strategy, with statistically significant increases only within BEAS-2B repeatedly exposed to
Q-UFP (Figure 5-D).

Overall, these results revealed that the increased mitochondrial respiration, mainly
triggered by the repeated exposures to FP and mostly Q-UFP, was mainly accompanied by
increases of the protein expression of CIV subunit I, and, only after the repeated exposure to

Q-UFP, TOMM?20 and VDAC mitochondrial porins.

3.4 - Superoxide anion production and NRF2 signaling pathway regulation within
BEAS-2B cells exposed to FP or Q-UFP

The mitochondrial localization of the production of the superoxide anion, one of the
ROS mainly originating from the OXPHOS process, was studied through a co-labeling of
BEAS-2B cells with MitoTracker® Green FM and MitoSOX™ Red. The Figures 6-A
indicates some increases of the MitoSOX™-related fluorescence within BEAS-2B cells
repeatedly exposed to FP and mostly Q-UFP. Indeed, calculated CTCF for MitoSOX™ for
BEAS-2B cells repeatedly exposed to FP (21.36 + 2.98) and Q-UFP (26.97 + 3.44) were
significantly higher than those for control BEAS-2B cells (16.77 £ 2.73) (p < 0.01). Similar
data were also reported in BEAS-2B cells after acute exposure to Q-UFP (data not shown).
Moreover, both the Figures 6-B and 6-C showed that acute exposure to UFP, on the one hand,
and repeated exposure to FP and mostly Q-UFP, on the other hand, induced a significant
overproduction of the superoxide anion in BEAS-2B cells. Moreover, NRF2 signaling

pathway was significantly activated (Figures 7-A, 7-B, 7-C, 7-D, and 7-E). However, there
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were statistically significant increases of NRF2 binding activity in BEAS-2B cells only after
their acute exposures to FP and Q-UFP (Figure 7-A). Nevertheless, the protein expressions of
the downstream antioxidant effectors, such as NADPH quinone oxydoreductase 1 (NQO-1),
heme oxygenase-1 (HO-1), and glutamate cysteine ligase modifier subunit (GCLM), were
further increased after the repeated exposure to FP and the acute and mostly repeated
exposures to Q-UFP (Figures 7-C, 7-D, and 7-E, respectively). As a whole, these results
supported the ROS overproduction in BEAS-2B cells acutely and mostly repeatedly exposed

to FP, and at the higher extend, Q-UFP.

3.5 - Mitochondrial dynamics within BEAS-2B cells exposed to FP or Q-UFP

OPA-1 and mitofusins (MFN-1, MFN-2), as effector proteins of mitochondrial fusion,
are involved in the fusion of OMM and IMM, respectively. As shown in Figures 8-A and 8-B,
BEAS-2B cell exposure to FP or Q-UFP did not significantly modify any protein expression
both the mitofusins. Only a slight but significant increase of the OPA-1 protein expression
was seen in BEAS-2B cells after their repeated exposure to Q-UFP (Figure 8-B). Conversely,
the mitochondrial fission 1 protein (FIS-1) and dynamin-related protein (DRP1) are involved
in mitochondrial fission. The accumulation of FIS-1 on OMM allows the recruitment of the
cytoplasmic protein DRP1 to trigger fission process, and the phosphorylation of DRP1 on
serine 616 (S616) is known to stimulate mitochondrial fission while its phosphorylation on
serine 637 (S637) inhibits it. As shown in Figures 8-C and 8-D, acute and mostly repeated
exposures to FP and particularly Q-UFP triggered significant increases of DRP1 and/or P-
DRP1 (S616) protein expression without any significant change of P-DRP1 (S637) protein
expression in BEAS-2B cells. There was a clear trend of overexpression of FIS-1 protein
expression, despite relatively high inter-experiment variability; however, a statistically

significant increase of this key parameter was reported only after their repeated exposure to
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Q-UFP. Figure 8-E, showing live BEAS-2B cells labeled with MitoTracker® Red, supported
the above-noticed alteration of the mitochondrial dynamics through the reduction of the
coordinated cycles of fission and fusion, and mitochondrial trafficking, after their repeated
exposure to FP and rather Q-UFP.

As shown in Figure 9, TEM observations of fixed BEAS-2B cells repeatedly exposed to
Q-UFP clearly showed the absence of any apparent toxicity, as compared to control BEAS-2B
cells. In control BEAS-2B cells, mitochondria were heterogeneous in shape, rounded or
elongated, with numerous cristae. IMM and OMM appeared intact and the matrix integrity
was fully preserved. Like negative control cells, there were no marked mitochondrial
abnormalities in Q-UFP-repeatedly exposed BEAS-2B cells, also characterized by the
absence of swollen mitochondria with disarrangement and distortion of cristae, and the
apparent integrity of the OMM.

