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Highlights

» Exposure to AgNP altered lung tissugd@nsumption due to increased mitochondrial
active respiration and NOX activity.

* Increased NOX activity and mitochondrial,® production rate led to oxidative
damage.

e Lung 3D tissue model showed AgNP-initiated bariadterations as TEER values
decreased.

» Oxidative damage may be responsible for the imgduag function observed due to

alveolar epithelial injury.



Abstract

Along with the AgNP applications development, thenaern about their possible
toxicity has increasingly gained attention. As thspiratory system is one of the main
exposure routes, the aim of this study was to etalthe harmful effects developed in
the lung after an acute AgNP exposurevivo studies using Balb/c mice intranasally
instilled with 0.1 mg AgNP/kg b.w, were perform&d™Tc-AgNP showed the lung as
the main organ of deposition, where, in turn, AgiRy exert barrier injury observed
by increased protein content and total cell conrBAL samplesin vivoacute exposure
showed altered lung tissue, @onsumption due to increased mitochondrial active
respiration and NOX activity. Both L&onsumption processes release ROS triggering
the antioxidant system as observed by the incre8€Hd, catalase and GPx activities
and a decreased GSH/GSSG ratio. In addition, iseceprotein oxidation was observed
after AQNP exposure. In A549 cells, exposure top@snL AgNP during 1 h resulted
in augment NOX activity, decreased mitochondrialPA@ssociated respiration and
higher HO, production rate. Lung 3D tissue model showed Aghtated barrier
alterations as TEER values decreased and morplkalogiterations. Taken together,
these results show that AgQNP exposure altersnétabolism leading to alterations in
oxygen metabolism lung toxicity. AgNP-triggered daaiive damage may be

responsible for the impaired lung function obsersiad to alveolar epithelial injury.

Keywords: nanopatrticles, lung epithelium, nanotoxicologyidaxive metabolism,

NADPH oxidase, mitochondria.



List of abbreviations

4-HNE, 4-hydroxynonenal

AgNP, silver nanoparticles

DMPO, 5,5-Dimethyl-1-pyrroline N-oxide
GSH, reduced glutathione

GSSG, oxidized glutathione

HO-1, heme oxygenase 1

NP, nanopatrticles

NOX, NADPH oxidase

ROS, reactive @species

SOD, superoxide dismutase

TEER, transepithelial electrical resistance

TBARS, Thiobarbituric acid reactive substances



Introduction

Nanoparticles (NP) have been defined as materigsepting a size range between 1
and 100 nm, in at least one external dimension].[I;Be reason why the NP use
became attractive for a numerous of applicationsased on their unique feature of a
high surface to mass ratio given by their smalke §&. The nanotechnology field has
grown exponentially over the last decades withapction of NP that are mainly used
for electronics, cosmetic, food technology, biot@jisensors, and biomedical purposes
Among the over 1800 products containing nanomadseciarrently available, about 25%
of them present silver nanomaterials in their cositpm. Silver nanoparticles (AgNP)
are widely used given their activity as antibaeterantifungals and antivirals [4].
Mechanisms behind AgNP activity against differergamisms are adhesion onto the
cell wall surface and membrane, penetration ingocill and intracellular structures and
biomolecules destabilization. AQNP may induce otigastress and signal transduction
pathways modulation-[5,6,5,6]. Those processesritkpa several morphological and
physicochemical characteristics (e.g., size, shapdace, and composition) [7,8]. For
instance, AgNP effectiveness relies on their siaefact particles with a size range
between 10 and 15 nm exhibit increased stabilitpcdmpatibility and enhanced
antimicrobial activity [9;22,10] and even smallarticles (1 to 10 nm) have been found
to display better antimicrobial activity—{*4;15,11The small particle size and
corresponding large surface/area confer specitpgties, which can be either positive
and desirable or negative and undesirable, or avaix of both [12].

The production, use, and disposal of nanomateciats lead to increased amounts of
AgNP release into the air, water, and soil [6;23,48 rising concern about the
potential adverse effects on human health uponsxpao AgNP. Human exposure to
AgNP may take place through various routes, incgdhe respiratory tract, the skin,
the gastrointestinal tract, the reproductive systenthe circulatory system. Moreover,
AgNP inhalation is considered one of the most irgar entry points since the
respiratory system serves as a major portal foriembbparticulate materials. The
widespread use of domestic products containing Aghiéh as deodorants, shoe spray
or cleaning products could also lead to accideAtdllP inhalation [4,6], which could
be even more pronounced in workers handling théseAlthough several occupational
guidelines and exposure limits for airborne sixave been proposed, until now, a

consensus on occupational exposure limits (OEL)fanomaterials have not been



reached. The World Health Organization (WHO) hawetimed guidelines with
recommendations on protection from nanomateriatgérgial risks, where AgNP are
named as one the most relevant NP being producgdriregy an OEL [15]. Therefore,
the study of the AgNP inhalation negative impacthoiman health became one of the
most important nanotoxicology concerns.

As the same mechanisms through which AgNP exeit éimipathogenic activity could
initiate toxic effects, including tissue inflamna@ti and oxidative stress, causing
abnormal function or cell death [16,17,19], the aihthe present work was to
investigate the mechanisms of the AgNP harmful ct$feon the cellular redox

homeostasis in the respiratory system.



Materials and Methods

Drugs and Chemicals

All chemicals were purchased from Sigma-Aldrich i@l company (St. Louis, MO,
US), except for HCI, k5Q,, and organic solvents which were purchased fronmnckle
KGaA (Darmstadt, Germany) and antibodies 4-hydroxygmal (AHP 1251, BIORAD),
heme oxygenase 1 (VPA00553, BIORAD) ardactin (13ES, Cell Signaling
Technology).

AgNP characterization

Electron microscopy

AgNP size and morphology were analyzed by Scanhilegtron Microscopy (SEM)
and Transmission ElectronMicroscope (TEM). A drdpttee NP suspension was air
dried onto a carbon film-coated grid. AfterwardEMswas assessed in a Zeiss EVO 40
(Carl-Zeiss, Oberkochen, Germany) at 500000 K.Xpdrallel, a drop of the sample in
aqueous media was deposited on 400-mesh carboedcecapper grids, dried and
subsequently TEM analysis was performed in a Zdidd 109T (Carl-Zeiss,
Oberkochen, Germany) at 2500000 X [19].

Hydrodynamic diameter and zeta potential

The hydrodynamic diameter, size distribution anth zgotential of the AgNP were
measured by Dynamic Light Scattering (DLS, scatteangle ob=173° to the incident
beam, Zetasizer Nano-ZSP, ZEN5600, Malvern InstnimjeUnited Kingdom) at 25
°C. Samples were equilibrated for 5 min at 25 °@ise each measurement. Results

were expressed as mean (nm) + standard deviatibn)(8=3 [25, 20].

Ag" desorption assay

Ag® release from the AgNP was evaluated by atomic ratisa spectrometry.
Measurements were performed by collecting sampfeAglNP suspension at room
temperature for up to 24 h. The AgNP suspensionooHscted at different time points
and filtered using a Vivaspin TM ultrafiltration vee (30 kDa MWCO, Sartorius
Stedim Biotech Gmbh). The filtered aliquot was gmall with a VGP 210 atomic
absorption spectrophotometer (BuckScientific, Hdstwalk, CT, USA) employing

electrothermal atomization using pyrolytic graphiibes [21].



