STREDOSKOLSKA ODBORNA CINNOST

Obor ¢. 4: Biologie

Imunitni reakce a reparace cilovych organi
po inhalaci rozpustnych nanocastic olova

Adriena Jedlickova
Jihomoravsky kraj Brno 2021



STREDOSKOLSKA ODBORNA CINNOST

Obor ¢. 4: Biologie

Imunitni reakce a reparace cilovych organi
po inhalaci rozpustnych nanocastic olova

Immune response and reparation of target organs
after soluble lead nanoparticles inhalation

Autor: Adriena Jedlickova

Skola: Gymnazium, Brno, tf. Kpt. JaroSe 14, p. o.

Kraj: Jihomoravsky kraj

Konzultanti: doc. RNDr. Marcela Buchtova, Ph.D.
RNDr. Iva Kubistova, Ph.D.

Brno 2021



PROHLASENI

Prohlasuji, ze jsem svou praci SOC vypracovala samostatné a pouzila jsem pouze prameny
a literaturu uvedené v seznamu bibliografickych zdznam.

Prohlasuji, Ze tiSténa verze a elektronicka verze soutézni prace SOC jsou shodné.

Nemam zéavazny divod proti zptistupiiovani této prace v souladu se zdkonem ¢. 121/2000 Sb.,
o pravu autorském, o pravech souvisejicich s pravem autorskym a o zméné nékterych zakonu
(autorsky zakon) ve znéni pozd¢jSich predpisu.

VBMEANE ..o

Adriena Jedlickova



PODEKOVANI

Dé&kuji doc. RNDr. Marcele Buchtové, Ph.D. za moznost vypracovat svoji Stiedoskolskou odbornou
ginnost v Laboratofi molekularni morfogeneze na Ustavu Zivogisné fyziologie a genetiky, AV CR,
v.v.1., za odborné vedeni, vstiicny pfistup a trpélivost.

Dé&kuji RNDr. Ivé Kubistové, Ph.D. za pomoc pfi sestavovani formalni stranky préce.
Dé&kuji Tereze Smutné za pomoc pii analyzach a Cas, ktery mi vénovala.
Dé&kuji Ing. Lucii Vrlikové za pomoc pii zpracovani histologickych vzorkd.

Dé&kuji MUDr. Jané Dumkové, Ph.D., Mgr. Daniele Kristekové a MVDr. Ivet¢ Putnové, Ph.D.
za pomoc pi1 korektufe prace.

Dé&kuji vSem z Laboratoie molekularni morfogeneze za vytvoteni pratelské atmosféry na pracovisti.

Dé&kuji mé rodin€ a kamaradiim za neustalou podporu.



ABSTRAKT

Sou¢asny stav. Castice s alespoii jednim rozmérem od 1 do 100 nm jsou potencialnim rizikem
pro zivé organismy jiz od samotného vzniku zivota. S postupnym vyvojem spolecnosti a rozvojem
dopravy ¢i pramyslu vSak jejich mnozstvi rychle stoupa a nanocastice se tak stavaji potencialné
vys$$im rizikem. Olovo, kter¢ lidstvo 1 pies jeho stovky let znamou toxicitu stale hojn€ vyuziva, vznika
ve formé¢ nanocastic pfi mnoha primyslovych procesech a koncentrace v nékterych velkoméstskych
a industridlnich oblastech piesahuji stanovené limity. Diive provedené experimenty se zabyvaly
toxicitou nanocastic olova, ovSem v nerozpustné formég. Tato prace na n€ navazuje a zabyva se vlivem
chronické inhalace rozpustnych nanocastic olova na imunitni systém a reparacni mechanismy
v exponovanych tkanich.

Experimentalni design a pouZité metody. Rozpustné nanocastice olova ve formé dusi¢nanu
olovnatého byly generovany ve spolupraci s Ustavem analytické chemie, v.v.i.. Modelové organismy,
mysSi laboratorni, byly umistény v celotélovych inhala¢nich komorach, kde byly vystaveny
generovanym nano&asticim po dobu 6 a 11 tydni. Sestitydenni skupina byla nasledné odebrana mimo
inhala¢ni komoru a po dobu 5 tydnti inhalovala vzduch bez generovanych nanocastic. K porovnani
téchto dvou exponovanych skupin slouzila kontrolni skupina, jez inhalovala po dobu 11 tydnti vzduch
bez nanocastic olova. Kazda experimentalni skupina zahrnovala 5 jedinct. Po odbéru cilovych organt
(plic a jater) a jejich zvazeni byly vzorky rozd€leny a dale zpracovany pro histologické analyzy
¢1 byly zmrazeny pro nasledné analyzy genové exprese. Pro zhodnoceni histopatologickych zmén
byla pouzita zakladni i specifickd histologickd barveni; Hematoxylin-eosin, Toluidinovd modf,
Sirius Red, Massontiv zeleny trichrom; dale imunohistochemické metody s vyuzitim markert CD68,
MPO, SOX2, Nanog, a imunofluorescen¢ni metody, s markery Ki67 a SOX9. Pro analyzu relativni
genové exprese bylo vybrano nékolik genii: NFkBI, IL1-a, ILI1-f, IL6, Sox2 a Sox9.

Vysledky. Inhalace Pb(NO3):NPs zptsobila zdvazné patologické zmény v plicich 1 v jatrech.
Reparacni aktivita probihala v tkanich intenzivné, ale mezi jedinci v ramci experimentalnich skupin
byla zaznamenana vysoka variabilita jejich intenzity. V nékterych oblastech byla detekovana fibroza
znaCici nevratné poskozeni tkani. V plicich doslo po inhalaci Pb(NO3);NPs k nartGstu poctu
progenitorovych bunék, pneumocyti II. typu. Imunitni odpovéd’ byla po inhalaci Pb(NO3)>NPs
sniZzena, coZ potvrdily analyzy exprese vybranych imunitnich bunék a prozanétlivych cytokind.
V plicnim parenchymu byly po inhalaci Pb(NO3),NPs detekovany neutrofilni granulocyty, pocet
zirnych bunék byl vyssi. V jatrech doslo podobné jako v plicich ke snizeni exprese markert typickych
pro makrofagy.

Zavéry. Po chronické inhalaci Pb(NO3)>NPs se zménila mikroskopicka struktura plic a jater. ZvySeni
proliferacni aktivity a zvySeny vyskyt progenitorovych bun¢k nestacily ke kompenzaci poskozeni
tkani, coz potvrdil nalez plicni a jaterni fibrozy i v exponované skupiné po skonceni elimina¢niho
obdobi. Imunitni odpovéd’ byla po inhalaci Pb(NOs3)NPs sniZzena, ovSem eliminac¢ni perioda
napomohla k navratu analyzovanych faktori na hodnoty blizké kontrolni skupiné. Vliv inhalace
rozpustnych a nerozpustnych nanocastic olova se vyznamn¢ lisil, a to napft. ve vyskytu kolagennich
vlaken, proliferacni aktivité, mnoZstvi progenitorovych bunck aexpresi nékterych molekul
souvisejicich s aktivitou imunitniho systému. V budoucnu bude dilezité se detailné zaméfit
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na elimina¢ni mechanismy, zejména pak na tlohu kmenovych bunék, které¢ maji mj. v mediciné velky
potencial. Dale bude nezbytné prohloubit znalosti efektl riznych koncentraci NPs olova na cilové
organy v dlouhodobém méftitku.

KLIiCOVA SLOVA

dusi¢nan olovnaty; nanocastice; inhalace; plice; jatra; imunitni odpovéd’; reparace; kmenové bunky



ABSTRACT

Background. Nanoparticles with at least one dimension from 1 to 100 nm are a potential risk for all
living organism from the very beginning of their life. However, with the gradual expansion of human
society, especially increase of transport and industry, amount of nanoparticles is rapidly increasing
in our environment, and nanoparticles represent a potentially higher risk. Despite its hundreds of
thousands of years of known toxicity, lead has been widely used and it is produced in the form of
nanoparticles by many industrial processes resulting in increasing lead concentrations in some
agglomerations and industrial areas. Previous experiments analyzed the toxicity of lead nanoparticles
in insoluble form. In recent project, we aim to determine the effect of soluble lead nanoparticles on the
immune system and repair mechanisms following sub-chronic inhalation.

Experimental design and utilized methods. The soluble lead nanoparticles in a form of lead II
nitrate were generated in cooperation with Institute of Analytical Chemistry, Czech Academy
of Sciences. Laboratory mice as model organisms were placed into a whole-body chamber, where
they were exposed to nanoparticles for 6 and 11 weeks. Some animals were removed from the
inhalation chamber after 6 weeks exposition and inhaled air without the nanoparticles for additional
5 weeks. A control group of animals, which inhaled air without lead nanoparticles for 11 weeks were
used for the comparison. Five animals were included in each experimental group. Target organs
(lungs and liver) were weighed after their collection and further processed for histological analyses
or were frozen for subsequent gene expression analyzes. To evaluate histopathological changes,
routine as well as specific histological staining were used such as Hematoxylin-eosin, Toludine Blue,
Sirius Red, Masson’s Green Trichrome. Moreover, we performed immunohistochemical labeling
using markers CD68, MPO, SOX2, Nanog, and immunofluorescent detection with markers Ki67 and
SOXO9. To analyze gene expression changes, we selected several genes typical for tissue response to
stress exposure: NFkBI, IL1-a, IL1-p, IL6, Sox2 a Sox9.

Results. Inhalation of Pb(NO3)>NPs caused serious pathological changes within both lungs and liver.
Reparative processes were detected in tissues, but a high individual variability was noted in all
experimental groups. In some regions, we detected a fibrosis as a sign of an irreversible tissue
damage. In lungs exposed to Pb(NO3),NPs, the number of progenitor cells, pneumocytes type II,
increased. Immune response was decreased after Pb(NO3)2NPs inhalation, which was confirmed by
the analyses of selected immune cells and pro-inflammatory cytokines’ expression. Following
Pb(NO3)>NPs inhalation, we found neutrophile granulocytes in the lung parenchyma, and the number
of mast cell was increased. The expression of macrophage markers was decreased in liver as well as
in lungs.

Conclusions. After sub-chronic inhalation of Pb(NO3)>NPs, the microscopic structure of lungs and
liver was altered. Enhanced proliferation activity and increased number of progenitor cells was not
sufficient for effective tissue repair, which was verified by the findings of pulmonary and hepatic
fibrosis also in an experimental group with long clearance period. Immune response was decreased
after Pb(NO3)2NPs inhalation, however, the clearance period led to the return of investigated factors
to values close to the control group. Inhalation of soluble and insoluble lead nanoparticles caused
distinct effects on tissues including the occurrence of collagen fibers, proliferation activity, number
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of progenitor cells, and in the expression of several markers typical for immune cells. In the future, it
will be important to focus in detail on the elimination mechanisms of lead nanoparticles from cells
and on the role of stem cells in reparative processes. Careful investigation of the effects of different
concentrations of lead NPs in the long-term experiments will be also necessary.