However, time-lapse video microscopy of live BEAS-2B cells repeatedly exposed to FP
or Q-UFP provided relevant real time imaging of their mitochondrial dynamics, after their
immunofluorescence labelling with MitoTracker® Red (Figure 10). Indeed, the reduction of
the mitochondrial dynamics in BEAS-2B cells repeatedly exposed to FP and mostly Q-UFP,
was noticed. Indeed, as shown in the two series of photos of the control BEAS-2B cells, some
modifications of the mitochondrial network can be seen after 6 s of observation by comparing
the photos chronologically to each other (see also Figure 10-A, photo areas with white dotted
lines). Some fragments of the mitochondrial network, originally separated after 1 s of
observation seemed also to be fused after 6 s of observation. However, such mitochondrial
dynamics were not reported in BEAS-2B cells after their repeated exposures to FP or Q-UFP.
As a matter of fact, after 6 s of observation, the comparison of the photos chronologically to
each other (see also the photo areas with white dotted lines) revealed that some fragments of

the mitochondrial network, originally separated after 1 s of observation were still clearly
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distinct after 6 s of observation. The difference of the mitochondrial dynamics within BEAS-
2B cells repeatedly exposed to FP or Q-UFP and those of control BEAS-2B cells was easily
visible and recognizable in the videos supplied as supplemental data. As shown by the photo
series, and mostly by the videos (see also supplemental data), in repeatedly-exposed BEAS-
2B cells to FP and mostly UFP, only a small part of mitochondria was also transported over
significant distances during a given observation time, while others were in the state of relative

rest, as compared to control BEAS-2B cells.



568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

4 - DISCUSSION

To better study the possible occurrence of the underlying adaptation mechanisms that
can efficiently compensate mitochondrial damages, human bronchial epithelial BEAS-2B
cells were both acutely or repeatedly exposed to relatively low doses (i.e., 5 pg/cm?) of
ambient FP or Q-UFP. Indeed, the dose we applied was among the lowest reported in the
literature to give harmful effects whilst limiting a massive cell death (Boublil et al. 2013;
Gualtieri et al. 2010, 2011, 2018; Leclercq et al. 2016, 2017, 2018; Longhin et al. 2013, 2016,
2019; Platel et al; 2019; Sotty et al. 2019). The analysis of several cell death markers, such as
DNA fragmentation, caspase activation, and membrane permeability, supported the absence
of substantial cytotoxicity, notably by apoptosis, in BEAS-2B cells for each exposure
protocol. Neither A¥Ym nor intracellular ATP concentration were significantly altered in
BEAS-2B cells repeatedly exposed to both the PM size fractions, thereby supporting the
avoidance of massive cell toxicity. In contrast to other studies, the exposure strategy we
developed ensured the maintenance of cell conditions devoted to trigger the adaptation and/or
survival underlying mechanisms, studying mitochondrial function rather than RCD (Kamdar
et al. 2008; Jin et al. 2018; Wang et al 2019).

We reported here significant increases of the mitochondrial function, as studied by
OCR, specifically from mitochondrial origin, in BEAS-2B cells acutely and mostly repeatedly
exposed to FP or Q-UFP, together with equivalent increases in maximal respiration.
Accordingly, Lavrich et al. (2018) reported an increased OCR within BEAS-2B cells exposed
to low dose of 1,2-naphthoquinone, a PAH systematically found within ambient PM.
However, this increase of OCR was no longer observed in isolated mitochondria no when
normalizing results to the mitochondrial mass. An increase of the non-mitochondrial

respiration that can be related to a possible increase of mitochondrial mass rather than the
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spare capacity consumption was also suggested. To test this hypothesis, some classical
mitochondrial mass markers, such as ETC complex subunits and mitochondrial porins were
studied, and, as anticipated, we supported that the increases of mitochondrial OCR noticed
after repeated exposure to FP, and mostly Q-UFP, were accompanied by those of ETC
complex subunits. Whether it is expressed vs B-ACTIN or specifically vs TOMM?20, the
relative protein intensity of CIV-MTCOI1 subunit, where dioxygen is consumed, was
increased after repeated exposure to FP and particularly after acute and mostly repeated
exposure to Q-UFP. Moreover, when expressed vs TOMM?20, the relative protein intensity of
CV-ATP5A subunit, also called mitochondrial ATPase, revealed a certain tendency towards a
reduction in BEAS-2B cells repeatedly exposed to FP, but a significant reduction in those
acutely or repeatedly exposed to Q-UFP. Increasing trends in BEAS-2B cells repeatedly
exposed to FP or acutely exposed to Q-UFP, but significant increases in those repeatedly
exposed to Q-UFP, were found when studying the VDAC and TOMM?20 mitochondrial
porins. All together, these findings supported that changes of the mitochondrial respiration,
mainly triggered by the repeated exposure to FP or rather UFP, were accompanied by changes
of some mitochondrial ETC complexes and porins. Likewise, Hoffman et al. (2013), in their
study about the long-term effects of cigarette smoking on BEAS-2B cells, described similar
ETC complexes after 6-month exposure. In other studies, Wang et al. (2019) reported a dose-
dependent increase in CIV by exposing the popular SH-SY5Y neuroblastoma cells to ambient
FP and Guo et al. (2017) noted that exposure to ambient FP induced decreases in the activities
of several ATPases in rat nasal mucosa. Accordingly, these results may indicate an adaptive
rise in cellular energy demand to better eliminate damage to the different cellular components,
or to compensate oxidative damage to mtDNA (Winckelmans et al. 2017; Xu et al. 2018).
However, and somewhat interestingly, the exposure to higher doses of ambient PM, although