AgNP Fenton-like chemistry

H,O, was generated by the glucose/glucose oxidasensyated followed by the
Amplex Red-horseradish peroxidase (HRP) method. [BRD, consumption by the
addition of AgNP was measured as an index of thbifity to induce Fenton-like
chemical reactions. After an initial stabilizatiperiod, 1 mM glucose and 1 ng/mL
glucose oxidase were added to the reaction mixtResorfurin formation due to
Amplex Red (25uM) oxidation by HRP (0.5 U/mL) bound to.8, was measured in
Perkin Elmer LS 55 Fluorescence Spectrometer (Rdtkiner, Waltham, MA, US) at
563 nm (excitation) and 587 nm (emission). Subsetyje?2 ng AgNP/mL and 4ug
AgNP/mL were added. A calibration curve was perfednusing HO, solutions as

standard and ¥D, production rate was expressed as pmol/min [23].

Electron paramagnetic resonance (EPR) spectroscopy

EPR was employed to measure the hydroxyl radicef’\@roduce from the hemolytic
cleavage of BD,. AQNP was mix with the spin trap 5, 5-dimethyl-lrline N-oxide
DMPO (25 mM) and KO, (200 mM) in a phosphate buffer solution (pH 78)d then
transfer into a 10Qul quartz capillary tube. After 15 min, the EPR dpam was
recorded using EPR spectrometer (Bruker AnalytikoBInRheinstetten, Germany). The
DMPO-OH EPR spectrum produced by AgNP was recorded in piflesence of
desferroxamine (2 mM) in the reaction media to alidcferric anions contamination.
Experimental conditions as follows: magnetic fieB86.5 + 5.0 Mt; power, 1mW;
modulation frequency, 9.41 GHz; amplitude, 1 x 280@gep time, 4 min. The DMPO-
OH’ adduct is characterized by the four-line spectstiown of intensity 1:2:2:1 [24].

Animal exposure

Female Balb/c mice weighing 20-25 g were exposeshtme solution (control group)
or AgNP suspensions by the nasal drop techniqyeeasously described [25]. Briefly,
mice were lightly anaesthetized (i.p.) with ketaenilO mg/kg body weight) and
xylazine (0.1 mg/kg body weight), and intranasatistilled with two bolus of 50 pL of
the AgNP suspension (0.1 mg AgNP/kg body weighgrmalizing the surface area of
the respiratory zone, the delivered AgNP dose th @aouse in the present work (2.5
Kg) would equate te 5 mg lung burden in humans. Taking into accouat 1® nm NP

lung deposition is approximately 50% [26], the attAgNP mass reaching mouse
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lungs would be 1.25 pg, which is the same as 2.5irmigumans. Considering that
minute ventilation is 7500 mL/min at rest, the adistered dose would be achieved by
an exposure to levels under 1@§m° in an 8 h/day exposure during a week. Therefore,
the AgNP dose administered, was consistent withGbeupational Safety and Health
administration (OSHA), the National Institute forc€dpational Safety and Health
(NIOSH) and the American Conference of Governmenrtadustrial Hygienists
(ACGIH) occupational exposure limit (OEL) proposefd100 pg/m® for a 40 h work
week [4, 27] and also used in previonsvivo studies [28,29]. Animals were sacrificed
1 or 24 h after the exposure to saline solutionAgNP by anesthesia overdose.
Afterwards, lung samples were collected. All expemtal animal protocols were
approved by the Animals Ethics Committee of the dathof Pharmacy and
Biochemistry, University of Buenos Aires (Referemeenber 2346/18). All procedures

were carried out in accordance with institutionaidglines.

Biodistribution studies of radiolabeled AgNP

Briefly, 150 pL of an AgNP suspension (0.02 mg/migs incubated with BkNa (10
mg) for 2 min at room temperature. Afterwards, 1MBq (0.3 mCi, approximately 300
uL) of *°"TcO, eluted from @°Mo-*"Tc generator (Laboratorios BACON, Argentine)
were added to the AgNP suspension and incubated.Gomin. The radiolabeling
efficiency of AgNP was tested by thin layer chroagaaphy using instant thin layer
chromatography silica gel (ITLC-SG) strips as stadiry phase and methylethylketone
as the mobile phase. The radiolabeling yield, esg@d as a percentage of the total
amount of radioactivity applied in the testing &yst resulted > 90%. Female Balb-c
mice weighing 20-25 g were exposed8Tc-AgNP by the nasal drop technique as
previously described inimal exposureControl mice were handled in parallel and
instilled with 50 pL of**™c. After 1 and 24 h, biodistribution static imagesre
obtained at ventral position using a gamma camegrapped with a high-resolution
parallel hole collimator, a 256 x 256 matrix, a Z&m, and collecting more than
1.5x10 counts. After the image acquisition, animals warthanized, and organs were
removed. Activity in each organ was measured usirsplid scintillation counter and
after correction for efficiency and decay, was esged as a percentage of total
radioactive activity in the tissue (corrected bg tbtal radioactivity in the mouse) per

gram of tissue (total activity/ g tissue).
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A549 immortalized cells line and EpiAirway™ primary cultures exposure

A549 cells were cultured in Dulbecco's modified &y medium high glucose
(DMEM) supplemented with 10% fetal bovine serum B2 mM glutamine,
penicillin, and streptomycin 1%. Cells were main& in a humidified atmosphere
with 5% CQ at 37°C and media refreshed every 2-3 days undildeal confluence was
reached as previously described [30].

AgNP suspension was freshly prepared by resuspgitidém in culture media (DMEM)
at final concentration of 2.5 pg/mL, followed by bin incubation in an ultrasonic
water bath. DMEM without AQNP was used as a corgroup. After reaching 80-90%
confluence, the cells were exposed to 0.5, 1.0a8b5 pg/mL of AQNP suspensions
for 1 h, using DMEM without AgNP as control groudfter exposure, fresh culture
medium was added to each well and then samplesce#iested at 1, 3 and 24 h for the
different assays.

EpiAirway, a 3D cell culture model of primary humtxtacheal and bronchial epithelial
cells from MatTek, was used as a model of lung (AR-SNP, MatTek Corporation,
Ashland, MA). As described above, AgNP suspensiwaee freshly prepared at 2.5
pg/mL in tissue culture medium and topically apgplien the apical surface of
EpiAirway tissues for 1 h, using PBS as controlugra~resh tissue culture medium was
added in the basolateral surface of each insetér Afh of exposure, EpiAirway tissues
were gently rinsed with DPBS (Dulbecco's phospbafered saline) to remove AgNP
suspensions and PBS (control group) from the apiadhce. Then, tissue inserts were
transferred to wells containing fresh medium. Epmay tissues, basolateral
supernatants and apical washes were collectedlap@4t-exposure.