KEY WORDS

lead II nitrate; nanoparticles; inhalation; lungs; liver; immune response; reparation; stem cells
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SEZNAM POUZITYCH ZKRATEK

Ab — protilatka (Antibody)

AbI — primarni protilatka (Primary Antibody)

ADbII — sekundarni protilatka (Secondary Antibody)

ABC - avidin-biotinovy komplex (4vidin Biotin Complex)

AFLD - alkoholova tukova choroba jater (4Alcoholic Fatty Liver Disease)

Ag — antigen (Antigen)

APAAP — alkalicka fosfataza-anti-alkalickd fosfatdza (Alkaline Phosphatase Anti-Alkaline
Phosphatase)

ARDS — syndrom akutni dechové tisné (Acute Respiratory Distress Syndrome)

AT2 — pneumocyty II. typu (4lveolar Type 2 Cells)

CD68 — klastr diferenciace 68 (Cluster of Differentation 68)

COPD - chronické obstrukéni plicni nemoc (Chronic Obstructive Pulmonary Disease)
ctr — kontrolni skupina (Control Group)

cDNA - komplementarni kyselina deoxyribonukleova (Complementary Deoxyribonucleic
Acid)

DAB — diaminobenzidin (Diaminobenzidine)

DEPC voda — diethylpyrokarbonat voda (Diethyl Pyrocarbonate Water)

DNA - deoxyribonukleova kyselina (Deoxyribonucleic Acid)

ESF — Evropska védecka agentura (The European Science Foundation)

HE — hematoxylin-eosin (Hematoxylin-Eosin)

IF — imunofluorescence (Immunofluorescence)

Ig — imunoglobulin (Immunoglobulin)

IgE — imunoglobulin E (Immunoglobulin E)

IHC — imunohistochemie (Immunohistochemistry)

IL1-a — interleukin 1-o(Interleukin 1-c)

IL1-B — interleukin 1-B(Interleukin 1-f)

IL2 — interleukin 2 (Interleukin 2)

IL6 — interleukin 6 (Interleukin 6)

MGT — Massontv zeleny trichrom (Masson’s Green Trichrome)

MPO — myeloperoxidaza (Myeloperoxidase)

mRNA — mediatorova kyselina ribonukleova (Messenger Ribonucleic Acid)

NAFLD — nealkoholicka steatdza jater (Non-Alcoholic Fatty Liver Disease)

NFkB1 — podjednotka 1 jaderné¢ho faktoru kappa B (Nuclear Factor Kappa B Subunit 1)
NPs — nanocastice (Nanoparticles)

OSHA — Sprava bezpecnosti a ochrany zdravi pii praci (Occupational Safety and Health
Administration)

PAP — peroxidaza-anti-peroxidazovy komplex (Peroxidase Anti-Peroxidase Complex)
Pb — olovo (Plumbum)

Pb(NO3)2— dusi¢nan olovnaty (Lead II Nitrate)

Pb(NO3)>NPs — nanocastice dusi¢nanu olovnatého (Lead II Nitrate Nanoparticles)
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Pb(NO3)NPs/CL — nanocastice dusi¢nanu olovnatého/Cistici se skupina (Lead II Nitrate
Nanoparticles/Clearance Group)

PbO — oxid olovnaty (Lead Oxide)

PbONPs — nanocastice oxidu olovnatého (Lead Oxide Nanoparticles)

PCNA — jaderny antigen proliferujicich bunék (Proliferating Cell Nuclear Antigene)

PCR — polymerazova fetézova reakce (Polymerase Chain Reaction)

PM — hmota pevnych a kapalnych ¢astic v ovzdusi (Particulate Matter)

gPCR — kvantitativni polymerazova tetézova reakce (Quantitative Polymerase Chain Reaction)
RNA - ribonukleova kyselina (Ribonucleic Acid)

SC — kmenové buiiky (Stem Cells)

SOX2 — Sex Determinant Region Y BOX 2

SOX9 — Sex Determinant Region Y BOX 9

SR — Sirius red (Sirius Red)

TEM - transmisni elektronova mikroskopie (Transmission Electron Microscopy)

TB — Toluidinova modi (Toluidine Blue)

UV zéfeni — ultrafialové zateni (Ultraviolet Radiation)

WHO - Svétova zdravotnické organizace (World Health Organization)
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1 Uvobp

Toxicita olova je znama jiz od dob antiky a jeho ucinky na zivé organismy byly popsany
v mnoha studiich. Byly provedeny studie, ve kterych bylo olovo v rtiznych formach inhalovano,
injektovano do organismu ¢i ptidavano do potravy (Dumkova a kol., 2017; Dumkova a kol.,
2020a; Lebedova a kol., 2018; Sutunkova a kol., 2020; Minnema a Hammond, 1994; James
a kol., 1985).

Diky stale vzristajicimu zneciSténi ovzdu$i se inhalace Castic velmi malych rozméri stala
v soucasnosti vyznamnym a diskutovanym tématem. Malé Castice o velikosti v fadech mikro-
a nano- metr predstavuji vazné riziko, protoze se diky svym miniaturnim rozméram snadno
dostanou do organismu, kde dokdzi snadno pronikat ptes plasmatické membrany a pomoci
krevniho obchu se tak dostat do celého téla (Kreyling a kol., 2010; Dumkova a kol., 2016;
Schleh a kol., 2011). Pravé nanocastice tézkych kovt, jako jsou napft. olovo, kadmium nebo
zinek, vyskytujici se ve zvySené koncentraci ve velkych méstech a primyslovych oblastech,
pfedstavuji nemalé zdravotni riziko dne$ni doby (Li a kol., 2013; Novakova, 2015; Querol
a kol., 2007).

V difive provedenych experimentech byly zkoumany uc€inky inhalace nanocastic oxidu
olovnatého, tedy nerozpustnych forem nanocastic olova na primarni i1 sekundarni organy
(Dumkové a kol., 2017; Dumkova a kol., 2020a). Olovo v rozpustné form¢ predstavuje zhruba
tretinu celkového obsahu olova v ovzdusi a uUc¢inky téchto rozpustnych nanocastic olova
na organismus dosud nebyly popsdny. Pro néas$ inhalacni experiment jsme proto vybrali
nanocastice dusi¢nanu olovnatého, které se rozpusti thned pfi interakci s povrchem sliznic
(Coufalik a kol., 2016; Manousakas a kol., 2015; Mukhtar a Limbeck, 2013; URL 7).

Tato prace je soucasti projektu s ndzvem ,,Centrum toxickych studii nanocastic, na kterém
spolupracuje Ustav zivogisné fyziologie a genetiky Akademie véd Ceské republiky, v.v.i.,
Ustav analytické chemie Akademie véd Ceské republiky, v.v.i. a Ustav histologie
a embryologie Lékarské fakulty Masarykovy univerzity v Brné. Projekt se zabyva toxickym
vlivem inhalovanych aerosolt obsahujicich kovové nanocastice na Zivé organismy.
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2 TEORETICKA CAST
2.1 Nanocastice a jejich vyznam

Nanocastice (NPs) jsou cCastice s alespon jednim rozmérem v rozmezi 1-100 nm (pfedpona
nano vznikla z feckého slova nanos, v piekladu trpaslik). V ptirod¢ se NPs vyskytuji bézné
a vpomérné velkém mnozstvi, napt. jako aerosol moiské soli, produkt sopecnych erupci,
z ptirodnich pozari, jako Castice vzniklé zvétravanim v poustnich oblastech, ¢i zvétravanim
zeminy z poli aj. Zajimavym piikladem je produkce nanocastic uhlovodikl stromy, jejichz
pritomnost ve vzduchu muze tvofit viditelny namodraly opar (The Great Smoky Mountains,
USA) (Jeevanandam a kol., 2018; URL 1)

Castice s rozméry v fadech nanometrti mohou vznikat i lidskou ¢innosti. Mizeme je rozdélit
do dvou kategorii: ¢astice, které vznikly za konkrétnim G€elem, napt. implementaci do néjaké
technologie, a ¢astice, které vznikly jako vedlejsi produkty primyslovych procest. Obor, ktery
se zabyva jejich generovanim a pouzitim v technologiich a technologickych postupech se
nazyva nanotechnologie. Nanotechnologie ma velky potenciél predevsim ve zlepSovani kvality
ovzdusi, vody a pudy, mize vyznamné piispét ke zlepSeni kvality zivotniho prostiedi diky
efektivnéjsi detekcei znecCist'ujicich latek (Jeevanandam a kol., 2018).

Mezi nejvyznamnéjsi zdroj nezadoucich NPs vzniklych v disledku lidské €innosti patii provoz
vozidel s benzinovym a naftovym pohonem, ktery je pivodcem 90 % NPs uhliku na Zemi.
Dal$im vyznamnym zdrojem NPs je spalovdni fosilnich paliv v uhelnych elektrarnach,
svafovani, rafinace a taveni rudy, demolice budov nebo tieba i koufeni (Jeevanandam a kol.,
2018).

Podle archeologickych nalezl byly NPs vyuZivany jiz starovékymi civilizacemi. Byly nalezeny
nadoby dekorované jilovym, pozdéji i kovovym praskem obsahujici NPs, ¢i keramické vyrobky
vyztuzené nanovldkny. Lidé ve starovékém Egypté dokazali pomoci chemickych procesu
syntetizovat  nanocastice  sulfidu  olovnatého, ktery vyuzivali kbarveni vlast.
Ve 14. a 13. stoleti pt. n. I. uméli Egyptané a Mezopotamci vyuzit kovové NPs ke zhotoveni
skla. Ve 4. stoleti n. 1. Rimané vyrabéli za pomoci NPs zlata dichroické sklo. Dal$i vyznamny
zdokumentovany posun nastal az vroce 1857, kdy Michael Faraday poprvé popsal
pripravu NPs. Béhem druhé svétové valky pak byly generovany NPs oxidu kifemicitého, jez se
pouzivaly jako ndhrady sazi do pryzovych vyztuzi. NPs jsou vyuzivany ve velké mite 1 dnes,
kdy se vyskytuji v mnoha produktech denni potfeby: v krémech, v Sampdnech, v zubnich
pastach atd. (Jeevanandam a kol., 2018; Heiligtag a Niederberger, 2013).

S vyvojem spolecnosti a objevem nanotechnologie se mnozstvi nanocastic, pfedevsim téch
nezadoucich vzniklych v disledku lidské €innosti, radikalné zvysilo. Nanocastice predstavuji
vazné nebezpeci pro zivé organismy, protoze jejich vstup do organismu, predevsim do dolnich
cest dychacich je relativné snadny, a i1 nizké koncentrace mohou pii dlouhodobé expozici
zpusobit fatalni zdravotni komplikace (Bundschuh a kol, 2018; Jeevanandam a kol., 2018;
Li a kol., 2013).
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2.2 Vyuziti olova v praxi

Olovo (Pb — plumbum) je chemicky prvek s atomovym ¢islem 82. V periodické soustave prvki
se nachazi ve skupiné IV.A, v Sesté period€. Vyskytuje se s oxida¢nimi Cisly +2 a +4. Jedna se
o mekky, svétle Sedy kov. Typickymi vlastnostmi jsou kujnost, vysoka hustota, nizky bod tani
a schopnost pohlcovat gama zafeni. Kvli jeho toxicité jej fadime mezi tézké kovy (URL 2).

Jako prvek se v ptirod¢ olovo vyskytuje ziidka, najdeme ho pfedevSim ve formé nerosti,
naptiklad jako galenit (sulfid olovnaty; PbS), cerusit (uhli¢itan olovnaty; PbCO3) ¢i anglesit
(siran olovnaty; PbSO4) (URL 2).