non-cytotoxic, was reported as decreasing mitochondrial oxygen consumption, as well as
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complex enzymatic activity, thereby possibly exceeding the mitochondrial adaptation
mechanisms (Leclercq et al. 2018; Malinska et al. 2018; Pardo et al. 2017; Karoui et al. 2019).

Along with inflammation, oxidative stress is frequently considered to be the primary
critical underlying mechanism dramatically induced by ambient PM (Abbas et al. 2010, 2013,
2016, 2019; Billet et al. 2007, 2008; Bocchi et al. 2016; Dergham et al. 2012, 2015; Gargon et
al. 2006; Gualtieri et al. 2010, 2011; Halonen et al. 2015; Leclercq et al. 2016, 2017b, 2018;
Longhin et al. 2013, 2016, Sotty et al. 2019). Accordingly, in this work, acute exposure to Q-
UFP as well as, to a higher extent, repeated exposure to FP and mostly Q-UFP, triggered
increases of superoxide anion production by mitochondria. This oxidative boost was
associated with NRF-2 signaling pathway activation. Because of its key role as master
regulator of the cell redox homeostasis, NRF-2 is also well-equipped to counteract ROS
production and is critical for maintaining the redox balance in the cell (Wardyn et al. 2015).
Following exposure to oxidants or electrophiles, NRF2 accumulates in the nucleus where it
binds to antioxidant response element (ARE) in the upstream regulatory regions of genes
encoding NRF-2 targets, including antioxidant enzymes, proteins involved in the metabolism
and clearance of toxicants, protection against metal toxicity, inhibition of inflammation, repair
and removal of damaged proteins, as well as other transcription and growth factors (Suzuki et
al. 2016). However, there were some discrepancies in this study between the NRF-2 binding
activities to ARE sequences and the protein expression of some associated antioxidant
enzymes (i.e. HO-1, NQO1, GCLM) after repeated exposure to both the PM size fractions.
Accordingly, Leclercq et al. (2018), studying the NRF2 signaling pathway activation within
BEAS-2B cells repeatedly exposed to ambient FP, reported a relatively low activation of the
NRF2 transcription factor in cells repeatedly exposed to the highest dose of FP, thereby
suggesting NRF2 relocalization, binding inactivation, or degradation even under a noticeable

oxidative stress. While NRF-2 signaling pathway is known to be activated in lung cells in
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case of relatively low level of oxidative stress, it has been shown to be inhibited following
higher stress level. Our results might be explained by an inhibition of NRF-2 response after
repeated exposures to PM and a delayed lag between NRF-2 transcriptional activity regulation
and downstream protein degradation. Kovac et al. (2015), aiming to provide a detailed
analysis of the interaction between ROS and the NRF2 signaling pathway, indicated that the
NREF?2 activity affects ROS production via mitochondria. Moreover, Boutten et al. (2011) and
Vucic et al. (2014) indicated that the NRF2-mediated antioxidant pathway was altered at
multiple levels in COPD bronchial airways leading to an important redox imbalance.
Recently, it has emerged that one of the important functions of NRF2 is to modulate
mitochondrial function (Holmstrom et al. 2016). Hence, in this work, the partial uncoupling
between the superoxide anion production and the NRF2 signaling pathway activation after the
repeated exposure to FP and mostly Q-UFP could dramatically contribute to mitochondrial
ROS overproduction and possibly to mitochondrial metabolism disruption.

It is noteworthy that the increases of the mitochondrial mass noticed in the present study
seemed to be closely consistent with the above-described NRF2 signaling pathway activation,
since the peroxisome proliferator-activated receptor gamma coactivator (PGCIl-a), a major
regulator of mitochondrial biogenesis, is known to induce NRF2 gene transcription (Chen et
al. 2011; Wu et al. 1999). In cooperation with NRF2, PGCIl-a also stimulates nuclear
respiratory factor-1 (NRF1) activity, another transcription factor leading to the expression of
some of the genes clearly involved into the mitochondrial biogenesis and maintenance, such
as mitochondrial transcription factors A and B (Kelly and Scarpulla, 2004; Scarpulla, 2008).
While ARE sequences are present on the NRFI promotor, NRF2 activation may therefore
promote mitochondrial biogenesis through NRF'I transcription (Piantadosi et al. 2008).