Cytotoxicity determination in A549 cells and EpiAirway 3D tissues

Twenty-four hours after AQNP exposure, A549 celltue media, EpiAirway tissue
culture media and apical washes were collectebtGyicity was determined by lactate
dehydrogenase (LDH) release in the media, measwezhzymatic assay: in the first
step NAD is reduced to NADH/H by the LDH-catalyzed conversion of lactate to
pyruvate; in the second step the catalyst (diag@)raansfer H/H+ from NADH/Hto
tetrazolium salt which is reduced to formazan. @heunt of LDH in the supernatants
was determined and calculated according to kit keipg instructions. All tests were
performed in triplicate. Results are expressedhaspercentage of change relative to

control values.
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Samples preparation

Tissue cubes

After the exposure to AgNP, animals were sacrifieed lung samples were removed
and immediately placed in ice-cold Krebs bufferusioh [118 mM NaCl, 4.7 mM KCl,
1.2 mM KH,PQO,, 1.2 mM MgSQ, 2.5 mM CaCl, 24.8 mM NaHCQ, and 5.5 mM
glucose (pH 7.4)]. After being washed and weightedyn? tissue cubes were cut by

the use of a scalpel [31].

Tissue homogenates

Lung samples (0.2 g of wet weight) were homogenige®) with a glass-Teflon
homogenizer in a medium consisting of 120 mM K@, 8BM phosphate buffer (pH
7.4) at 4 °C. The suspension was centrifuged atgfiy 10 min at 4 °C to remove
nuclei and cell debris. The pellet was discarded] the supernatant was used as
“homogenate” [32].

Mitochondria isolation and, preparation of mitocttbral membranes

Lung mitochondria purified fractions were obtainé®m Ilung homogenates by
differential centrifugation in a Sorvall RC5C cefuge (Sorvall, Buckinghamshire,
England). Briefly, lungs were washed, and mixedcde-cold STE buffer [250 mM
sucrose, 5 mM Tris—HCI, and 2 mM EGTA (pH 7.4)|n§des were centrifuged at 700
g for 10 min to discard nuclei and cell debris. Hesliment was discarded, and the
supernatant was centrifuged at 8000 g for 10 miokti@in the enriched mitochondria
fraction. The mitochondrial pellet was washed twarel resuspended in a minimum
volume of the same buffer. The whole procedure @ased out at 0-4 °C. Purity of
isolated mitochondria was assessed by determiaictgte dehydrogenase activity; only
mitochondria with less than 3% of cytosolic lactdehydrogenase activity were used
[33].

Mitochondrial membranes were obtained by three zedbaw cycles of the
mitochondrial preparation, followed by the homogation step by passage through a
29G hypodermic needle [34].

Bronchoalveolar lavage (BAL)

12



BAL samples were taken using a 226 x 1" cathetén ihe mouse trachea. After
removing the stylet hub, the catheter and the &achere tied together firmly with a
nylon string. Using a 1 mL syringe, 0.8 mL of PB&snloaded 4 times. Finally, the
catheter was removed from the syringe and the sxedMavage fluid was saved in 1.5

mL Eppendorf tubes on ice.

Cell lysate

A549 cells were washed with ice-cold PBS and lyiseite-cold lysis Buffer (20 mM
TRIS pH 8, 150 mM NacCl, 1% Triton X-100, 1 mM sodlitorthovanadate, 1 pg/mL
aprotinin 1 pg/mL pepstatin, 1 pg/mL PMSF, and 5 riddlycerophosphate). The
suspensions were centrifuged at 14000 g for 15ahih°C, the pellet was discarded,

and the supernatants were collected.

Oxygen consumption

Oxygen consumption by lung tissue cubes

A two-channel respirometer for high-resolution iesmetry (Hansatech Oxygraph,
Hansatech Instruments Ltd, Norfolk, England) wasdus} consumption rates were
measured at 30 °C in Krebs buffer solutier—[41]. @4 mM) was added to the
reaction chamber as a mitochondrial cytochrome asadinhibitor [31]. Results were

expressed as ng-at O/min g tissue.

Mitochondrial oxygen consumption

Lung mitochondrial @ consumption was followed polarographically witkclark-type
O electrode (Hansatech Oxygraph, Hansatech Instrismiéd, Norfolk, England) for
high resolution respirometry at 30°C. Freshly isamflalung mitochondria (0.15 mg
proteins/mL) were incubated in a respiration buffe20 mM KCI, 5 mM KH2PO4,
1mM EGTA, 3 mM HEPES, and 1 mg/mL fatty acid-fre6A& pH 7.4) supplemented
with 2 mM malate and 5 mM glutamate. An initial tresate respiration (state 4) was
established under these conditions, which was simatthed to active state respiration
(state 3) by the addition of 125 pL ADP. Respiratoontrol ratio (RCR) was calculated
as state 3/ state 4 respiration rates [33]. Reswdt® expressed as mg-at O/min. mg

proteins.

Cellular oxygen consumption rate (OCR) assays #h9c¢ell line
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The XF-24 Extracellular Flux Analyzer (Seahorsedgiences, Billerica, MA) was used
to measure the oxygen consumption rate (OCR). A&1B were seeded at density
30000 per well and allowed to grow overnight. Tlelscwere then exposed to AgNP
for 1 h a dose of 2.5 pg/mL.

Plates were kept at 37°C in a non-CO2 incubator6@rmin and loaded into the
Seahorse XF-24 extracellular flux analyzer follogvithe manufacturer’s instructions.
All experiments were performed at 37°C. Baselinesneements of OCR and ECAR
were performed at beginning of the assay, and these followed by the sequential
addition of ATP synthase inhibitor (oligomycin), aoncoupler of oxidative
phosphorylation (FCCP) and an inhibitory of compldxantimycin). Generally, four
baseline measurements and three response ratesnveaured, and the average of
these rates used for data analysis.

Cells were first titrated with 1-4M of FCCP. TwouM FCCP gave the maximum
oxygen consumption rate, so that concentration wsesl for the experiments. Non-
mitochondrial oxygen consumption rate was deterthiafter the addition of M
antimycin and subtracted from all other values teefoalculation of the respiratory
parameters as previously described [35]. Respyapmrameters are obtained as
follows: basal respiration, baseline; respiratiowidg ATP synthesis, basal respiration-
respiration proton leak; maximum respiration contmatio (RCR), maximum
respiration/respiration driven proton leak—43,3dhe results were expressed as

pmol/min.

NADPH oxidase (NOX) activity

NOX activity in lung homogenates

The lucigenin-derived chemiluminescence method wsasl as an indirect measurement
of NOX activity [37]. Briefly, 50 ug of protein tsie homogenate was diluted in 250
uL of 50 mM phosphate buffer containing 1 mM EGT#dd50 mM sucrose (pH 7.4).
Lucigenin (50 uM) was added to the reaction metld) uM NADPH was used as
substrate, and chemiluminescence was immediatedypuned at 15 s intervals for 3 min
in a microplate reader (Varioskan LUX, Thermo Stifenn Massachusetts, USA) In
addition, assay specificity was confirmed using esogide dismutase (SOD) (200
U/mL). Results were expressed in arbitrary unitg)/fng protein.

NOX activity in A549 cells

14



The lucigenin-derived chemiluminescence method wsasl as an indirect measurement
of NOX activity in the membrane fraction obtainedrmh A549 cells. After 1 and 3 h
cells were washed twice with PBS and scraped iofeetb(10 mM Tris-HCI pH 7.5, 1
mM EDTA, 1 mM EGTA). Cells were separated from théfer by centrifugation at
500 g during 5 min. Next, cells were resuspendezbul of 50 mM phosphate buffer
containing 1 mM EGTA and 150 mM sucrose (pH 7.4)cigenin (50uM) was added
to the reaction media, 1M NADPH was used as substrate, and chemiluminescenc
was continuously measured for 3 min in a VarioskbkX microplate reader (Thermo
Fisher Scientific). The specificity of the assayswanfirmed by the addition of SOD
(200 U/ml) as an &@— scavenger. Results were expressed in arbitraitg (AU)/mg
protein [33, 38].