Znecisténi olovem lze rozdélit na pfirodni a nepiirodni. Pfirodni zneciSténi mlZe pochazet
napf. z lesnich pozar nebo sopecnych erupci. Pivodcem neptirodniho znecistovani olovem je
lidska aktivita, predevSim pak doprava a primysl véetné vyroby baterii, zpracovani kov,
spalovani uhli aj. (Zhang a kol., 2015; URL 3; URL 4). Rozpustné ¢astice olova ve vzduchu
tvofi vice nez tietinu celkového mnozstvi olovnatych ¢astic ve vzduchu (Mukhtar a Limbeck,
2013; Coufalik a kol., 2016; URL 3).

Jednim z nejvétsich problémil novodobé historie, co se expozice olovu tyce, je olovnaty benzin.
Benzin s pfidanym tetracthylolovem byl na trh poprvé uveden v roce 1923. I pfes mnoha
varovani o negativnim vlivu na lidské zdravi (negativni U€inky olova na Zivé organismy jsou
znam¢é mnoho set let) byl olovnaty benzin déale produkovan. V prvni poloviné 70. let bylo
tetraethylolovo pfidavano prakticky do vsech druh@i benzinu po celém svéts. Cetné studie
poukazujici na negativni G¢inky tetraethylolova ¢i olova obecné na zdravi a dale pak 1 zjisténi,
ze olovo nic¢i katalyzatory vyfukovych plyni u automobild, ptispély k ploSnym zakaziim
produkce olovnatého benzinu v mnoha statech svéta (Landrigan, 2002).

Dnes je tetraethylolovo nahrazovano ferrocenem, avsak 20 % svétové produkce benzinu olovo
stale jesté obsahuje. Se zvySujici se frekvenci a dostupnosti letecké dopravy ptibyva rovnéz
zneCisténi z leteckého olovnatého benzinu (Landrigan, 2002; Zhang a kol., 2015; URL 3;
URL 4).

Olovo se do lidského téla miiZze dostat nékolika cestami, pfi€emZ mezi ty hlavni patii inhalace
a dale pak prostfednictvim dermélniho a gastrointestinalniho systému. Olovo se do traviciho
traktu dostava konzumaci kontaminované vody (napf. olovéné potrubi) ¢i potravy. Nebezpeci
predstavuji 1 zemédélské plodiny, které mohou byt kontaminovany jiz béhem péstovani (voda,
ptda) ¢i behem jejich transportu (kontejnery) (Zhang a kol., 2015; URL 2).

Olovo bylo vyuzivano lidmi jiz ve starovéku. Ve starovékém Rimé byla z olova budovana sit’
vodovodniho potrubi, nadobi, mince atd., diky cemuz byly prokdzany nasledky otravy olovem
jiz v dobé Augusta Caesara (URL 2).

Otrava olovem muze zplsobit neurologické, jaterni, rendlni, hematologické, imunitni,

reprodukéni, vyvojové, gastrointestinalni 1 kardiovaskularni obtize. Nachylnéjsi k vyse
uvedenym problémiim, zejména k t€ém neurologického charakteru, jsou déti. Provedené studie
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prokazaly niz$i 1Q, problémy s u¢enim, delsi reakéni dobu, hyperaktivitu, problémy s chovanim
aj. Uplodu mize vést expozice olovu matkou k fatdlnimu poskozeni nervové soustavy,
k ptedcasnému porodu ¢i dokonce k jeho letalité (Zhang a kol., 2015).

Olovo je 1 pfes svoji stovky let znamou toxicitu stale vyuZzivano v relativné velké mife i dnes.
V ramci svétové zdravotnické organizace (WHO) byl stanoven limit olova v ovzdusi
na 0,5 ug/m®. V USA, vramci ochrany pracovnikii v kovodélném primyslu, Occupational
Safety and Health  Administration = (OSHA) stanovila limit expozice olova
na praimérné 50 pg/m?® b&hem osmihodinové smény (URL 5; URL 6).

2.3 Nanocastice olova a jejich toxicita

Nanocastice olova jsou dilezitym elementem elektrochemického primyslu, vyuzivaji se
napft. pii vyrobé fotocitlivych komponentt, optickych zatizenich, polovodi¢t v LED diodach
nebo pii produkci mazacich oleji. Spolecné s novymi moZznostmi vyuziti nanocastic olova
v praxi, stoupa zaroven nebezpeci jejich plisobeni na organismus a nebezpeci potencidlni otravy
olovem (Li a kol., 2013; Novakova, 2015).

Nanocastice a obecné jakékoliv ¢astice olova v ovzdusi predstavuji velky zdravotni problém.
Nejvice zasazena jsou velkd mésta a primyslové oblasti, pficemz ke zhorSeni situace dochézi
béhem zimnich obdobi. Koncentrace PM ¢ (particulate matter — ¢astice mensi nez 10 um) ¢astic
olova v t&chto oblastech pfesahuje 100 pg/m? (Querol a kol., 2007; Tan a kol., 2006).

Také v Brné€ byla provedena studie zabyvajici se slozenim PM; (particulate matter — ¢astice
mensi nez 1 pm). Nejveétsi zjisténa koncentrace téchto olovnatych ¢éstic byla namétena v zimé
roku 2009 — 0,265 pg/m’, i pfesto vSak nepiesahla stanovené limity WHO (Mikuska a kol.,
2020).

Pro nasi studii jsme vybrali nanocastice dusi¢nanu olovnatého. Dusi¢nan olovnaty [Pb(NO3)z]
je anorganicka sloucenina vyskytujici se ve form¢ bezbarvé nebo bilé krystalické latky. Tato
sloucenina byla produkovana jiz od stfedovéku, kdy slouzila jako zaklad pro barviva na textil.
Kwvli toxicité olova je jeho pouzivani omezovano a tato sloucenina je postupné nahrazovéana
jinymi latkami (URL 7).

Ptestoze utilizace dusi¢nanu olovnatého je dnes minimalni, zvolili jsme jej pro jeho vysokou
rozpustnost — nanocastice dusicnanu olovnatého se ihned pfi interakci s povrchem sliznice
rozpusti. Olovo ve formach rozpustnych ve vod¢ totiz dle nékterych studii tvoti vice nez tietinu
olovnatych ¢astic v ovzdusi. Dale jsme mohli porovnat vliv inhalace rozpustnych nanocastic
olova na cilové organy s efektem inhalace nerozpustnych nanocastic ve form& oxidu
olovnatého (PbO) (Coufalik a kol., 2016; Manousakas a kol., 2015; Mukhtar a Limbeck,
2013; URL 7).
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2.4 Cilové organy exponované inhalovanym nanocasticim

Organy, na které se tato prace zameétuje, jsou plice a jatra. Plice pfedstavuji primarni orgén,
jelikoz s generovanymi nanocasticemi dusi¢nanu olovnatého byly v pfimém kontaktu a jatra
jsou pak sekundarnim organem, ktery slouzi jako tkan podilejici se vyznamné na detoxikaci.
Z dtive provedenych studii je znamo, ze se inhalované nanocastice $ifi pomoci krevniho ob&hu
do celého téla (Dumkova a kol., 2017; Dumkova a kol., 2020a; Lebedova a kol., 2018), a proto
jsme do nasi studie zatadili i1 tento sekunddrni organ.

2.4.1 Plice (pulmones)

Plice (pulmones) jsou parovy elasticky organ, ktery je soucasti respiracniho aparatu, jenz
zajiStuje vymeénu krevnich plynti mezi krvi a vzduchem. V dutin€ hrudni (cavum thoracis)
zaujimaji plice nejvice mista, celkova kapacita mysich plic dosahuje objemu okolo 1 ml. Povrch
plic je pokryt poplicnici (pleura visceralis), dutina hrudniku je zevnitt pokryta pohrudnici
(pleura parientalis), tyto serdzni blany se spojuji v plicni brance (hilus pulmonis), kde zaroven
do plic vstupuji pradusky (bronchi), nervy, krevni a mizni cévy. Prostor mezi poplicnici
a pohrudnici se nazyva pohrudni¢ni dutina (cavum pleurae) a je vyplnéna tekutinou (Balko
a kol., 2017; Ruberte a kol., 2017).

Stejné jako leva lidska plice je 1 mysi leva plice (pulmo sinister) mensi nez prava. Na rozdil
od Cloveka, jehoz leva plice se déli na dva laloky, je ale leva mysi plice jednolalocna. Prava
mysi plice (pulmo dexter) se d€li na Ctyti laloky: lobus cranialis, lobus medius, lobus caudalis,
lobus accessorius, zatimco pravou lidskou plici tvofi celkem tfi laloky. V plicich nalezneme
dva krevni obé&hy: funkéni (vasa publica), jehoz GCelem je ptivod krve pro vyménu plynti
a odvod okyslicené krve do srdce, a nutritivni (vasa privata), ktery ma za kol vyzivovat
pruduskové a plicni tkané (Ruberte a kol., 2017; Harkema a kol., 2012).

2.4.1.1 Pruduskovy strom (arbor bronchalis)

Priduskovy strom zac¢ina rozdvojenim pridusnice (#rachea) na levou a pravou hlavni prudusku
(bronchi principales). Hlavni pridusky se rozdé€luji do lalokovych pradusek (bronchi lobares),
privadéjicich vzduch do jednotlivych plicnich lalokt (viz vyse). Lalokové pridusky se deli dale
na segmentové prudusky (bronchi segmentales), které se rozdé€li na pradusSinky (bronchioli),
tvofici dalsi arovné rozvétveni az do konce priduskového stromu. PradusSkovy strom konci
koncovymi pridusinkami (bronchioli terminales) (Balko a kol., 2017).

2.4.1.2 Sklipkovy strom (arbor alveolaris)

Sklipkovy strom lidskych plic za¢ind dychacimi pridusinkami (bronchioli respiratorii), které
se dale vétvi do sklipkovych chodbicek. MysS ale dychaci praduSinky nemd, koncové
prudusinky se vétvi pfimo do sklipkovych chodbicek (ductus alveolares), jez se oteviraji
do sklipkovych vackl (sacculi alveolares). Terminalni jednotkou plic jsou plicni sklipky
(alveoli pulmonis) (Balko a kol., 2017; Ruperte a kol., 2017).

17



2.4.1.3 Mikroskopicka stavba plic

vicefady cylindricky epitel jednovrstevny kubicky epitel jednovrstevny nizce cyllndncky jednovrstevny plochy epitel
s fasinkami s fasinkami az kubicky epitel s rasink respiracni epitel
prudusky prudusinky dycham prudusinky alveolarni strom
subpopulace kyjovitych
bunék — dokazi je soucasti tenké
sekre&ni bufika, spole&né vylucovat stejné pneumocyt |. typu kléé:“ plicnich
ymi teil sklipkt, umozZiuje
s&ﬁfﬁ:ﬂ kaL th:‘isn proteiny sekrecni burika, vytvafi v;'l)ménu piymiJ
pomoci Fasinek posouva ccsp hlenovou vrstvu, tvofi
ser6zni burika hlenovou vrstvu neuroepitelova téliska
pneumocyt 1. typu

Faci 2 huf burika DNES

fasinkova burika diky vyluSovani
surfaktantu ovliviiuje

bronchioalveolarni SC povrchové napéti, 1 %
populace je prekurzor
pro pneumocyty obou

vyluéuje proteiny ovliviiujici
bazalni bufika povrchové napéti prudusinek, R -
nahrazuje poharkové buriky endotelova burika
rekurzor, diferencuje se v L i
fa’;inkovou/pohérkovcju buriku kyjovita burika tvofi stény cév buika imunitniho systému
schopna fagocytézy
poharkova burika

sekre¢ni buika, vytvari
hlenovou vrstvu

Obrazek 1. Schéma epitelt plicni tkan€ (upraveno podle Wong a kol., 2009 a Balko a kol., 2017). V plicich
se vyskytuji ctyfi zakladni uspofadani epitelu. Vicetady cylindricky epitel sftasinkami se nachazi
v pruduskach asklddd se zbazélnich, poharkovych, serdznich, fasinkovych a kyjovitych bunék.
Jednovrstevny kubicky epitel s fasinkami, tvofeny kyjovitymi buiikkami, bunkami DNES, CCSP
a fasinkovymi buitkami, s postupnym rozvétvovanim priduskového stromu nahrazuje vicerady cylindricky
epitel. Najdeme jej na trovni bronchioltl. Jednovrstevny nizce cylindricky az kubicky epitel s fasinkami se
nachazi v dychacich pradusinkach, které ale myS, modelovy organismus této prace, nema. Je tvoren
bronchialveoldrnimi kmenovymi butikami (SC — stem cells) a butikami CCSP (subpopulaci kyjovitych
bunék). Jednovrstevny plochy epitel, také zndmy pod ndzvem respiracni epitel, je termindlni mikroskopickou
jednotkou plic, ve které probiha samotna vymeéna plynti. Nachazi se v alveolarnim stromé a jeho soucasti
jsou pneumocyty I. a II. typu, endotelové bunky a makrofagy.