Depending on the energy substrate availability, energy demands or redox state, the cell

may increase or decrease the number and size of mitochondria, and altered copy number by
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damage can result in mitochondrial dysfunction (Chao and Kleeberger, 2019). Indeed,
mitochondria, which form a dynamic interconnected intracellular network, are highly
dynamic organelles undergoing coordinated cycles of fission/fusion, and mitochondrial
trafficking, also referred as “mitochondrial dynamics”, in order to maintain their shape,
distribution and size according to the metabolic needs of the cell (Tilokani et al. 2018).
Mitochondria undergo membrane remodeling through cycles of fusion and division; the
balance of these processes controls the mitochondrial structure and metabolism as well as the
cell cycle and results in the intermixing of the mitochondrial population in the cell both
during normal mitochondrial turnover in homeostatic physiology and in response to
mitochondrial or cellular stress. Increased fusion and/or reduced fission promote the
formation of elongated mitochondrial networks to maintain membrane potential, whereas
increased fission and/or reduced fusion cause mitochondrial fragmentation to eliminate
defective mitochondria by mitophagy or to generate new organites from fissioned
mitochondria. Mitochondrial fusion and fission cycle are essential for numerous cell
processes including mitosis, cell immunity and mitochondrial quality control (Chan et al.
2019; Cloonan and Choi, 2016; Tilokani et al. 2018; Youle et al. 2012; Zorov et al. 2019). In
BEAS-2B cells repeatedly exposed to FP and markedly Q-UFP, a slight increasing trend in
the expression of fusion markers and a significant increase of OPA-1 in BEAS-2B cells
repeatedly exposed to UFP were noticed. However, this increase might mainly result from
increased mitochondrial mass given the localization of these proteins on mitochondrial
membrane. By contrast, acute and mostly repeated exposure to FP and especially to Q-UFP
triggered increases of FIS1 and DRP1 fission proteins, with an accentuated effect in BEAS-
2B cells repeatedly exposed. Moreover, DRPI1 activation was further highlighted by its
phosphorylation at serine 616. Similar increases, all at once, of fusion and fission markers

(i.e., OPA1 and FIS1, and MFN1, MFN2, and DRPI, respectively) were also described in
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BEAS-2B cells treated with cigarette smoke exhaust, in SH-SYSY cells treated with FP, and
in rats treated with FP (Guo et al. 2017; Hoffmann et al. 2013; Li et al. 2015; Wang et al.
2019). These modifications are sometimes associated with ultrastructural changes, which can
include mitochondria swelling, disruption of mitochondrial cristae, and loss of mitochondrial
density (Guo et al. 2017; Leclercq et al. 2018; Li et al. 2013, 2015). Because of their quasi-
nanometric size, Q-UFP are more likely to be internalized within lung tissues and cells, and
potentially interact with mitochondria, than FP. Li et al. (2013) reported a higher
internalization of UFP in mitochondria of BEAS-2B cells compared to those of FP. However,
other studies, including ours, did not clearly observed mitochondrial internalization of Q-
UFP, thereby supporting the influence of physicochemical characteristics and doses applied
on the different cell models on their capacity to be internalized and visualized into
mitochondria.

However, despite the lack of morphological mitochondrial alterations reported in fixed
BEAS-2B cells, time-lapse video microscopy of live BEAS-2B cells acutely or repeatedly
exposed to FP or mostly Q-UFP provided relevant real time imaging of the alteration of the
mitochondrial dynamics, through the reduction of the coordinated cycles of fission/fusion,
and mitochondrial trafficking, Indeed, in repeatedly-exposed BEAS-2B cells to FP and mostly
UFP, only a small part of mitochondria was also transported over significant distances, while
others were in the state of relative rest, as compared to control cells. The relevant alteration of
the mitochondrial dynamics we emphasized in this work closely agreed with those already
noticed in other in vitro and in vivo models exposed to cigarette smoke exhaust and ambient
PM (Guo et al. 2017; Hoffmann et al. 2013; Li et al. 2015; Wang et al. 2019). According to
the ROS overproduction already noticed within BEAS-2B cells acutely and mostly repeatedly
exposed to FP and Q-UFP, to a higher extent, accumulating evidence suggested that cellular

and mitochondrial redox homeostasis is linked to mitochondrial dynamics in a cell- and
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tissue-dependent manner (Willems et al. 2015). ROS (over)production also regulated
mitochondrial dynamics through acting on mitochondrial fusion and fission proteins, thereby
permitting (auto)regulation of mitochondrial morphology and function by redox-mediated
signaling.