Mitochondrial complex activity.

Mitochondrial NADH-cytochrome c reductase (Compdeixtl) activity

Complexes I-1ll activity was evaluated by a coloetnc assay following cytochrome
c3+ reduction rate at 550 nn¢ € 19 mM* cm') and 30°C [33]. Mitochondrial
membranes (1.0 mg prot./mL) were added to 100 mMsphate buffer (pH 7.2),
supplemented with 0.2 mM NADH, 25 pM cytochrome &&id 0.5 mM KCN and
measured in a microplate reader (Varioskan LUX,riftee Scientific, Massachusetts,

USA. Results were expressed as nmol reduced cytoehc3+/min mg prot.

Succinate cytochrome c reductase (Complexes |adtivity

Complexes lI-lll was determined by a colorimetrigsay following cytochrome c3+

reduction rate at 550 nnd € 19 mM* cm*) and 30°C [34]. Mitochondrial membranes
(1.0 mg prot./mL) were added to 100 mM phosphatééebypH 7.2), supplemented

with 0.5 mM succinate, 25 uM cytochrome c3+ an8,ifAM KCN and measured in a
microplate reader (Varioskan LUX, Thermo Scientifassachusetts, USA. Results

were expressed as nmol reduced cytochrome c3+/m@ipraot.

Cytochrome oxidase (Complex 1V) activity

Complex IV was assayed spectrophotometrically &t &% by following the oxidation
rate of 50 mM cytochrome’tin 0.1 M K;HPOy/KH PO, (pH 7.4), 50uM cytochrome
¢, and 0.02 mg/mL mitochondrial membranes [34]. Resuere expressed as k'/mg

prot.
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H,O, production rate

Mitochondrial HO, production rate.

Mitochondrial HO, production rate was evaluated by the Amplex RedRHifethod as

described in Materials and Methods (NP Fenton-ikemistry). Malate (2 mM) and
glutamate (5 mM) were used as mitochondrial regmyasubstrates. After an initial
stabilization period, freshly isolated lung mitockioia (0.25 mg protein/mL) were
added to the reaction mixture. Controls in the absef isolated mitochondria or HRP
indicate that nonspecific probe oxidation was kapminimum (<1%). Results were

expressed as nmol/min mg protein [39].

H.O, production rate in A549 cells

To study ROS generation from freshly suspended A&l8 exposed to AgNP, B,
production was measured by fluorescence spectrgscoping the Amplex
Red/horseradish peroxidase (HRP) system. At 1 ahdaBer AgNP exposure, A549
cells were detached from the plates and incubated reaction medium (125 mM
sucrose, 65 mM KCI, 10 mM HEPES, 2 mM K#O,;, 2 mM MgCh, 0.01% BSA, pH
7.2) in the presence of 28M Amplex Red, 0.5 U mL-1 HRP, and 2 mM malate and 5
mM glutamate as substrates. Resorufin fluorescerteasity (the product of Amplex
Red oxidation by H202/HRP) was measured in a mlatepeader (Biotek microplate
reader, Winnoski, VT, USA) atex = 563 nmjem = 587 nm. A calibration curve was
obtained using bD- as standard. Results were expressed as np@l iHin* mg prot*
[22].

Antioxidant system

Antioxidant enzymes activity

Superoxide dismutase (SOD) activity was determirsgectrophotometrically by
following the inhibition of the rate of adenochroroemation at 480 nm, in a reaction
medium containing 1 mM epinephrine and 50 mM glgéNaOH (pH 10.5)-48,40].
Enzymatic activity was expressed as SOD units/roteprs. One SOD unit was defined
as the amount of sample able to inhibit the rat@ad#nochrome formation by 50%.
Catalase activity was evaluated by following therdase in absorbance at 240 nm in a
reaction medium consisting of 100 mM phosphatedryfiH 7.4) and 20 mM hydrogen
peroxide [40,41]. Results were expressed as pntalasz/mg protein.
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Glutathione peroxidase (GPx) activity was determiimelung tissue homogenates in the
presence of glutathione reductase enzyme, followlregoxidation of NADPH at 340

nm [40]. Results were expressed as nmol/ min.mtgpro

Reduced glutathione (GSH) and oxidized glutathi@®SG) levels

Lung and heart samples were homogenized with asJlaBon homogenizer in a
relation 1/7 with MSTE and centrifuged at 800 g fd®@ min at 4°C. After
centrifugation, 30 pL of supernatant was mixed v@i€hu L of trifluoroacetic acid 10%-
EDTA 1mM. Afterwards, samples were centrifuged @0@0 g for 20 min at 4 °C.
Supernatants were filtered through 0122 cellulose acetate membranes (Corning Inc.,
NY, US), and frozen at -80 °C until use. HPLC asaywas performed in a HPLC
Ultimate 300 (Thermo Scientific, CA, USA) using acnecolumn BSD Hypersil C18,
Thermo Scientific (100x2.1 mm d.i and 2.4 um) anthass detector TSQ Quantum
Acess Max (Thermo Fisher Scientific, CA, USA). G&8htl GSSG were eluted at a flow
rate of 0.2 mL/min with methanol:ammonium formi§1e99) (pH 3.5). Results were

expressed as mg/g tissue{40,51].

Protein oxidation

Carbonyl groups content from oxidized proteins weletermined in lung tissue
homogenates spectrophotometrically with 10 mM 2ptdphenylhydrazine (DNPH).
The formation of a stable 2,4-dinitrophenylhydraz@roduct (DNP) soluble in 6 M
guanidine was measured at 370 nm [42]. Results @gyeessed as nmol/mg protein.

Histology
EpiAirway tissue was fixed in 10 % buffered formeihyde and embedded in paraffin.
For histological observation, the sectiongridthickness) were deparaffinized in xylene

and rehydrated in alcohol gradients and then slamth hematoxylin and eosin [43].
Total cell number in BAL

Centrifuge BAL at 800 g for 10 min at 4°C for oltedl cells and were counted in a
Neubauer chamber.

Transepithelial electrical resistance (TEER) of EpAirway 3D tissue
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Airway barrier integrity was determined by measgritransepithelial electrical
resistance (TEER) with an EVOM2 voltohmmeter and2amm EndOhm electrode
chamber. Before measurement, electrodes were lequéd and sterilized according to
the manufacturer's recommendations. After 24 hhef initial exposure the apical
surface of the EpiAirway was rinsed 3 times withS2Bwo hundred microliters of PBS
were added in the upper compartment of the cetumilsystem. The ohmic resistance
of a blank (culture insert without cells) was measguin parallel. To obtain the sample
resistance, the blank value was subtracted frontata resistance of the sample. The
final unit area resistanc€fcm?) was calculated by multiplying the sample resiséan

by the effective area of the membrane (0.6)d#¥].