Stavba pridusek je témet identicka se stavbou pradusnice, 1iSi se tvarem a velikosti chrupavek.
Hyalinni chrupavka v pridusnici tvoii netiplné prstence, v pruduskach (obr. 3D) se tyto netiplné
prstence (obr. 2) zmenSuji a s pokracujicim rozvétvovanim se podil chrupavky snizuje, tvori
pouze ostrivky a postupné je nahrazovana hladkou svalovinou, umoziujici snadné roztazeni
a stazeni pti naddechu a vydechu. Vnéjsi vrstvou pridusek je adventicie (funica adventitia)
(obr. 3D), spojujici pridusky s okolni plicni tkani. Vnitini vrstvu priiddusek pokryva vicetady
cylindricky epitel tvofeny serdéznimi, bazalnimi, fasinkovymi, poharkovymi a kyjovitymi
buiikami (obr. 1) (Balko a kol., 2017; Denney a Ho, 2018; Kobayashi a Tata, 2018; Mclnnes,
2014; Ruperte a kol., 2017; Wong a kol., 2009).
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Obrazek 2. Podkovovita chrupavka v pridusce
vy$§i tarovné. b — praduska (bronchus);
le —epitelova  vrstva  (lamina  epithelialis);
Ipm — vrstva zfidkého kolagenniho vaziva
(lamina propria mucosae); ta — adventicie (tunica
adventitia); tc — hyalinni chrupavka (textus
cartilagenius). M¢fitko 100 pm. Obarveno
pomoci Sirius Red (SR). Kolagenni vazivo je
vizualizovano Cerveno-riizoveé, chrupavka je

zabarvena svétle modrfe, ostatni struktury jsou
tmaveé modré.

Pridusinky (obr. 3E) se skladaji z obdobnych vrstev jako pradusky, ale neobsahuji hyalinni
chrupavku, kolagenni vazivo a hladka svalovina se vyskytuje ve vétsi mifre, stavba epitelu je
rovnéz odlisna — v pridusSinkach nalezneme jednovrstevny kubicky epitel s fasinkami, tvofeny
fasinkovymi, kyjovitymi, CCSP a DNES bunkami (obr. 1) (Balko a kol., 2017; Denney a Ho,
2018; Kobayashi a Tata, 2018; Mclnnes, 2014; Ruperte a kol., 2017; Wong a kol., 2009).

Dychaci pridusinky, které u mysi nejsou vyvinuty, jsou soucasti alveolarniho stromu. Stavbu
podobnou praduSinkam narusuji misty se vyklenujici plicni sklipky. Jednovrstevny nizce
cylindricky az kubicky epitel stasinkami je tvofen piedev§im bronchioalveolarnimi
kmenovymi buiikami (SC) a CCSP bunkami, fasinek postupné s rozvétvovanim ubyva (obr. 1).
Lamina propria mucosae je sloZzena predevsim z fidkého kolagenniho vaziva, hladké svalovina
se vyskytuje spise ojedin€le (Balko a kol., 2017; Denney a Ho, 2018; Kobayashi a Tata, 2018;
Wong a kol., 2009).

Plicni sklipky jsou tvofeny jednovrstevnym plochym epitelem (znamy také jako respiracni
epitel) (obr. 1, obr. 3C). Respiracni epitel je tvofen pneumocyty 1. a II. typu. Pneumocyty 1. typu
zajistuji spolecné s hustou siti vlaseCnic vymeénu kysliku a oxidu uhli¢itého pii dychani
(obr. 3C —pl, p2), pneumocyty II. typu vylucuji latky, jez jsou soucasti surfaktantu, slou¢eniny
ovlivitujici  povrchové napéti plicnich sklipkd. Mezi sklipkové ptepazky (septa
interalveolariea) oddé€luji epitel jednotlivych plicnich sklipkti. Pro vyrovnani tlaku jsou plicni
sklipky propojeny Kohnovymi pory (pori septales) (Balko a kol., 2017; Denney a Ho, 2018;
Kobayashi a Tata, 2018; Wong a kol., 2009).
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Obrazek 3. Mikroskopicka stavba plic. A — Pruduska (bl) obklopena siti sklipkovych chodbicek, vackt
a plicnich sklipkd (B, ap). Obarveno pomoci Hematoxylinu-eosinu (HE). Jadra jsou zabarvena fialove,
cytoplasma ruzové. B — Pradusinky (bll); céva (v), ve které¢ vidime neutrofilni granulocyty (n). Obarveno
pomoci Hematoxylinu-eosinu (HE). Jadra jsou zabarvena fialoveé, cytoplasma razove. C — Sklipkové
chodbicky (da) prechazeji do plicnich sklipkl (ap). Mezi plicnimi sklipky probiha husta sit’ vlasecnic (v),
ktera zajistuje, spolecn€ s pneumocyty 1. typu (pl), vymeénu plynli pfi dychani. Na snimku muzeme
ve vlasecnicich pozorovat Cervené krvinky (e), dale miZzeme pozorovat také pneumocyty II. typu (p2).
Obarveno pomoci Hematoxylinu-eosinu (HE). Jadra jsou zabarvena fialové, cytoplasma rizove. Erytrocyty
v cévé jsou zbarveny Cervené. D — Epitelovou vrstvu (le) pradusek (bl) tvoii vicetrady cylindricky epitel,
jehoz soucasti je velké mnozstvi poharkovych a fasinkovych bunék. Dale se zde nachazi vrstva tidkého
kolagenniho vaziva a hladké svaloviny (Ipm). Pridusky jsou vyztuzeny hyalinni chrupavkou (tc). Tyto vrstvy
spojuje s okolni tkani adventicie (ta). E — Epitelova vrstva (le) pradusinek (bll) je tvofena jednovrstevnym
kubickym epitelem s typickymi kyjovitymi buiitkami. Vrstva hladké svaloviny a fidkého kolagenniho vaziva
(Ipm) je vyrazna. Vrstva adventicie (ta) spojuje s okolni tkani. Obarveno pomoci Massonova zeleného
trichromu (MGT). Kolagenni vazivo je zbarveno zelen¢, hladka svalovina Cervené, bunécna jadra
a cytoplasma jsou vizualizovana hnéd¢. F — V plicich se Casto vyskytuji makrofagy (m; detail ve vyiezu,
meéftitko — 10 um). Makrofagy detekovany pomoci nepiimé trojstupiiové imunohistochemické metody
aklastru diferenciace 68 (CD68) a jsou obarveny hnéd€. Negativni jadra jsou modra, obarvena
hematoxylinem. ap — plicni sklipky (alveoli pulmonis); bl —pridusky (bronchi); bII — pradusinky
(bronchioli); da — sklipkové chodbicky (ductus alveolares); e—Cervena krvinka (erythrocytus);
le — epitelova vrstva (lamina epithelialis); Ipm — vrstva z fidkého kolagenniho vaziva (lamina propria
mucosae); m — makrofagy (macrophagus); n — neutrofilni granulocyt (neutrophil); p1 — pneumocyty 1. typu;
p2 — pneumocyty IlI. typu; ta — adventicie (funica adventitia); tc — hyalinni chrupavka (textus cartilagenius);
v — sinusoida (vas capillare). Métitko — 100 um, méfitko vytezu — 10 um.

2.4.1.4 Kmenové/progenitorové buiiky v plicich dospélych jedinci
Ulohou kmenovych/progenitorovych bunék (SC) je nahrazovani starych &i poskozenych
plicnich bun€k pro udrzeni fyziologické struktury tkani (URL 8).
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V plicich se nachazi dva typy téchto bunék, pficemz jeden typ se vyskytuje v alveolarnich
oblastech (oblasti, kde probiha vyména plyni pii dychéani), druhy se nachazi v oblastech
bronchialnich. Mezi SC plic patii bronchialni bazalni burniky, kyjovité bunky, buitkky DNES
a pneumocyty II. typu (Balko a kol., 2017; URL 8).

2.4.2 Jatra (hepar)

Jatra (hepar) jsou soucasti traviciho traktu. Nachazi se pod pravou brani¢ni klenbou, jsou
castecn¢ chranéna zebry. Na povrchu jsou kryta pobfisnici, s branici jsou spojena vazem.
Pod ser6zou se nachazi vazivové Glissonovo pouzdro (capsula fibrosa hepatis Glissoni), jehoz
trdmce pronikaji do jaterniho parenchymu. Cévy, nervy a zZluCovody do jater vstupuji
a vystupuji jaterni brankou (porta hepatis). Jedna se o nejvétsi zlazu lidského téla. Funkci jater
je syntéza vétSiny bilkovin krevni plazmy, skladovani vitaminti rozpustnych v tucich (A, D, E,
K) a zeleza, biotransformace odpadnich latek metabolismu a xenobiotik, metabolismus cukrt,
tuk 1 proteint, tvorba zluci aj. (Balko a kol., 2017; Harkema a kol., 2012; Ruperte a kol.,
2017).

Stejné jako cloveék ma 1 mys jatra rozd€lena na 4 laloky: 2 vétSi — pravy (lobus dexter) a levy
(lobus sinister) a dva men$i — ocasaty (lobus caudatus) a Ctythranny (lobus quadratus).
Narozdil od clovéka jsou ale tyto laloky déle rozdéleny: levy a pravy se déli na medialni
a laterdlni, z ocasatého laloku vybiha processus papillaris a processus caudatus. Nejmensi
¢tythranny lalok neni nijak dale rozdélen. V jatrech, podobné jako v plicich, nalezneme
dva krevni ob&hy: funkéni (vasa publica) anutritivni (vasa privata) (Balko akol., 2017;
Harkema a kol., 2012; Ruperte a kol., 2017).