Before concluding, it is highly important to emphasize that, in this work, BEAS-2B
cells were acutely or repeatedly exposed to FP and Q-UFP, instead of UFP. All the above-
reported results about the Q-PUF-induced underlying mechanisms of toxicity, and notably
mitochondrial function and dynamics alterations, cannot be directly extrapolated to UFP.
Stone et al. (2018) reviewed in detail a rather large mechanistic body of research to better
clarify the relationships between these mechanistic endpoints and the physicochemical
characteristics of nanomaterials and UFP, vs PM. The critical role of their physicochemical
characteristics regarding their toxicity, including factors in addition to size and surface area,
such as solubility, charge, chemical and biological composition, coating, and
agglomeration/aggregation, was also strongly highlighted. This information is, therefore,
important because it means that not Q-PUF and PUF have exactly the same potential to
dramatically interact with cellular and molecular critical targets within cells in the same way
and with the same harmful health effects.

Taken together, these results demonstrated the ability of FP and mostly Q-UFP to
trigger some alterations of the mitochondrial function and dynamics at non-apoptotic stage,
thereby highlighting mitochondria as early critical targets of the smallest size fractions of the
ambient PM. Indeed, exposure to both PM size fractions increased mitochondrial OCR as
well as mitochondrial mass without modifying global A¥Ym nor mitochondrial ATP
concentration. As a consequence, dynamic modifications in favor of accentuated fission
process were observed, in particular after Q-UFP vs FP, and repeated vs acute exposures.

Overall, the prospective findings of this work could offer new insights into the
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pathophysiology of lung toxicity, arguably initiate and/or exacerbate by acutely and rather
repeated exposure to ambient FP and mostly Q-UFP. Given their important biological
reactivity, the effective monitoring of ambient Q-UFP and their integration within air quality
standards should be urgently consider in order to significantly contribute to reduce the

dramatic health impact of ambient air pollution.
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FIGURE LEGENDS

Figure 1: Global strategy of the acute or the repeated exposures of human bronchial epithelial

BEAS-2B cells to fine or quasi-ultrafine particles (FP or Q-UFP, respectively).

Figure 2: Immunofluorescence labelling of apoptotic cells using TdT-mediated dUTP Nick-
End Labeling (TUNEL) (Figure 2-A), capsase-8, -9, and -3/7 activities (Figure 2-B), and
immunofluorescence labelling of live cells using SYTOX® Red by flow cytometry (Figure 2-
C) in human bronchial epithelial BEAS-2B cells, grown submerged, as negative control, or
acutely (1 exposure) or repeatedly (3 exposures) incubated with 5 pg/cm? of ambient fine or
quasi-ultrafine particles (FP and Q-UFP, respectively). Positive controls for TUNEL method,
caspase activity assays, and cell viability assay were treated with DNase I (10 IU/mL, 30 min,
37°C), H202 (50 uM, 24 h, 37°C, 5% CO), and menadione (100 uM, 4 h, 37°C, 5% CO»),
respectively. Values are depicted as means and standard deviations (n = 3). (T test; **: p <

0.01 vs negative control cells).

Figure 3: Mitochondrial membrane potential (A¥Ym), using the fluorescent dye
tetramethylrhodamine, methyl ester, perchlorate (TMRM) (Figures 3-A and 3-B), and ATP
intracellular contents, using CellTiter-Glo® Luminescent cell viability assay (Figure 3-C, 3-
D), in human bronchial epithelial BEAS-2B cells, grown submerged, as negative control, or
acutely (1 exposure) or repeatedly (3 exposures) incubated with 5 pg/cm? or ranging
concentrations from 0.5 to 50 pg/cm? of ambient fine or quasi-ultrafine particles (FP and Q-
UFP, respectively). Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP; 25 uM,
30 min, , 5% CO,), a protonophore that uncouples oxidation from phosphorylation by

dissipating the chemiosmotic gradient and induces dissipation of A¥m, was used as positive



control. Values are depicted as means and standard deviations (n = 3). (T test; *: p < 0.05 and

*#*: p <0.01, vs control cells).

Figure 4: Oxygen consumption rates (OCR) in human bronchial epithelial BEAS-2B cells,
grown submerged, as negative control, or acutely (1 exposure; Figures 4-A and 4-C) or
repeatedly (3 exposures; Figures 4-B and 4-D) incubated with 5 pg/cm? of ambient fine or
quasi-ultrafine particles (FP and Q-UFP, respectively). Figures 4-A and 4-B show OCR as
studied using the Seahorse XF24 Extracellular Flux Analyser after the sequential addition of
oligomycin (Oli, 1 puM), 2-[2-(3-Chlorophenyl) hydrazinylyidene]propanedinitrile (FCCP;
0.25-0.5 uM), rotenone (i.e., Rot, 1 uM), and antimycin A (AA, 1 uM). As shown by Figures
4-C and 4-D, the different states of mitochondrial respiration are depicted as follow: basal
respiration (basal), proton leak (respiration after Oli addition), maximal respiratory capacity
(i.e., respiration after FCCP addition), and non-mitochondrial respiration (i.e., after Rot/AA
addition). Figures 4-C and 4-B show non-mitochondrial respiration, basal respiration, proton
leaked linked respiration, ATP leaked linked respiration, and reserve capacity, based on data
gathered from the Seahorse XF24 Extracellular Flux Analyses. Values are depicted as means

and standard deviations (n = 3). (T test; *: p < 0.05 and **: p <0.01, vs control cells).