Western blot analysis in A549 cells

At each experimental time point, equal amountshefdell lysate protein extracts were
resolved by 10% sodium dodecyl sulfate-polyacrytirgel electrophoresis and, then,
electro-blotted onto nitrocellulose membranes bg 0$ Trans-Blot Turbo transfer
system (Bio-Rad). Blots were blocked in Tris-buéiérsaline, pH 7.5, containing 0.5 %
Tween 20 and 5% milk for 1h. Membranes were incedbatvernight at 4°C with the
appropriate antibodies: 4-hydroxynonenal (4-HNE)HP4251, BIORAD), Heme
oxygenase 1 (HO-1) (VPAO0O0553 BIORAD) an@;actin (13ES, Cell Signaling
Technology). Membranes were then incubated witlsdradish peroxidase-conjugated
secondary antibody for 1h. Immunoblots were dewsdopith a chemiluminescence
detection kit (ECL from BIORAD), usinf-actin as loading control. Images were taken
using a ChemiDoc MP Imaging System (BIORAD). Damsiétry analysis of the bands
was performed using ImageJ (National InstitutesHeflth, Bethesda, MD, USA).

Protein band densities were normalized topHaetin expression.

Protein content

Protein concentration of tissue homogenates and B#&hples was measured by the
method of Lowry et al [45] using BSA as standant&n concentration of A549 cell
line samples was measured by the method of Bradébrdl [46], using BSA as

standard.
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Results
AgNP characterization

AgNP were characterized in terms of morphologynditer, aggregation tendency and
size distribution. First, morphology was assessedBM and SEM and, as shown in
Figure 1A and 1B, respectively, AQNP were mainlizescal shaped with a diameter of
9.0 + 1.2 nm. The DLS analysis showed a hydrodynatmameter of 16.8 + 5.9 nm
where only one size population was observed. Maeothe colloidal dispersion
exhibited a narrow size distribution according vtk polydispersity index (PDI) of the
sample (0.196 % 0.043). This index is dimensionlesdues less than 0.300 are
acceptable and indicate a homogenous populatioh Ridtording to these results,
AgNP were stable as no agglomeration was evidented. DLS also showed a
negative zeta potential value of -40 mV. A colldidepersion is considered stable if
the zeta potential value is below -30 mV or abo@@ mV. Desorption studies, when
AgNP suspension was kept at room temperature, shav@1% Ag release after 1 h a
maximum of 34 % after 4 h when reached a plateauufpto 24 h (Figure 1C).

Transition metals such as Ag can participate indietike chemical reactions, in which
the hemolytic HO, cleavage generates QHAs it shown in Figure 1D, the AgNP

suspension significantly consumed theOkl levels produced by the glucose/glucose
oxidase system in a concentration-dependent mafbaal: 42.0 £+ 1.3 pmol/min,
AgNP100: 33.0 + 1.5 pmol/min, AgNP200: 26.0 + 2rBg/min). A solution prepared
with an equivalent amount of Ag as the one prese800 pL of AQNP suspension Ag
(I) did not change kD levels produced when compared to basal. Thesésetiowed
that AgNP were able to consume®4 by a Fenton-like reaction, suggesting that it

might be a relevant mechanism of .Qchloduction. To further confirm the generation of
OH’ produced from the hemolytic cleavage ofd4, we used EPR spectroscopy using

DMPO as a probe in order to form the DMPO-Gidduct. Our findings indicate that in
AgNP samples incubated with DMPO we were able teae¢he four-line characteristic

DMPO-OH adduct spectrum, which represents the presertd:e@l—f (Figure 1E).
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Lung is the main AgNP deposition organ after inhaltion

There is evidence that NP or NM reaching the lorgspiratory airways can translocate
into systemic circulation [48,49]. Hence, the AghlBility to deeply penetrate into the
lung, break through the respiratory epithelia apdch the secondary organs was
evaluated through biodistribution studies afféfTc-radiolabeled AgNP intranasal
instillation in Balb/c mice. The representative Wehbody AgNP biodistribution image
showed that the lung is the organ with the highgNR deposition, both at 1 and 24 h
after treatment (Figure 2A and 2C). In agreemerth whe signal obtained by the
gamma camera, thex vivodistribution studies showed the lungs as thevsitie higher
NP accumulation, as evidenced by the 73% of t@tdioactivity/ g tissue followed by
the stomach (23%) and the administration point (3%yure 2B). Moreover, NP
remained lodged in the lungs (93% total activity) B after radiolabeled AgNP
inhalation while only 4% was found in the stomaElggre 2D). The signal obtained in
other organs, at both time points analyzed, wastlesn 1% or not detectable (data not
shown). Biodistribution results showed that ther@o evidence of AgNP translocation
at the time period studied in our model; the AgBched the lung and remained there
up to 24 h after inhalation. With the aim of funtrevaluating the consequences of the
AgNP over the lung epithelial barriers functionglistudies in BAL of mice exposed to
AgNP suspension for 24 h were performed. The BAtgin levels showed a 46%
increase in the AQNP compared to control valuest(ot 0.50 + 0.05 mg/mLp<0.05)
(Figure 2E). Moreover, as shown in Figure 5F, ti#d_Botal cells count was 2 times
higher in animals treated with AgNP than in contmtite (control: 45x1+ 15x1d
cells, p<0.05). Our results suggest that the presence ONPAgn lung tissue

compromised the integrity of the epithelial basier
Inhalation of AgQNP produced an alteration in the lung O, metabolism

We analyzed lung tissue,@onsumption from mice exposed to saline (contool)
AgNP suspension as a first approach to assesmédabolism. Figure 3A shows a
representative trace of,@onsumption after exposure to AgNP or saline. Ugs€&»
consumption was significantly increased by 31%rafigNP exposure when compared
with the control group (control: 310 + 23 ng-at @ing tissuep<0.05) (Figure 3B). As
we and others have previously shown, mitochondmglpiration and oxidase and
oxygenase enzymes, such as NOX, might also pla&yeaant role as ROS production
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sources after NP exposure [50], meaning that batbcimondrial respiration and NOX
activation could be significant contributors to tlebserved increase in lung, O
consumption following Ag-NP exposure.

Consistently, NADPH-dependent superoxide produdiphmung homogenate increased
by 44% in treated animals (control: 43 + 4 AU/mirg rprot., p<0.05) (Figure 3C).
Moreover, the analysis of the,@onsumed by isolated mitochondria is the classical
approach to characterize mitochondrial functiorbléd shows mitochondrial rest state
(State 4) and active state yielding ATP (State gr@hsumption rates. Mitochondrial
metabolic state 3 was significantly increased b35@ AgNP group when compared to
control values (control: 28.0 £ 1.5 ng-at O/min gotp p<0.05). The observed
alteration in the organelle function after the esqge of AgQNP was further investigated
by assessment of mitochondrial respiratory chaimplexes activities. Complex |
activity was found to be significantly increased28p6 (control: 154 £ 5 nmol/min mg
prot.,p<0.01), whereas no differences were observed ieedomplex Il or IV activity
after AgNP inhalation when compared with the cdngnr@up (Table 2). As shown in
Figure 3D, 1 h after the instillation, mitochondi&O, production rate was 39% higher
in the AgNP group than control animals (control: £.0.1 nmol/min mg protp<0.05).
These observations confirmed that AgNP intranasstillation hampers proper ;0O
handling in the lung, indicating that mitochondniakpiration and NOX activation are
both significant @ uptake and ROS production sources. The occurremcking
oxidative damage to proteins was evaluated thraigltarbonyl content assay. A 46%
increase in carbonyl content was observed in thdFAgroup compared to the control
(control: 12 = 1 nmol/mg proteirp<0.05) (Fig. 3E). Subsequently, we evaluated the
low molecular weight antioxidant status through theasurements of GSH and GSSG
levels. A 29% decrease in GSH levels was obsemelding homogenates of AgNP
group compared to control group (control: 21.5 @ 2g/mg tissuep<0.05), which led