2.4.2.1 Mikroskopicka stavba jater

Jatra jsou tvofena z velké Casti jaternimi buikami. Hepatocyt je bunika polygonélniho tvaru,
s jednim ¢1 dvéma velkymi kulatymi jadry v centru buiiky. V jatrech jsou dale Kupfferovy
buniky (jaterni makrofagy) (obr. 4E) ¢i Itoovy bunky (Balko a kol., 2017).
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Obrazek 4. Mikroskopicka stavba jater. A — V jatrech se nachazi husta sit’ cév (vs). Stavba mysich jater se
od jinych zivocichi lisi tim, Ze klasicky lalicek neni jasné definovan (napt. vazivem). Vrcholy klasického
lalicku tvoti portalni triady (th). Obarveno pomoci Hematoxylinu-eosinu (HE). Jadra jsou zabarvena fialove,
cytoplasma riizove. B — Centralni zila (vc). Hepatocyty (h) jsou ulozeny v tramcich, mezi kterymi probihaji
jaterni sinusoidy (vs). Obarveno pomoci Hematoxylinu-eosinu (HE). Jadra jsou zabarvena fialove,
cytoplasma razové. C— V cévé vidime Cervené krvinky (e) (detail ve vyfezu vlevo, métitko — 10 pum)
a neutrofilni granulocyty (n) (detail ve vyiezu vpravo, métitko — 10 pum). Obarveno pomoci Hematoxylinu-
eosinu (HE). Jadra jsou zabarvena fialové, cytoplasma rizove. D — Portobiliarni prostor (trias hepatica) se
sklada z interlobularni zily (vi), interlobularni tepny (ai) a interlobuldarniho zlu¢ovodu (dbi). Obarveno
pomoci Sirius Red (SR). Kolagenni vazivo je zbarveno Cerveno-rizove, chrupavka svétle modre, ostatni
struktury jsou tmavé modré. E — Jaterni makrofagy (m) se nazyvaji Kupfferovy buiiky (detail ve vytezu,
méfitko — 10 pm). Kupfferovy bunky byly vizualizovany pomoci nepiimé trojstupniové imunohistochemické
metody hnéd¢, jako marker byl pouzit CD68. Negativni jadra byla obarvena pomoci Hematoxylinu modre.
ai — interlobuldrni tepna (arteria interlobularis); dbi — interlobularni zZlu€ovod (ductus bilifer interlobularis),
e — Cervend krvinka (erythrocytus), h —hepatocyt (hepatocito); m — Kupfferova bunka (macrophagus);
n — neutrofilni granulocyt (neutrophil); th — portobiliarni prostor (trias hepatica); ve — centralni Zila (vena
centralis); vi— interlobulami zila (vena interlobularis); vs — sinusoida (vas capillare). Métitko — 100 pum,
métitko vytezd — 10 um.

Zékladni morfologickou jednotkou jater je jaterni lalicek (lobulus hepaticus classicus)
(obr. 5A). M4 tvar pravidelného Sestithelniku. V jeho stiedu se nachdzi centrdlni zila (vena
centralis), do které teCe krev ze sinusoid probihajicich podél hepatocytti, které jsou usporadany
do tramct smétujicich od centrdlni zily k okrajim lali¢ku. Mezi sinusoidami a jednotlivymi
tramci hepatocytli najdeme Disseho prostor (spatium perisinusoideum). Obracenym smérem
teCe ve zluCovych vlasecnicich zlu¢. Na vrcholech Sestithelniku se nachéazi portobiliarni
vazivovy prostor (trias hepatica) s trojici struktur, které tvoii interlobularni tepna (arteria
interlobularis), interlobularni Zila (vena interlobularis) a interlobularnim zluCovod (ductus
bilifer interlobularis) (Balko a kol., 2017).
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Portalni lalacek (lobulus portalis) (obr. 5B) je zékladni ob&hovou jednotkou jater. Ma tvar
trojahelniku, jehoz vrcholy tvofi centrdlni Zily tfi sousedicich klasickych lalic¢kl a v jehoz
sttedu se nachazi portalni tridda (Balko a kol., 2017).

Jaterni acinus (acinus hepaticus) (obr. 5C) tvoii zakladni funk¢ni jednotku jater. Ma tvar
kosoctverce, jehoz vrcholy tvoii dvé portalni triady a dvé centralni zily. Tkan této jednotky 1ze
rozdelit do tfi kategorii podle obsahu krve. Krev snejvy$§im mnoZstvim kysliku, Zivin
a vstfebanym obsahem xenobiotik se nachdzi v kratké uhlopfi¢ce, mezi portalnimi triddami,
tvofi zénu 1. Krev s nejniz§im obsahem kysliku, Zivin a xenobiotik se nachazi na vrcholech
kratké thlopticky, centralnich Zil a tvofi zonu III. Zoéna II. je ptechodem prvni a tfeti zony
(Balko a kol., 2017).

A oo o%\i/o"o
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Obrazek 5. Jaterni lalicky (upraveno dle Balko a kol., 2017). A — Klasicky lalucek (lobulus hepaticus
classicus) (Cervené vyznaceno), ma tvar Sestitthelniku. Jeho vrcholy tvofi portobiliarni prostor (th), v jeho

stiedu se nachazi centralni zila (vc). Krev teCe podél jednotlivych hepatocytii. B — Portalni lalticek (lobulus
portalis) (Cervené vyznaceno) ma tvar trojuhelniku, jeho vrcholy tvofi centralni zily sousedicich klasickych
lalic¢kt. Smér proudu krve je vyznacen fialove. C — Jaterni acinus (acinus hepaticus) (Cervené vyznaceno)
ma na prufezu tvar kosoctverce, jehoz vrcholy jsou dvé centralni zily a dve portalni tridady. Podle vlastnosti
krve se jaterni acinus déli na 3 zény, ve schématu jsou vyznaceny zona I (z1) a zéna III (z3), zdéna II tvoii
prechod mezi zénou I a III a nema pevné hranice. Smér proudu krve je vyznacen fialovymi Sipkami.
th — portalni tridda (#rias hepatica); ve — centralni Zila (vena centralis); z1 —zéna 1 v jaternim acinu;
z3 — z6na 11 v jaternim acinu.

2.4.2.2 Kmenové/progenitorové buiky v jatrech dospélych jedincu
Kmenové/progenitorové buiiky v jatrech dospélych jedinct nebyly jesté detailné prozkoumany,
ale diikaz o jejich pfitomnosti existuje (Lagasse, 2007).

Ve studiich, kde byla jatra modelovych organisml posSkozena a proliferacni aktivita hepatocyta
byla zastavena, byla detekovana proliferace ovalnych bunék (oval cells). Jedna se o buiiky
ovalného tvaru, které¢ se diferencuji v hepatocyty a nahrazuji ztratu ¢i poskozeni jaterniho
parenchymu. Dalsi experimenty prokazaly, Ze ptivod ovalnych bunék je v epitelu zlu¢ovodu
(Lagasse, 2007).

Za zdroj ovalnych bun€k jsou povazovany bunky nachazejici se v tzv. Herringové kanalku, coz
je struktura, ktera spojuje intralobularni zlucovody, probihajici uvniti jednotlivych tramci,
s interlobularnimi zlu€ovody, probihajicimi v portobiliarnich prostorech (Lagasse, 2007).
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3 CILE PRACE

Cilem této prace je posoudit vliv inhalace rozpustnych nanocastic olova na mikroskopickou
stavbu cilovych orgdnti (plic a jater), na jejich imunitni odpovéd’ a ndslednou reparaci.

Dale byly stanoveny tyto dil¢i cile:

e provedeni histopatologické analyzy cilovych organti

o detekce kolagennich vlaken v cilovych organech

e urceni trovné proliferacni aktivity cilovych organa

e stanoveni poCtu a genové exprese vybranych markerGi progenitorovych bunék
v cilovych organech

e analyza imunitni odpovédi plic a jater

e urceni exprese vybranych imunitnich bunék

e determinace zmén genové exprese vybranych prozanétlivych cytokint a transkripéniho
faktoru NFkB1 souvisejicich s imunitni odpovédi cilovych organa
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4 PRAKTICKA CAST

4.1 Modelovy organismus

Modelovym organismem pro provedené experimenty byly samice mysi laboratorni ICR (CD-
1) (outbredni linie), s primérnou hmotnosti do 24 g, 6—8 tydnt staré.

Veskeré experimenty byly provedeny v souladu s etickym zikonem Ustavu Zivo&isné
fyziologie a genetiky AVCR, v.vi. a se schvalenim komise pro laboratorni zvifata
(no. 81/2010; 29. 3. 2010).

4.2 Generovani nanocastic

Generovani Pb(NO3):NPs probihalo ve spolupraci s Ustavem analytické chemie AVCR, v.v.i.

Nanocastice byly kontinualné¢ generovany pneumatickou atomizaci 4mM roztoku dusi¢nanu
olovnatého v nebulizatoru in situ. Generovany roztok byl nasledné v suSici komote smichan
s filtrovany vzduchem. Nakonec byly generované nanocastice dusi¢nanu olovnatého zifedény
proudem vzduchu. Primé&rma hmotnostni koncentrace byla stanovena na 68,6 ug/m? (P1).

4.3 Experimentalni design

Pro experiment byly pouzity tfi skupiny po péti jedincich; jedna kontrolni (dale ozna¢ovéana
jako skupina ctr) a dvé exponované. Exponovana skupina ¢. 1 [dale oznacovana jako skupina
Pb(NO3)>NPs] inhalovala rozpustnou formu nanocastic olova [Pb(NO3)>NPs] po dobu
11 tydnti, 24 hodin denné¢, 7 dni v tydnu. Exponovana skupina ¢. 2 [dale oznacovana jako
skupina Pb(NO3):NPs/CL] inhalovala Pb(NO3):NPs po dobu 6 tydnd, 24 hodin denné, 7 dni
v tydnu, poté 5 tydnl vzduch bez obsahu generovanych Pb(NO3),NPs. Kontrolni skupina mysi
inhalovala 11 tydnti vzduch bez generovanych nanocastic (obr. 6).
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Obrazek 6. Experimentalni design. Inhalace prob¢hla u tii skupin po péti modelovych jedincich. Kontrolni
skupina inhalovala po dobu jedenacti tydnli vzduch bez generovanych nanocastic. Ve vysledcich
provedenych analyz je tato skupina oznacovana bilym vzorem. Pb(NO;3),NPs skupina inhalovala po dobu
jedenacti tydnti vzduch s obsahem generovanych nanocastic. Ve vysledcich provedenych analyz je tato
skupina oznaCovana kiizkovym vzorem. Pb(NOs3),NPs/CL, skupina s eliminacnim obdobim,inhalovala
po dobu Sesti tydntt vzduch sobsahem generovanych nanocastic a nasledné¢ pét tydni vzduch
bez generovanych nanocastic (na casové ose je bod oddé€lujici inhalaci vzduchu s generovanymi
nanocasticemi vyznacen cerveng). Pb(NO;3),NPs/CL skupina je ve vysledcich provedenych analyz
oznacovana vzorem s pruhy v Sikmém sméru.

4.4 Inhalace rozpustnych nanocastic olova

Tyden pted zacatkem experimentl byli vSichni jedinci ponechéni v laboratornich podminkéch
za ucelem aklimatizace. Po celou dobu inhalaci bylo jedincim poskytovano krmivo a voda
ad libitum.

Ob¢ experimentalni skupiny a kontrolni skupina byly umistény do inhala¢ni komory
s inhalacnimi klecemi (obr. 7) se stdlymi podminkami prostfedi (udrzovanymi pomoci
klimatizace), které byly neptetrzité monitorovany. V inhala¢ni komote bylo 12 hodin svétlo
a 12 hodin tma. Zdravotni stav a chovani jedinci byly kontrolovany pomoci kamerového
systému.