Figure 5: All the mitochondrial electron transport chain (ETC) complex subunits (i.e., CI-
NDUFBS, CII-SDBH, CII-UQCRC2, CIV-MT-COI1, and CV-ATPSA; Figures 5-A, 5-B,
and 5-C), and mitochondrial porins (i.e., translocase of outer mitochondrial membrane 20:
TOMM?20, and voltage dependent anion channel: VDAC; Figure 5-D) in human bronchial
epithelial BEAS-2B cells, grown submerged, as negative control, or acutely (1 exposure) or
repeatedly (3 exposures) incubated with 5 pg/cm? of ambient fine or quasi-ultrafine particles

(FP and Q-UFP, respectively). The protein relative intensity of the ETC complex subunits are



expressed vs [-actin (Figure 5-B) and vs TOMM20 (Figure 5-C), as mitochondrial mass
marker. Values are depicted as means and standard deviations (n = 3). (T test; *: p < 0.05 and

**: p <0.01, vs control cells).

Figure 6: ROS generation, using the fluorescent dye MitoSOX™ Red (Figures 6-A, 6-B, and
6-C) and the fluorescent dye MitoTracker™ Green (Figure 6-A) in human bronchial epithelial
BEAS-2B cells, grown submerged, as negative control, or acutely (1 exposure, Figures 6-B
and 6-D) or repeatedly (3 exposures, 6-A; 6-B, and 6-C) incubated with 5 pg/cm? of ambient
fine or quasi-ultrafine particles (FP and Q-UFP, respectively). Calculated corrected total cell
fluorescence for MitoSOX™ for BEAS-2B cells repeatedly exposed to FP and Q-UFP were
21.36 £ 2.98 and 26.97 + 3.44, respectively (vs control BEAS-2B cells: 16.77 £ 2.73; p <
0.01). Menadione (Mena; 50 puM, 4 h, 37°C, 5% CO;), a mitochondrial redox cycling
promoter, has been used as positive control for ROS generation. Values are depicted as means

and standard deviations (n = 3). (T test; *: p < 0.05 and **: p <0.01, vs control cells).

Figure 7: Binding activity of nuclear factor erythroid 2 p45-related factor 2 (NRF2) to
antioxidant response elements (ARE) (Figure 7-A) and NRF2 target proteins (i.e., NADPH
quinone oxido-reductase-1: NQO-1, heme oxygenase: HO-1, and glutamate-cysteine ligase
modifier subunit: GLCM; Figure 7-B, 7-C, 7-D, and 7-E) in human bronchial epithelial
BEAS-2B cells, grown submerged, as negative control, or acutely (1 exposure) or repeatedly
(3 exposures) incubated with 5 pg/cm? of ambient fine or quasi-ultrafine particles (FP and Q-
UFP, respectively). Values are depicted as means and standard deviations (n = 3). (T test; *: p

<0.05 and **: p <0.01, vs control cells).



Figure 8: Optic atrophy-1 (OPA-1) and mitofusins (mfnl, mfn2), as effector proteins of
mitochondrial fusion (Figure 8-A, 8-B), and mitochondrial fission 1 protein (fisl) and
dynamin-related protein 1 (drpl and both its phosphorylated forms: P-drpl (s616), P-drp-1
(s637)), as effector protein of mitochondrial fission (Figure 8-C, 8-D), in human bronchial
epithelial BEAS-2B cells, grown submerged, as negative control, or acutely (1 exposure) or
repeatedly (3 exposures) incubated with 5 pg/cm? of ambient fine or quasi-ultrafine particles
(FP and Q-UFP, respectively). The accumulation of fisl on outer mitochondrial membrane
allows the recruitment of cytoplasmic protein drpl to trigger fission process, and the
phosphorylation of Drpl on serine 616 (s616) is known to stimulate mitochondrial fission
while its phosphorylation on serine 637 (s637) inhibits it. Mitochondrial network
morphology, using the fluorescent dye cell-permeant MitoTracker® red CMXROS probe,
which contains a mildly thiol-reactive chloromethyl moiety for labeling mitochondria by
passive diffusion across the plasma membrane and accumulation in active mitochondria, in
human bronchial epithelial BEAS-2B cells, grown submerged, as negative control or
repeatedly (3 exposures) incubated with 5 pg/cm? of ambient FP and Q-UFP (Figure 8-E).
Values are depicted as means and standard deviations (n = 3). (T test; *: p < 0.05 and **: p <

0.01, vs control cells).