to a decreased lung GSH/GSSG rape.05 in AgNP -exposed mice (Figure 3F).
Antioxidant enzymes activities in lung homogenatdter AgNP exposure were
assessed, showing a significant 68% increase in §0btrol: 9.6 £ 1.4 USOD/mg
prot., p<0.05), along with a 18% increase in catalase affth Increment in GPx
activities when compared to control values (cont@o8 + 0.1 pmol/mg prot., p<0.05
and control: 88 £ 4 nmol/mg prot., p<0.05 respeiy (Figure 3G, 3H and 3l). This

scenario suggests an increased exposure to RO iarig as a result of impaired O
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metabolism, which might overwhelm antioxidant defesm and produces oxidative
damage to proteins.

AgNP-induced ROS led to lung epithelial cells oxidave damage

To deeply analyze AgNP toxicological mechanismkiing epithelium, we conducted
vitro experiments. First, cytotoxicity was evaluated liyH release in the media of
A549 cells exposed to AgNP for 24 h (Supplemenkgure 1). From the wide AgNP
dose rage evaluated, we have chosen 2.5 pg/ml AgiNfarther experiments as it did
not show LDH release increments. Similar to lursgue, we evaluated ROS sources
after AgNP treatment. We found an increased NOXviégtup to 49% after 3 h of
exposure to AgNP suspension compared to the cogtamip (control: 13.0 + 0.8
AU/min mg proteinp<0.05) (Figure 4A). In figure 4B, A549 cells showa increase
of 73% in the mitochondrial ¥, production rate after 1 h of exposure to AgNP
compared to the control group (control: 4.8 + OnGop's mg prot.p<0.0001). An early
increase in ROS production may later lead to owidadlamage to macromolecules and
expression of antioxidant enzymes. We observed % Rftrease in 4-HNE protein
adducts levels (control: 1.1 + 0.1, p<0.01) and’%4ncrease in HO-1 expression 24 h
after AgNP exposure (control: 0.75 = 0.06, p<0.(Rigure 4C and 4D)Regarding
mitochondrial @ consumption source, Figure 5A shows a represeatétice of A549
cells @ consumption rate (OCR) after exposure to AgNP.aB&CR (Figure 5B)
significantly decreased by 40% in cells treatechvigNP after 3 h (control: 207 £+ 15
pmol/min, p<0.01). The addition of FCCP allows the determoratof the maximal
respiration as it uncouples the @nsumption from the ATP synthesis. The treatment
of A549 cells with AgNP during 3h decreased maxineapiration by 44% compared to
the control group (control: 372 = 32 pmol/mpx0.01), suggesting that lung epithelial
cell mitochondria could not respond to an increaseeérgy demand (Figure 4C).
Moreover, respiration driving ATP synthesis wasoalecreased by 32 % after 3 h of
AgNP incubation compared to control cells (Figup.4

All together, these results suggest an increasefi ROduction in lung epithelial cells
exposed to AgNP as a result of impaired mitoch@hdtinction along with increased

NOX activity, leading to oxidative damage.

Exposure to AgNP leads to membrane integrity alterdon in a 3D lung tissue

model
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Exposure to AgNP in EpiAirway tissue, a 3D modehgisting of normal, human-
derived tracheal/bronchial epithelial cells thatatulates thén vivo respiratory tissue
morphology as well as its phenotypical functionshsas that of barrier function and
mucociliary responses, did not show any cytotoyiag no difference in LDH release at
24 h post-exposure to 2¢g/ml AgNP was found neither in the apical or baksok
supernatants (Figure 6A). Nevertheless, when theg harrier integrity was assessed by
transepithelial electrical resistance (TEER) meas@nts, an alteration associated with
AgNP exposure was found. In fact, as shown in @B, EpiAirway tissues apically
exposed to AgNP for 1h showed a 20% decrease irRN&les after 24 h compared to
the control group (control: 871 + Z&cn¥, p<0.01),suggesting a compromised cellular
barrier integrity. Moreover, the tissue morphologyaluation by hematoxilin-eosin
staining showed alterations after exposure to AglNe 3D stratified tissue model
consists 3-4 cell layers including a mitoticallytiae layer of basal epithelial cells and
an upper layer of mucus-producing goblet cells.réfage also functional tight junctions
and beating cilia. As shown in Fig. 6, panel C, RBfated control tissue maintains a
histologically normal structure and cell organiaatiwith a well-preserved stratification
of intact airway epithelial cells. Conversely, aftepical exposure to AQNP suspension
(2.5 pg/mL for 1 hour) (Fig. 6, panel C), 3D tissuedel shows a significant damage
particularly evident in the apical layer where tedlular architecture appears separated
and disorganized compared to the EpiAirway tissuegreated only with PBS. The
upper cells appear compromised with the loss otrsgvcells, which suggests the
altered functional cilia and cell junctions withapkible loss of barrier function.
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Discussion

Over the last decade, AgNP have become an impon@ambmaterial utilized in the
development of new technologies. However, our kedgé about its associated risk is
not yet fully understood [6,51]. Therefore, it seemelevant to establish the
toxicological mechanisms triggered by AgNP inhalati since it would provide
valuable information about the possible hazardsraikd elicited not only by personal
care use of nanomaterials but occupational exp@suveell [6]. In the present work, we
have studied the effect of a low dose AgNP exposhreughin vivo andin vitro
respiratory tissue models.

Compared with microparticles or their bulk of onigi NP possess unique
physicochemical properties that correlate with rtipatential to generate ROS. In this
sense, the NP physicochemical characterizatiofydimg particle size, surface charge,
solubility, and aggregation status release, is w ikdicator for the resulting redox
response and NP-induced injury since many of tHe€Be intrinsic properties can
catalyze the ROS production [52,53]. Accordingly,ur o physicochemical
characterization showed that AgNP were redox actsetheir reaction involves
elemental Ag and ¥D; to yield OH and an oxidized metal ion, effect that was absent
when a Ag(l) solution of a similar concentrationsatasted. This mechanism should be
considered as a relevant pathway for AgNP-inducedative stress, together with the
oxidant generation upon NP interaction with celutaaterial [52,53,54]. Moreover,
possible AgNP surface oxidation could contributeéhe release of Ag ions that could
amplify the toxicity. Released Ag (I) is suggestedinteract with respiratory chain
proteins on the membrane, interrupt intracellular ®duction, and induce ROS
production, thus exacerbating the oxidative damageduced by AgNPper se
[63,55,56].Therefore, in combination, elemental Ag in the Nfel &g released from
the NP core when exposed to biological structuresy exhibit distinctive effects upon
toxicological mechanisms in cells that cannot ligbatted neither to silver ions alone
nor to AgNP exclusively.