Obrazek 7. Inhala¢ni komora s inhalacnimi klecemi (foto Eva Svozilova, DiS., Ustav analytické chemie,
AV CR, v.v.i.)
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4.5 Odbér a fixace vzorku

Po skonceni inhalaci byli vSichni jedinci usmrceni pomoci cervikalni dislokace v souladu
s projektem pokusti a zdkona 214/2011 dle vyhlasky ¢. 207/2004 Sb., o ochrané, chovu a vyuZziti
pokusnych zvitat. Z kazdého jedince byly vypreparovany cilové organy: plice a jatra.

Cilové organy byly zvaZeny a nasledné byly vzorky:

1. Ur€ené pro histologické zpracovani umistény do 10% paraformaldehydu a nasledné
skladovany pfi teploté 4 °C.

2. Urc€ené pro analyzu genové exprese umistény do tekutého dusiku a nésledné skladovany
pii teploté -80 °C.

4.6 Histologické zpracovani

Vzorky urcené pro histologické zpracovani byly nasledné po dobu 2 hodin promyvéany ve vodni
lazni. Dal§im krokem byly 14zn¢€ ve vzestupné alkoholové fadé (30 %, 50 %, 70 %, 80 %, 85 %,
90 %, 95 %, 100 %), kde byly vzorky v kazdém roztoku ponechany po dobu dvou hodin.
Nasledovaly tfi lazn€ v xylenu po dvou hodindch pro projasnéni. Nakonec byly vzorky tiikrat
prosyceny dvouhodinovymi parafinovymi ldznémi.

4.6.1 Priprava a krajeni parafinovych rezii

Spravné orientované vzorky byly nasledné zality do parafinu o teploté¢ 56 °C. Po zatuhnuti
(24 h) byl z parafinovych blocki odstranén prebytecny parafin tak, aby vznikl rovnoramenny
lichobéznik s cilovym organem uprostied a na rotacnim mikrotomu byly nakrajeny fezy silné
5 um. Nakrgjené tfezy byly poté napnuty na vodni hladiné pfi teplot¢ 39 °C a umistény
na podlozni sklicka. Sklicka byla nejprve umisténa na horké desce pii teploté 38 °C, poté
pies noc v termostatu (37 °C). Takto piipravené vzorky byly skladovany pfii teploté¢ 4 °C
a nasledné dale zpracovavany (histologicka barveni, imunohistochemické
a imunofluorescencni metody).

4.6.2 Histologicka barveni

Histologicka barveni byla vyuzita pro rozliseni jednotlivych tkanovych komponent, pficemz
jsme zapojili detekci prehlednymi a specifickymi barvenimi (Balko a kol., 2017; URL 9).
Zatimco ndm piehledna histologicka barveni umoznila souhrnné obarvit celou tkan, diky
specifickym histologickym barvenim bylo mozné vizualizovat jednotlivé struktury.

4.6.2.1 Hematoxylin-eosin

Toto barveni vyuziva dvé chemické latky: hematoxylin a eosin, kde hematoxylin obarvil fialové
kyselé (basofilni) struktury jako jsou napt. bunécna jadra a organely obsahujici RNA a eosin
ruzove barvil zasadité (acidofilni) struktury, tedy napft. cytoplasmu ¢i bunééné stény (URL 10).
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Postup: Vzorky odparafinujeme pomoci dvou lazni v xylenu po 10 minutdch. Nasleduji
dve lazné€ v 96% alkoholu pro zavodnéni tkané, opet po 10 minutach. Poté barvime Mayerovym
hematoxylinem (P3) kyselé nebo bazofilni struktury 5 minut, ndsledné oplachneme v teplé vodé
a vzorky v ni nechame 5 minut modrat. Dale barvime zasadité struktury 3 minuty v eosinu (P3),
poté vzorky oplichneme ve studené¢ vodé. Nasleduji opct dvé desetiminutové lazné
v 96% alkoholu pro odvodnéni tkdn€, oplach v xylenu a dvé€ lazné xylenu po 10 minutich
pro projasnéni. Nakonec vzorky zamontujeme. Vysledkem je modrofialové zbarveni kyselych
a bazofilnich tkani a riZovocervené zbarveni zasaditych a acidofilnich tkéani (obr. 8).

Obrazek 8. Histologické barveni Hematoxylin-
eosin. a — Kyselé¢ (bazofilni struktury) jsou
fialové, obarvené Mayerovym hematoxylinem.
b — Zasadité (acidofilni) struktury jsou razoveé,
obarvené eosinem. M¢éfitko — 100 pum.

4.6.2.2 Toluidinova modr
Toluidinova modrt (TB) je bazické barvivo, které jsme vyuzili pro detekci mastocyta (URL 9;
URL 11).

Postup: Vzorky odparafinujeme ve dvou xylenovych laznich po 10 minutach. Nésledné
zavodnime tkan pomoci sestupné alkoholové tady (100 %, 96 %, 70 %) a oplachneme
v destilované vodé, kazda ldzen po 5 minutach. Nasleduje lazen v Toluidine Blue Working
Solution (P3). Poté odvodnime tkan dvéma rychlymi oplachy v 96% a 100% alkoholu,
projasnime ve dvou xylenovych laznich a zamontujeme. Vysledkem je tmavé modré zabarveni
zirnych buné€k a svétle modré zbarveni jader (obr. 9).

Obrazek 9. Specifické histologické barveni
Toluidinovda modf. a — bunéénd jadra jsou
obarvena svétle modre, b — Zirné buiiky (detail;

meéftitko — 10 um) jsou obarveny tmavé modre.
Meftitko — 100 pm, méfitko detailu — 10 pum.

4.6.2.3 Massoniyv zeleny trichrom

Trichromova barveni jsou tvofena kombinaci tii barev, pfi¢emz v piipadé¢ ndmi pouZzivaného
Massonova zeleného trichromu (MGT) jsme jej vyuZili pro obarveni kolagennich vlaken
v zeleném odstinu (URL 9).
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Postup: Vzorky odparafinujeme ve dvou xylenovych laznich po deseti minutach. Poté vzorky
zavodnime ve dvou laznich v 96% alkoholu po deseti minutach. Nasleduje lazen ve Weigertove
hematoxylinu (tvofen reagencii A a B v poméru 1:1; P3), jenZ obarvi hnéd¢€ jadra. Vzorky
rychle oplachneme v kyselém ethanolu (96% ethanol se tfemi kapkami 36% kyseliny
chlorovodikové) a poté 5 minut ve vodé¢. Nasleduje barveni kyselym fuchsinem, trvajici
S minut, ktery obarvi cervené svalovinu. Nasledné vzorky oplachujeme 10 sekund
v 1% kyselin¢ fosfowolframové. Pro obarveni kolagennich vldken pouZijeme roztok svétlé
zelené, ve kterém vzorky inkubujeme 6 minut. Nakonec vzorky oplachneme ve vodé,
po uschnuti zamontujeme. Vysledkem je hnédé zbarveni bunécénych jader a cytoplasmy,
cervene zbarveni hladké svaloviny a zelené zbarveni kolagennich vldken (obr. 10).

Obrazek 10. Specifické histologické barveni
Massontiv zeleny trichrom. a — hnédé zbarveni
bunéénych jader a cytoplasmy. b — cervené
zbarveni hladké svaloviny. ¢ — zelené zbarveni
kolagennich vlaken. Méfitko — 100 pm.

4.6.2.4 Sirius red
Sirius red (SR) je histologické barveni, které jsme pouzili pro piesnéjsi detekci kolagennich
vlaken, které se barvi Cervené, zatimco buné¢na jadra jsou tmaveé modrého zabarveni.

Postup: Vzorky odparafinujeme ve dvou xylenovych laznich po deseti minutach. Poté vzorky
zavodnime pomoci dvou desetiminutovych lazni v 96% alkoholu a tfiminutové lazni
v destilované vodé. Nasleduje desetiminutova lazen v alcidnové modii a desetiminutovy oplach
v teplé tekouci vodé. Poté vzorky oplachneme v destilované vodé. Nasleduje dvouminutova
lazent v Ehrlichové hematoxylinu, poté desetiminutovy oplach v teplé tekouci vode. Vzorky
poté oplachneme v destilované vod¢. Nasledné vzorky na 10 minut umistime do 2,5% kyseliny
fosfomolybdenové. Nasleduje dvouminutovy oplach v destilované vod¢. Poté vzorky 90 minut
inkubujeme v tekutiné Sirius red. Nasleduji dvé minutové lazné v 0,5% kyselin€é octové.
Nakonec vzorky odvodnime dvéma laznémi v 96% alkoholu po deseti minutach a projasnime
dvéma laznémi v xylenu po deseti minutach. Vysledkem je tmavé modré zbarveni bunécnych
jader, svétle modie zbarvena cytoplasma a Cerveno-rizové zbarvend kolagenni vlakna
(obr. 11).
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Obrazek 11. Specifické histologické barveni
Sirius red. a — kolagenni vldkna jsou zbarvena
cerveno-rizove. b — bunééna jadra jsou zbarvena
tmavé modie azfialové. c¢—cytoplasma je
obarvena svétle modre. Métitko — 100 pum.

4.7 Imunohistochemické metody

Imunohistochemie (IHC) je metoda, ktera nam umoZnila detekci specifickych antigenil
v tkanich ¢i v bunkach (SOX2, SOX9, Ki67, MPO, ...). V naSich analyzach jsme vyuzili
tzv. metodu neptimou dvoustupiiovou, kdy je primarni protilatka proti detekovanému antigenu
neoznatend a naprimarni protilatku je aplikovana sekundarni znalend protilatka
proti imunoglobuliniim déarce Abl, ¢imz dochazi k vizualizaci vzniklého komplexu (Beranova
a Tonar, 2002).

V nasi préaci byla vyuzita nepfimé trojstupiiovd metoda, ktera se pouziva v piipad€ nizké
koncentrace molekul detekovaného antigenu v tkani. Pro efektivng;si vazbu protilatek v tkanich
je nejdiive provedeno odhaleni epitopti, tzv. pretreatment. Provadi se umisténim sklicek se
vzorky zkoumané tkdn¢ do horké lazn¢€ (zpravidla o teploté 98°C) s citratovym pufrem
anasledné chlazeni vtomto pufru. Kroky vedouci k odhaleni epitopi lze dle potieby
a vlastnosti konkrétnich protilatek libovoln€é upravovat. Primarni protilatka je neznacena
a v prvnim kroku se navaze na specificky antigen. Na Abl se poté vaze protilatka sekundarni,
ktera je pfipravena proti imunoglobuliniim darce Abl a jejiz soucasti je neznaceny komplex,
ktery tvofi mulstek mezi Abl a znaCenym komplexem. Na AbIl miizeme aplikovat nékolik
druhii znacenych komplextd, napt. PAP (peroxidaza-anti-peroxidazovy komplex), APAAP
(alkalicka fosfatdza-anti-alkalickd fosfatdza) nebo ABC (avidin-biotin komplex) (obr. 12).
ABC vyuziva pevné neimunologické vazby avidinu, bilkoviny vajecného bilku, s biotinem,
vitaminem H. Avidin mé schopnost vdzat az ¢tyfi molekuly biotinu (Beranova a Tonar, 2002).
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Obrazek 12. Schéma neptimé trojstupniové IHC metody s vyuzitim ABC komplexu. Primarni protilatka
(ADI) se specificky navaze na tkanovy antigen (Ag). Sekundarni protilatka (AbIl) se navaze na Abl proti
imunoglobulinim darce primarni protilatky. Na AbII se nakonec navaze znaceny komplex, v piipadé této
prace se jedna o avidin-biotin komplex, skladajici se z avidinu (A) a biotinu (B). A — avidin (avidin);
AbI — primarni protilatka (primary antibody); AbII — sekundarni protilatka (secondary antibody);
Ag — antigen (antigen); B — biotin (biotin).