Figure 9: Observations of human bronchial epithelial BEAS-2B cells, grown submerged as
negative control or repeatedly exposed to 5 pg/cm? of quasi-ultrafine particles (Q-UFP), using
transmission electronic microscopy. The presence of some Q-UFP, isolated or even
agglomerated, appeared somewhat difficult to observe. In BEAS-2B cell controls,
mitochondria were heterogeneous in shape, rounded or elongated, with numerous cristae.
Inner and outer mitochondrial membranes appeared intact and the matrix integrity was fully

preserved. Like negative control cells, there was no marked mitochondrial abnormality in Q-



UFP-repeatedly exposed BEAS-2B cells, also characterized by the absence of swollen
mitochondria with disarrangement and distortion of cristae, and the apparent integrity of the

outer membrane.

Figure 10: Dynamics of morphological changes of mitochondria was carefully recorded by
the fluorescence labelling with MitoTracker® Red CMXROS probe and the time-lapse
videomicroscopy of human bronchial epithelial BEAS-2B cells, grown submerged, as
negative control or repeatedly (3 exposures) incubated with 5 pg/cm? of ambient fine or
quasi-ultrafine particles (FP and Q-UFP, respectively). Time-lapse video microscopy can be
defined as the real time imaging of living cells, which requires both the ability to acquire very
rapid events and the signal generated by the observed cellular structure during these events.
As shown by the photo series (see also white dotted lines), in repeatedly-exposed BEAS-2B
cells to FP and mostly UFP, only a small part of mitochondria was transported over
significant distances, while others were in the state of relative rest, as compared to control
cells, thereby revealing the reduction of the mitochondrial dynamics, which is the crucial
molecular process that maintain the cellular homeostasis selectively removing the damaged

mitochondria.



ACUTE EXPOSURE

LHC-9 cell LHC-9 cell FP ; Study
culture culture Q-UFP ‘ of
medium medium (5 pg'cm®) outcomes

| | |
Oh 24 h 48 h 72h
— N VY
Normal human
P Study
epithelial Q- urr - 3 Q-UFI' &‘ Q-UFP “ of
BEAS-2B cells (5 pg/em?®) (5 pglem?) (5 pg/em?) outcemes

0

REPEATED EXPOSURE




A

=

. y . . Joone o 400 ™
Contrel Fp Q-LFpP DNAse | z &
3 exposures 3 exposures : R U1
'.' - 20000 "' -
.= . =
. - . 2 000
3 = " 1onne s
- E’ E’ 1000
- -
0 0
\c,\ 1 3 1 3 H0; ‘o\ 1 3 1 3 H0,
& &
C FP Q.UFP ° FP Q.UFP
: -
= = 40000 .
£ ~ 300001
r~ =
~
- 5 = 20000
= B
g " 1000 4
— -
- .
S 13 13O,
. FP Q-UFP
Control FP Q-UFP Mena
1 exposure 3 exposures I exposure 3 exposures
1= o p' - 19 p L) P 100 p - (L) ‘
86.59°, 86.36% 83.72% 92.30% 88 64% 49.93%,
"5 "% " 3 ~3 75
“ s d N iR i 0
s 25 24 28 2 L)
’ o 0 il v ]
L L L L R L L 10 100 105 1 et e 100100 108 100 et 1 e TR TUE T T A T U LTS L LU LU T A LA [ T 109° 1" 1 et et e e

SYTOX Red® (RFL) SYTOX Red® (RFL ) SYTOX Red® (RFL)

SYTOX Redx (RFL)

SYTOX Red® (RFL)

SYTONXN Red® (FL)



A

1w

LN

TMRM
(FC vs comtral)

s 4

Control
1
15
.‘ “
14
"0
"W 1 1
TMERM (RFL)
FCCP
10
"%
.' W
24
"
iy 10 L
TMEM (RFL)
& 3 1

FP
I exposure 3 exposures
o
4
.. ALl
2
"

0 e " w 1w L w
TMRM (RFL IMRM (RFL)
Q-UFP

1 exposure 3 exposures
Loe
e !
.. ‘.
"
(3
L ' " " L I L w
IMRM (R TMRM (RFU)
3 TMRM

Fr Q-UFP

ATP concemtration

ATP concemtration

ATP concentration

(%% of contrel) (% of contrel)

(%% of contral)

4 1 cxposure

1.0
3
* ’ LPOsUT Oy
4 -
(R
"4
4
1 ~ r v ) .
0 as s 50 FP (pg'cm)
4 | cxposure
- A sures
104
. - L4 - -
1 as 5 “ Q-UFP (g cm”)
10 4
“ “
. -
»
> 3
& 1 3 1 ]
*
- P Q-UFP



= o on. i &AL - Control
i (R ‘ ‘ ‘ - Fr
g } o QUFP
R
S ..
T e v + .
v 0 <0 el A
Time (min)