In order to achieve meaningful data depicting tlussfble toxic mechanism after
exposure to AgNP levels attained in occupation#ings, but by nanosized aerosols
release of near the human breathing zone as wWelb8§h the AgNP exposure dose
selected was consistent with the diverse OEL preghdsom important occupational
administrations such as OSHA, NIOSH and ACGIH [9F &nd several institutes from
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a wide range of countries, with values from 0.08§m® up to 50 pg/m® [60].
Furthermore, a similar AgNP dose range was usedokicological studies in
experimental animal and cellular systems [28,29110,6

After inhalation, relatively large particles, orghgmerates (diameter > 1 um) are likely
trapped in the mucus of the upper airways and rewchdyy the mucociliary escalator.
However, NP with a diameter < 20 nm are likely $aape the mucus trapping and enter
in the deepest zone of the lung [49]. Animal anchlno studies show that inhaled nano
sized particles are removed less efficiently thargdr particles by the macrophage
clearance mechanisms, being retained in the lund) moduce damage, [62] or
translocating into the circulatory, lymphatic, andrvous systems to many distant
tissues and organs [48,49].

Despite the AgNP size, no evidence for transloc#tghlP from lung tissue to extra
pulmonary organs was observed at the time poindéduated in this study. Thereby
AgNP may compromise the integrity and stability tbé cellular junction network,
leading to impaired alveolar epithelial functior8]6 In fact, here we showed that the
AgNP retained in the alveolar region damage ththefpim, making evident the loss of
alveolar-capillary barrier integrity, resulting imcreased permeability, as evidenced by
the higher cell counts in the BAL fluid, which mawd up in altered lung function. In
this scenario, the analysis of lung @etabolism under AgNP exposure appears to be an
important area of study with the aim of understagdieactive @ species production
mechanisms, which may lead to the onset of regpyatiseases aggravation.
Therefore, as a first approach, we studied thectsffef AQNP exposure in an vivo
model and, afterwards, we further analyzed the mm@sm underlying the observed
effects through differerit vitro models.

In the present study, we show that AQNP exposutledes changes in the oxidative
metabolism in the lung, through mitochondrial fuoctalteration and the initiation of
an inflammatory response, as indicated by incre&k@¥ activity at early time points.
As we mentioned before, ROS can be produced byreghdogenous or exogenous
sources. The endogenous sources of ROS includeretitf cellular organelles such as
mitochondria, or enzymatic activity of xanthine dase, lipoxygenase, cyclooxygenase,
and NOX. We and others have previously shown tlieet observed oxidative
metabolism imbalance following NP exposure withia tung positively correlates with
mitochondrial dysfunction and the activation of N@X relevant non-mitochondrial

source of ROS) [64]. The mechanism of NOX activatitas not been completely
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elucidated, but previous works have shown that mimgghconnected to the uptake of
AgNP by endocytosis/phagocytosis [65]. It is wedtadlished that mitochondria also
represent an important modulator of cellular respanto a wide variety of metabolic
and environmental stressors. Moreoves’, @ also produced by the mitochondria under
physiological conditions as a byproduct of redoactens during electron transport in
the respiratory chain [66]. In addition to serviag an oxidant production source,
mitochondria are highly susceptible to ROS, whicluld also indirectly perturb the
organelle function [33,67,68], leading to orgaruia. This might be the case following
AgNP exposure, since increased mitochondrigDHproduction was observed in the
lung. Consistently, the imbalance toward a pro-artdcondition following AgNP
pulmonary exposure was also associated with a asedelung antioxidant status (i.e.
reduced GSH/GSSG ratio), an increase in proteindatiin and a probable
compensatory increase in the activity of antioxtdamzymes such as SOD, catalase and
GPx. Previous reports have studied the role of MNrfthe antioxidant response [69,70].
In a similar experimental model as the one preseheze, Sthijns and colleagues [71]
have shown an early adaptive response to AgNPecklad an enhanced HO-1 and
Nrf2 mRNA expression in A549 human epithelial cellsich could explain the
increase observed in SOD, catalase and GPx aesivithn our work. Moreover,
autophagy was reported and associated with oxelaikess and increased HO-1 and
Nrf2 expression [72].

In addition to our results, a proposed pathway @NR adverse effects, upon interaction
with biological systems, is the ROS induction. Tgre-oxidant environment might be
able to interfere with mitochondrial functions, déag to further overproduction of ROS
due to mitochondrial damage, which could resulaimodulation of the intracellular
signaling pathways towards apoptosis, as observedlifferent studies [56,73].
Moreover, increased ROS production can also ovdmioellular antioxidant defense
capacity, as shown here by the GSH depletion aedirtbrease in protein carbonyl
levels in lung tissue. It has already been sugdesitat changes in the activity of
antioxidant enzymes and intracellular GSH levelsuoainder the influence of AgNP
[74].

Alveolar epithelial cells (AEC) are susceptible ttte redox imbalance induced by
pathogens, inflammatory mediators, hypoxia, hyperosigarette smoke, air pollutants
or even NP exposure. In particular, tight junctmmoteins in lung epithelial cells are

well known targets of oxidative stress damage [89#6] that, leading to alterations in
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the transepithelial transport process, compromeggthelial barrier homeostasis and
integrity, essential for the tissue physiologicatiaties. Therefore, we conducted
vitro experiments in an alveolar epithelial cell line dab (A549 cells) exposed to
AgNP, in order to establish a mechanism which erpl#éhe observations in the whole
lung. Thein vitro AgNP dose was selected based on relevant prewtudies
[8277,78,85].

The loss of redox homeostasis observed as earlly lasafter AQNP exposure was
associated with subsequent oxidative damage, itadichy the increased levels in 4-
HNE protein adducts and an enhanced expressioheofimtioxidant enzyme HO-1.
Furthermore, in agreement with whole lung tissugults, the main ROS production
sources are NOX activation and mitochondrial furctias both processes showed
alterations 3h after AgNP incubation. These resubise in line with others where the
AgNP exposure positively correlated with intrackEltuROS induction cytotoxicity,
along with cellular antioxidant system changes uggtoglutathione depletion and SOD
and catalase induction{8679,80].