Postup: Skla s fezy zkoumané jaterni tkané nejprve umistime do termostatu (56 °C) s cilem
fezy zafixovat a zabranit tak jejich moznému uvolnéni v navazujicich krocich. Nasleduji
dvé xylenové lazn¢ k odparafinovani. Poté vzorky zavodnime pomoci ldzni v sestupné
alkoholové fadé (100 %, 96 %, 70 %) a destilované vod¢. DalSim krokem je lazen v citratovém
pufru pfi teploté¢ 98 °C anasledné chlazeni. Délku téchto kroki lze upravovat dle potieby
a vlastnosti konkrétni protilatky. Poté vzorky oplachneme ve fosfatovém pufru, ttikrat
po tfech minutach. Nasleduje lazen v 3% peroxidu vodiku, jejiz délku lze opét upravit
dle potieby, poté znovu oplach ve fosfatovém pufru (tfikrat tii minuty). Na takto piipravené
vzorky aplikujeme blokac¢ni sérum (z kitu; P3) fedéné ve fostatovém pufru v poméru 15:1000,
které nechdme ptlisobit 20—30 minut. Nasledujicim krokem je aplikace primarni protilatky,
fedéné v DAKO diluentu (poméry jednotlivych protilatek v nasledujicich kapitolach; P3).
Nasleduje oplach ve fosfatovém pufru tiikrat po 3 minutach. Nato aplikujeme sekundarni
protilatku (z kitu; P3), fedénou v poméru 1:200 ve fosfatovém pufru, se kterou nechdme vzorek
inkubovat po dobu 30 minut. Poté vzorky znovu oplachneme ve fosfatovém pufru tfikrat
po 3 minutach a aplikujeme ABC roztok (z kitu; P3), fedény ve fosfatovém pufru v poméru
1:1:100, ptipravovany soucasné se sekundarni protildtkou. Nasleduje oplach ve fosfatovém
pufru, tfikrat po 3 minutdch. Konkrétni antigen vizualizujeme pomoci DAB substratu (P3),
ktery pfipravime smichdnim jedné kapky DAB+ chromogen s 1 ml DAB+ Substrate Buffer.
Reakci DAB substratu s ABC se detekovany antigen zbarvi hnédé, reakci zastavime ponofenim
vzorkid do destilované vody. Nasledné dobarvime bunécna jadra Mayerovym hematoxylinem
(2 minuty), jehoZ vysledné modré zabarveni ziskdme desetiminutovym oplachem v tekouci
vodé. Vzorky odvodnime ve vzestupné alkoholové fadé (70 %, 96 %, 100 %), kazda lazen po
5 minutich aprojasnime dvéma desetiminutovymi laznémi v xylenu. Sklicka nakonec
zamontujeme montovacim médiem. Vysledkem je hnédé zbarveni Casti tkan€ obsahujici
detekovany antigen, modré zbarveni negativnich jader hematoxylinem (obr. 13).
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4.7.1 Pouzité markery

4.7.1.1 Ki67 — imunohistochemicka metoda

Ki67 (z nazvu mésta Kiel, kde byla protilatka poprvé produkovana a Cisla 67 — Cislo klonu
v 96jamkové desticce) je protein souvisejici s proliferacni aktivitou. Ki67 je exprimovan béhem
aktivnich fazi bunééného cyklu — Gy, S a Gz faze, ale také béhem mitdzy. Protilatka Ki67 byla
pouzita pro detekci proliferacni aktivity (tab. 1; P3) (Scholzen a Gerdes, 2000).

Tabulka 1. Podrobné informace o postupu pii detekci Ki67-pozitivnich bun€k s vyuzitim
imunohistochemické metody.

Citratovy pufr | 3% H>0O: | Blokovaci sérum | Kit | Koncentrace Abl | Doba inkubace Abl
25°¢ 15¢ 45¢ krali¢i 1:50 pies noc

4.7.1.2 SOX2

SOX2 (SRY (Sex Determinant Region Y) BOX2) je vyznamny transkripéni faktor
v pluripotentnich kmenovych bunkéch, ktery v nich spolecné s OCT4 a Nanog reguluje
genovou expresi audrzuje jejich pluripotenci. SOX2 je také nezbytny pro pfirozenou
morfogenezi a homeostazu tkani, mj. nervovych kmenovych bunék, kmenovych bunék sitnice,
chutovych poharkd ¢i epitelu v pridusnici a plicich, kde je exprimovan v priduskach a
prudusinkach. Spole¢né s geny SOX1 a SOX3 patii do rodiny SOXB1 gent, s nimiz sdili
az 80 % sekvence. Protiladtka SOX2 byla pouZita pro detekci progenitorovych bunék
v plicich (tab. 2; P3) (Zhang a Cui, 2014; Tompkins a kol., 2011).

Tabulka 2. Podrobné informace o postupu pii detekci SOX2-pozitivnich bunek.

Citratovy pufr | 3% H>0O: | Blokovaci sérum | Kit | Koncentrace Abl | Doba inkubace Abl
20° 10°¢ 25°¢ kralici 1:100 l1h

4.7.1.3 Nanog

Nanog (pojmenovan podle zemé vééného mladi, krasy, zdravi a radosti — Tir Na nOg z irskych
legend) je dulezity transkripni faktor, hraje vyznamnou roli pfi organogenezi bchem
embryonalniho vyvoje, ale také b&hem reparace posSkozenych tkani. Jakakoliv nerovnovéaha
jeho hladiny mize mit fatalni nasledky (vyvojové vady, neschopnost reparace tkani, rakovina).
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Protilatka Nanog byla pouzita pro detekci progenitorovych bunék v plicich (tab 3; P3) (Allouba
a kol., 2015).

Tabulka 3. Podrobné informace o postupu pii detekciNanog-pozitivnich bunék.

Citratovy pufr | 3% H>0O: | Blokovaci sérum | Kit | Koncentrace Abl | Doba inkubace Abl
25°¢ 10°¢ 25°¢ kralici 1:100 1 h 30°

4.7.1.4 MPO

Pro detekci neutrofilnich granulocytt byla pouzita protilatka MPO (myeloperoxidaza) (tab. 4;
P3). Myeloperoxidadza je enzym, ktery za pfitomnosti peroxidi a halogenidi dokaze usmrtit
nckteré mikroorganismy. MPO se také ucastni mnoha extracelularnich procesti (Tobler
a Koeffler, 1991).

Tabulka 4. Podrobné informace o postupu pii detekci MPO-pozitivnich bunék.

Citratovy pufr | 3% H>0O: | Blokovaci sérum | Kit | Koncentrace Abl | Doba inkubace Abl
20° 10°¢ 25°¢ kralici 1:100 l1h

4.7.1.5 CD68

Pro detekci tkanovych makrofagh byl pouzit jimi vysoce exprimovany membranovy protein
CD68 (Cluster of Differentiation 68) (tab. 5; P3). Tento protein je také exprimovan krevnimi
monocyty, lymfocyty, fibroblasty ¢i endotelovymi buitkami. Je diilezitou soucasti fagocytozy
tkanovych makrofagi (URL 12).

Tabulka 5. Podrobné informace o postupu pii detekci CD68-pozitivnich bunék.

Citratovy pufr | 3% H>0O: | Blokovaci sérum | Kit | Koncentrace Abl | Doba inkubace Abl
25°¢ 8¢ 25°¢ kralici 1:100 1 h30°

4.8 Imunofluorescencni metody

Imunofluorescence (IF) je histologickd metoda vyuZzivajici, stejné¢ jako imunohistochemie,
imunologickou vazbu protilatky ke specifickému antigenu v tkanich ¢i buiikach, pfi€emz je
(narozdil od imunohistochemickych metod) primarni/sekundarni protilaitka oznacena
fluorochromem. Existuje imunofluorescencni metoda pifima a neptima. Pti uziti pfimé metody
se znacena primarni protiladtka navaze na detekovany antigen. Pfi pouziti neptimé metody (obr.
14) je primarni protilatka neznacend, navaZe se na ni sekunddrni znacend protilatka proti
imunoglobuliniim déarce Abl (Odell a Cook, 2013). Stejné jako u imunohistochemickych metod
je také u imunofluorescencnich metod pro efektivnéjsi vazbu protilatek pouzivan roztok na
odhaleni epitopti.
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Obrazek 14. Schéma nepfimé imunofluorescencni metody. Primarni protilatka (Abl) se specificky navaze
na antigen (Ag) vtkani. Na primarni protilatku se poté navaze sekundarni protilatka (AbII) (proti
imunoglobulinim darce AbI), kterda je znacena. AbI — primarni protilaitka (primary antibody);
AbII — sekundarni protilatka (secondary antibody); Ag — antigen (antigen).

Postup: Vzorky odparafinujeme ve dvou xylenovych laznich po 10 minutdch a odvodnime
petiminutovymi laznémi v sestupné alkoholové fade (100 %, 96 %, 70 %) a destilované vodé.
Nasleduje lazen v citratovém pufru pii teploté 98 °C a poté chlazeni, délky téchto kroku Ize
upravovat dle potieby, zdlezi na vlastnostech konkrétni protilatky. Poté vzorky oplachneme
ve fosfatovém pufru tfikrdt po 3 minutach. Nésledné na vzorky aplikujeme blokaéni sérum
(z kitu; P3), zfedéné ve fosfatovém pufru v poméru 15:1000, délku tohoto kroku lze opét
upravovat dle potieby. Nasleduje inkubace vzorkii v primarni protilatce (délka inkubace
afedéni zalezi na vlastnostech konkrétni protilatky). PiebyteCnou primarni protilatku
oplachneme ve tfech laznich ve fosfatovém pufru po tfech minutdch. Poté aplikujeme
sekundarni protilatku (z kitu; P3), fedénou v poméru 1:200 ve fosfatovém pufru. Protoze
sekundarni protilatka obsahuje fluorescenéni znacku, pracujeme ve tmé, sklicka uchovavame
vtmavém boxu a protilatku piipravujeme vtmavé zkumavce. Nasledné oplachneme
piebyte¢nou sekundarni protilatku tfemi laznémi ve fosfatovém pufru po 3 minutach. Nasleduje
aplikace montovaciho média s DAPI, které barvi jadra. Vzorek ptikryjeme krycim sklickem
a uchovavame ve tmée (vysledné zbarveni obr. 15).

Obrazek 15. Nepiima imunofluorescencéni
metoda. a — Pozitivni buiiky jsou v tomto pripadé
zbarveny Cervené (zalezi na druhu sekundarni
protilatky). b — Jadra bunék jsou obarvena modie
pomoci DAPI. Me¢fitko — 100 pum. Obarveno
s pouzitim markeru SOX9.
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4.8.1 Pouzité markery

4.8.1.1 Ki67 — imunofluorescen¢ni metoda
Protein Ki67, ktery je popsan v kap. 4.7.1.1, byl pouzit pro detekci proliferacni aktivity
(tab. 6; P3) také pomoci imunofluorescencni metody.

Tabulka 6. Podrobné informace o postupu pii detekci Ki67-pozitivnich bun€k s vyuzitim
imunofluorescencni metody.