14y
=
*
T 089
=
a 3! L F Y
85 "
i .l
- .. -
A &8 )(*." ‘( a A & ‘("1
N Al ~ LR Al
‘/) 0’ g" 0'\ ‘,) d~ \/ 0'\ ‘,) 0'\
Noan Bawal Proton leaked ATPF bonked Reserve
maochondral  respirstion linked linked capacity
respirsisn respiraten respiratsen

20, ON. Focor Rot & AA

] -« Control

R VT

g - QUFP
Ei 1o

g

& 08

L,

. ) “:':uuninb : "’

- LD~
=
T
T K4
i
23 .69
£ 0
é
iom
- ..
4 A& 5 A 4 & <
‘/)i&\ txéo”‘ ‘/(‘QN\ ",)6&\ ‘,)‘:’,.\
Num Basl Proton lenked  ATF haked Revarse
mitechondrial  resparstion binked lonbed Capmety

rospicatisn ropiratisn  ropiraties



CV-ATPSA (S5 kDa)
CHEUQCRCY (48 kDa)
CIV-MTCOL (80 kDa)
CII.SDHEB (3 kDa)
CI-NDUFBS (20 kDa)
P-ACTIN (42 kDa)

TOMM2S (16 kDa)

TOMM2S (16 kDa)
VDAC (31 kDa)

J-ACTIN (42 kDa)

Control FP Q-UFP
1 3 1 3

— S B— — —

L —

Control FP Q-UFP

L ———

—-—-—d'

TOMM 240 (relative protein

mtemsity vs fi ~ACTIN)

v BACTIN)
.o .

OXPHOS compleyes
(refative protein intensity

B CVATHA
b B LIE RV IN T8
MO
CHSDHR
B CLNDLY RS

‘e

OXPHOS ¢ omplex s
(relative protein intensity

B CV-ATHA
IO CRC?
- CInMTCM

H CHADHN
e | ESBAINY 1)
\3
-00\ -
< FP Q-UFP
4 9 18-
= -
- t i
“ E = 154 e
==
] ‘0 |
== FE R
21 :
- =
. , ! 0ns -
|
( L 'L
1 3 1 3 & 1 3 1 3
..o‘" &
. Fr Q-UFP “ P Q-UFP



A

Control

LFP

MitoTracker

Green

MitoSOX'™" Red

MERGE

Control

! - ! :
.

MiteSO X" Red (RFU)

Ve contral)

(K

0nss

-o"

S

\

3

FP

Q-UFP

Mena

L 1 L L

MiteSOX" Red (RFL)

Mena
"
hl F
"
0
"' L L 1

MiteSOX" Red (RFL)

MataSOX™ Red (RFU)

FP
I exposure 3 exposures
1o 1
. L]
‘e ¢ “
" 15
. "
1 ] 1w e nw' L o L
MiteSOX™ Red (RFLU) MitaSOX" Red (RFLU)
Q-UFP
I exposure 3 exposures
Le .
-
AL
be
L
» i L (L Ly W e w L

MuteSON" Red (RFL)



A

‘.
-
-
—
~ | — _
-
. — _
-
- d —
s _
- LJ\ |
- - -
=] a (=]
4 ~ -
— -~ -~
-, - -,
= 7 2
~ - s
= U
z = ¥
) o
v v
(sqv )

AUV o) Jwmpuyg T4UN

T b—— b vt —

B-ACTIN (42 kDa)

Q-UFP

FP

INLLOVA sA Apsuopn
upo ad 2anep a) 1-OH

INLLOY= A Ausuopn

U ad 2An 1 KDY 19
¥ 8 4 v . |
- - M N

INLLOV= A Aisuapn
uppoad 2an e aa) 1OON

Q-UFP

P

Q-UFP

Fr

Q-UFP



Control FP Q-UFP

OPA-1 (112 kDa)
MFN-1 (82 kDa)

MFN-2 (84 kDa)

[-ACTIN (42 kDa)

C

1 3 1 3

- P
-.--—----.-—-—l—

—— e e — S— —

e e —— — —

Control FP Q-UFP

FIS-1 (17 kDa)
DRP1 (80 kDa)
P-DRP1 (8616) (80 kDa)

P-DRP1 (8637) (80 kDa)

p-ACTIN 42 (kDa)

E

1 3 1 3

——-_d

111

E=R T

Pt bt St Bt Ny

=

MEN-1, MFN-2, and OPA-1

-

drp-1, P-DRP1 (S616), P-DRP1
(S637), and fis-1 (relative protein

{relative protein intensity

vs f-~ACTIN)

&
"

taa

(]
i

Intensity vs i-ACTIN)

- FN-1
. MFM-2

1 e oPaa

B DRPL
0 P-DRPI (5616)

1 r-orP1 (5637
FIS-1

FP Q-UFP

Bright-field MitoTracker® Red Overlay

Control

Q-UFP







Mitotracker red




MITOCHONDRION
Function-and.dynamics:
Alteration or adaptation?