As the lung epithelial tissue is a complex mulaysystem composed of several
cellular types, we also decided to investigate thechanisms underlying AgNP
pulmonary toxicity in a more complex and realistic vitro model, using a 3D
mucociliary tissue consisting of normal, human-dedi tracheal/bronchial epithelial
cells that maintains the tissue morphology. Epigtheéissues are structures specialized
in carrying out the primary function of a selectipermeability barrier, mainly
dependent on multiprotein junctional complexes.e;l@ve showed that airway tissue
exposure to AgNP produced tissue damage and intbbagier integrity, as indicated
by TEER measurement, an electrical parameter widegd to characterize toxicant-
induced epithelial disturbance [81]. It is easibnceivable that AgNP-induced barrier
dysfunction may be linked to the high susceptipilif tight junctions to oxidative
damage. In fact, in a condition of altered redormbostasis, an increased generation of
4-HNE adducts, as we observed in AgNP-exposed A4S, can affect the function of
a wide variety of biological macromolecules, inghglprobably the tight junction [82].
Accordingly, this detrimental effect of AQNP revedlin a 3Din vitro system could
also explain the increased proteins and cells obrtieserved in the BAL fluids of the

exposed mice.
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Conclusions

While nanomaterials are currently used in a wideetsa of applications ranging from
electronics, foods, and cosmetics to medicine, albtoxicological aspects of their
exposure on human health are always well undersfbodhed light on the molecular
mechanisms of AgNP toxicity on the lungs, in therent study, we conducted
experiments in three different models using anigalsnan alveolar epithelial cells and
a 3D in vitro airway tissue model. This multimodglproach enabled us to uncover new
insights into the detrimental processes triggene@NP inhalation on the respiratory
tract. The intrinsic pro-oxidant properties of tN& disturbed the ©metabolism.
Indeed, ROS overproduction initiated by the AgNgenaction with cellular organelles
such mitochondria and enzymes including NOX resulte an impaired cellular
antioxidant defense with consequent AEC oxidatiaendge. These harmful effects
mirrored in the disruption of the alveolar-capildrarrier integrity and in an increased
epithelial permeability along with cells and plasprateins leakage into the alveolar
space, which suggest an impaired lung function tueAgNP inhalation. Taken
together, these findings highlight the need for utetpry measures in the

nanotechnology field to limit the associated pasmisks to human health.
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Figure 6
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Figure legends

Figure 1. AgNP characterization and biodistributidy) AgNP Scanning Electronic
Microscopy at 500.00 K.X, scale bar 20 nm. B) NRnBmission Electron Microscopy
at 400000 X, scale bar 20 nm. C) Ag(l) release fAgghP surface (0.2 mg AgNP/ mL)
up to 24 h of incubation. D) Consumption 0§41 generated by the glucose/glucose
oxidase system using saline solution (control), RgM ug AgNP/mL), and a Ag(l)
solution (4 ug Ag(l)/mL). H,O, production rates were calculated from the slopes.
** n<0.01 and **¥p<0.001 vs. basal ¥D, production rate. E) EPR spectra of hydroxyl
radical (OH) produced by AgNP (in the presence of desferridrajrsurface-catalyzed

decomposition of kD,. The DMPO-OH spin adduct is characterized by the four-line

spectrum shown of intensity 1:2:2. A solution of (¢ was used as positive control,

since it is redox active.

Figure 2: A and C)n vivo static imaging by means of the acquisition of miw®le
body in ventral position using gamma camera aftesah instillation with**™Tc-
radiolabeled AgNP and analyzed after 1 h (A) andh24C). B and D)Ex vivo
distribution study of mice tissues as percentagetal radioactivity/g tissue after nasal
instillation with ™Tc-radiolabeled AgNP and analyzed after 1 h (B) aach (D). E
and F) Protein content and total number of ceipeetively in BAL of mice exposed to
AgNP (0.1 mg/kg) after 24 hpk0.05 vs. control. Data is presented as mean = SEM,
= 6. Administration point comprises the head aftanoval of the brain. Imaging: 256 x

256 matrix, a 1.5 zoom, and collecting more th&x1® counts.

Figure 3: Lung oxidative metabolism after 1 h opesure to saline solution or AgNP.
A) Representative traces obtained during the assegsof lung @ consumption in 1
mm® tissue cubes. B) Lung Qconsumption after the exposure to saline solution
AgNP. *p<0.05 vs. control. C) NOX activity as lucigenin amiiminescence after the
exposure to saline solution or ANRp<0.05 vs. control. D) kD, production rate by
lung isolated mitochondria after the exposure tmeasolution or AgNP. (<0.05 vs.
control. E) Protein carbonyls levels in lung homuates. F) Lung redox balance after
the exposure to saline solution or AgNR<6.05 vs. control. G-1) Activity of the
antioxidant enzymes superoxide dismutase (G), asgalH) and GPx (I) in lung
homogenates.p<0.05 vs. control. Results are expressed as mesiEM of at least 6

animals per group.
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Figure 4: A) NOX activity in samples of A549 celis lucigenin chemiluminescence
after 1 and 3 h of exposure to DMEM or AgNP<8.001 vs. the corresponding control
group. B) BO, production rate by A549 cells after 1 and 3 hhaf €xposure to DMEM
or AgNP. ***p<0.001 vs. the corresponding controbgp. C) Western blot analysis of
A549 cells after 1 h of exposure to DMEM or AgNRngsHO-1 antibody and actin
antibody as loading control (upper panel). Denséognunits ratio between HO-1 and
actin (lower panel). *p<0.01 vs. control. D) Western blot quantificationabysis of
samples of A549 cells using anti- 4-hydroxynongdaHNE) and anti-actin as loading
control after 1 h of the exposure to DMEM or AgN®Pp<0.01 vs. control. Results
were expressed as mean value £+ SEM and representmiman of triplicate
determinations obtained in 4 separate experiments.

Figure 5. A) Representative profile trace of theygen consumption rate (OCR) for
A549 cells. OCR was determined in the presenceynfvate, glutamine, and glucose.
Basal OCR (B), maximum OCR after the addition ot FCCP (C) and OCR

associated with ATP production (D)p<0.05, **p<0.01 vs. the corresponding control
group. Results were expressed as mean value = SkMrepresent the mean of

triplicate determinations obtained in 4 separafgeements.

Figure 6: A) Cytotoxicity evaluation by lactate gdhogenase (LDH) release
maintenance media and in apical washes of a 3D ailiay tissue model consisting of
normal human-derived bronchial epithelial cells iftpvay). B) Evaluation of the
tissue integrity by measuring transepithelial eleat resistance (TEER) in EpiAirway
tissue. *pP<0.05. vs control C) EpiAirway tissue morphology evaluation by
hematoxilin-eosin stainindresults were expressed as mean value + SEM anekeayir

the mean of triplicate determinations obtained segarate experiments.
Supplementary figure legend

Figure S1: Cytotoxicity evaluation by lactate defogenase (LDH) release in the
maintenance media (DMEM) (A) and number of A549dlealls (B) after 24 h of
exposure using 0.5, 1.0, 2.5 and pgdmL of AgNP suspension.
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Table 1: Oxygen consumption and respiratory condfoimitochondria isolated from
lung of mice exposed to AgNPp<0.05 vs. control. Data is presented as mean = SEM,
n = 6.

control AgNP

State 3 28015 440124
(ng-at O/min mg

prot.)

State 4 6.9+0.7 5.0+0.8
(ng-at O/min mg

prot.)

RCR 41+0.6 8.8+0.7*

Table 2. Mitochondrial respiratory complex activilsom lung of mice exposed to

AgNP.**p<0.01 vs. control. Data is presented as mean +,SEM6.

control AgNP
Complexes I-11l 154 +5 196 + 11 **
(nmol/min mg prot.)
Complexes II-llI 17+1 17+£2
(nmol/min mg prot.)
Complex IV 9+1 10+£2

(k'10%/min mg prot.)
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Highlights

» Exposure to AgNP altered lung tissue O, consumption due to increased mitochondrial
active respiration and NOX activity.

* Increased NOX activity and mitochondrial H,O, production rate led to oxidative
damage.

* Lung 3D tissue model showed AgNP-initiated barrier alterations as TEER values
decreased.

» Oxidative damage may be responsible for the impaired lung function observed due to
alveolar epithelia injury.