Citratovy pufr | Blokovaci sérum | Kit | Koncentrace Abl | Doba inkubace Abl
25¢ 25¢ krali¢i 1:50 pies noc

4.8.1.2 SOX9

SOX9 (SRY (Sex Determinant Region Y) BOX9) je transkrip¢ni faktor zasadni pti diferenciaci
chondrocytli, v embryonalnim vyvoji skeletu a plic. Je exprimovan i v dospélosti — udrzuje
pfirozenou homeostazu a proliferacni aktivitu bunck. Protildtka SOX9 byla pouzita
pro vizualizaci progenitorovych bun¢k v jatrech (P3) (Yan a kol., 2020; URL 13).

Tabulka 7. Podrobné informace o postupu pii detekci SOX9-pozitivnich bunék.

Citratovy pufr | Blokovaci sérum | Kit | Koncentrace Abl | Doba inkubace Abl
25¢ 20¢ krali¢i 1:100 pies noc

4.9 Analyza genové exprese

Z orgdnu byla nejprve izolovana mRNA, jez byla nasledné¢ piepsana do cDNA. Exprese
vybranych genti byla stanovena pomoci qPCR.

4.9.1 1zolace mRNA

Z vybraného vzorku, skladovaného pfi teploté -80 °C, odebereme jeho malou cast, cca 30 mg.
Odebranou ¢ast ddme do zkumavky s 300 pl lyzacniho roztoku. Lyzacni roztok pfipravime
smichanim RLT pufru (P3) sp-Mercaptoethanolem v poméru 99:1. Obsah zkumavky
homogenizujeme.

Nasledn¢ do zkumavky piidame 300 ul 70% EtOH, a centrifugujeme pii 10 000 rpm po dobu
15 s. Vznikly supernatant pfeneseme na kolonku a centrifugujeme pti 11 000 rpm po dobu 15 s.
Ptebytecnou tekutinu ve sbérné zkumavce vylijeme. Do kolonky pfidame 700 ul RW1 pufru
(z kitu; P3) a centrifugujeme pii 11 000 rpm po dobu 15 s. Tekutinu ze sbérné zkumavky opét
vylijeme, do kolonky ptfiddme 300 ul RW1 a opét centrifugujeme pii 11 000 rpm po dobu 15 s.
Obsah sbérné zkumavky vylijeme. Do kolonky pfidame 500 pl RPE (zkitu; P3)
a centrifugujeme pii 11 000 rpm po dobu 15 s. Nasbiranou tekutinu vylijeme a zopakujeme
predchozi krok. PiebyteCnou tekutinu vylijeme a pfiddme 500 ul RPE a2 minuty
centrifugujeme pii 11 000 rpm, nasbiranou tekutinu vylijeme a vyménime sbérnou zkumavku.
Zbytky promyvacich pufra odstranime centrifugaci (14 000/1 min).
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Kolonku ptesuneme do nové zkumavky, ptidame do ni 25 ul DEPC vody a centrifugujeme
pii 10 000 rpm po dobu 15 s. Po skonceni centrifugace kolonku vyhodime, v nové zkumavce
je vyizolovana mRNA. Jeji koncentraci zméfime na spektrofotometru. Ziskané vzorky
uchovavame pii teploté -80 °C.

Celou dobu pracujeme rychle a na ledu. Pracovni povrchy osetiujeme 70 % EtOH a ptipravkem
k eliminaci RNA kontaminace.

4.9.2 Reverzni transkripce

Mediatorova ribonukleova kyselina je kviili jeji nestabilité prepisovana do cDNA. Tento proces
se nazyva reverzni transkripce. SloZeni reakéni smési o celkovém objemu 20 pl vypocitame
takto:

x ul mRNA (500 ng/ul) + 10 pl Master Mixu (P3) + y1 DEPC H,0 =20 pl

Zkumavky s pfipravenou reak¢ni smési umistime do Termocycleru, kde je inkubujeme po dobu
60 minut pfi 42 °C. Vyslednou koncentraci cDNA wuréime pomoci spektrofotometru,
dle potieby dale fedime DEPC vodou. Vzorky uchovévame pii teploté -20 °C.

4.9.3 qPCR

Exprese vybranych gentl byla stanovena pomoci triplikat kazdého vzorku na 96jamkové qPCR
desticce. Exprese testovanych genti byla normalizovdna k expresi ,,housekeeping™ genu,
kterym byl aktin b (Actb). Objem jednoho triplikatu obsahoval 10 ul pfipravené smeési:

5 ul Master Mix (P3) + 0,5 ul TagMan (P3) + 0,5 ul cDNA vzorku + 4 ul DEPC H>O
Koncentrace cDNA se pro riizné analyzy liSila v zavislosti na optimalizaci protokolu.

Pro zabranéni vyparu se desticka se vzorky ptikryje folii. Pfipravenou desticku umistime
do Lightcycleru Roche (tab.8). Pocet cykli a teplota se miize ménit v zavislosti na optimalizaci
protokolu pro jednotlivé geny.

Tabulka 8. Pichled cyklii pfi gPCR.

preinkubacni denaturace 1x 10 min pii 95 °C
. 15 s pii 95 °C
amplifikace 45-50x 60 s pii 60/62 °C

Vysledky vyhodnocujeme pomoci AACT metody (P1).
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4.9.4 Markery pouzité pro analyzu genové exprese

4.9.4.1 Sox2
Sox2 (SRY (Sex Determinant Region Y) BOX2) byl vybran jako gen dileZity pro pluripotenci
bunék (Zhang a Cui, 2014; Tompkins a kol., 2011).

4.9.4.2 Sox9
Sox9 (SRY (Sex Determinant Region Y) BOX9) je gen podilejici se na embryonalnim vyvoji
skeletu, plic a na udrzovani homeostdzy tkani (Yan a kol., 2020; URL 13).

4.9.4.3 Interleukin 1-a

Interleukin-1 alfa (IL1-a) je gen kodujici prozanétlivy cytokin (endogenni pyrogen) z rodiny
interleukint 1. V piipad¢ zanétu jej produkuji aktivované makrofagy a iniciuje se uvolinovani
interleukinu 2 (IL2), ktery spousti proliferaci T-lymfocytl, spousti dozravani a proliferaci B-
lymfocytl a aktivaci fibroblastového ristového faktoru (URL 14).

4.9.4.4 Interleukin 1-B

IL1-B (Interleukin-1 beta) je gen kodujici prozanétlivy cytokin (endogenni pyrogen) z rodiny
interleukinti 1. Hraje dilezitou roli v obrannych mechanismech proti infekci a je exprimovan
v prekurzorech zhoubnych nadort (He a kol., 2011).

4.9.4.5 Interleukin 6

Interleukin 6 (IL6) je gen kodujici prozanétlivy cytokin z rodiny interleukind 6. Ovliviiuje
imunitni odpovéd’ ¢i hematopoézu. Jeho deregulace je spojovana s chronickymi zanéty
a nadory hematopoetickych a lymfoidnich tkani (Hirano a Kishimoto, 1990).

4.9.4.6 NFkB1

NFkB1 (Nuclear Factor Kappa B Subunit 1) je gen kodujici vyznamny transkripéni faktor, ktery
je vpfipadé¢ zanétu aktivovan a ovliviluje expresi nékterych prozanétlivych cytokint
a chemokini. Protein NFkB1se bézn¢ vyskytuje v cytoplasmé v neaktivni formée a pii aktivaci
se presouva do jadra, kde reguluje transkripci nékterych genii (Hunter a de Plaen, 2014).

4.10 Statistické vyhodnoceni provedenych analyz

Provedené analyzy byly statisticky zpracovany, jejich statisticka vyznamnost byla ovéfovana
pomoci neparového Studentova t-testu. Sloupce v grafech zndzoriiuji primérnou hodnotu
jedinct, variabilita mezi jedinci je vizualizovana pomoci smérodatné odchylky.

Pti statistickém vyhodnoceni kvantifikace pozitivnich bun¢k a histopatologickych zmén byla
pouzita data vSech péti jedinct (vj. Ki67), pfi statistickém vyhodnoceni analyz genové exprese
byl kvili vysoké wvariabilit¢ ¢i technickym odchylkdam vylouc¢en jedinec s nejvetsi
odchylkou (P1).
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5 VYSLEDKY

Inhala¢ni experiment probihal po dobu 11 tydnt. Kontrolni skupina mysi inhalovala po celou dobu
vzduch bez generovanych NPs. Pb(NO3)NPs skupina naopak inhalovala po celou dobu vzduch
s obsahem generovanych NPs. Posledni experimentélni skupinou byla Pb(NO3),NPs/CL skupina,
ktera po dobu Sesti tydnii inhalovala vzduch s obsahem generovanych nanocastic a nasledné pét
tydnii vzduch bez generovanych nanocastic.

Cilovymi organy pro tento experiment byly plice, centrum vymény plynt, a jatra, centrum
detoxikace.

Po analyze hmotnosti cilovych organt (kap. 5.1) a po jejich dal$im histologickémzpracovani byla
primarn¢ provedena analyza histopatologickych zmén obou cilovych organi (kap. 5.2).
Pro podrobnéjsi zkoumani byla vybrana dvé hlavni témata: reparace cilovych organii (kap. 5.3)
a imunitni odpovéd’ cilovych organt (kap. 5.4).

Reparacni aktivita cilovych organti byla zkoumana na zdklad€ hodnoceni tii faktort: pfitomnost
fibrozy, proliferacni aktivita a exprese progenitorovych bunék.

Pro analyzu imunitni odpovédi byly zvoleny markery nckterych imunitnich bunék, dale pak
prozanétlivé cytokiny a s nimi uzce souvisejici transkripéni faktor NFkB1.

V ptedchozich experimentech byly predmétem vyzkumu nanocéstice oxidu olovnatého, tedy
nerozpustné nanocastice olova (Dumkova a kol.,, 2016; Dumkova a kol., 2020a). Obdobny
experimentalni design (skupina s jedenactitydenni inhalaci generovanych nanocastic a skupina
s eliminaénim obdobim, obdobna Pb(NO3)NPs/CL skupin¢) nam tak umoznil porovnat rozdily
v odpovédi tkani na expozici rozpustnymi a nerozpustnymi nanoc¢asticemi olova.
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5.1 Zména hmotnosti cilovych organi po inhalaci Pb(NO3):NPs

Cilové organy byly zvédzeny ihned po odebrani, jejich hmotnost byla porovndna s celkovou
télesnou hmotnosti jedincii (P2).

Podil hmotnosti plic na celkové télesné hmotnosti (obr. 16) jedinc z Pb(NO3)>NPs skupiny byl

byl zjistén po aplikaci Pb(NO3)2NPs, nejvyssi ve skupiné kontrolni. U Pb(NO3),NPs/CL skupiny
byl podil hmotnosti plic na télesné hmotnosti oproti Pb(NO3)NPs skupiné¢ mirn¢, statisticky
nesignifikantné (p > 0,05), vyssi.
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Obriazek 16. Podil hmotnosti plic na celkové hmotnosti jedincti (P2). Nejvyssi primérny podil plic na télesné
hmotnosti byl zaznamendn u kontrolni skupiny, kde byla oviem také nejvyssi variabilita. Podily hmotnosti plic
na télesné hmotnosti jedinct z exponovanych skupin byly ve srovnani s kontrolni skupinou nizsi (p > 0,05).

V druhém cilovém orgéanu, v jatrech, byl rozdil podilu hmotnosti jater na télesné hmotnosti
(obr. 7) mezi Pb(NO3)2NPs a Pb(NO3)NPs/CL skupinou signifikantni (* p <0,05). Nejvyssi podil

v Pb(NO3):NPs/CL  skupin€. Jiné statisticky vyznamné rozdily mezi jednotlivymi

experimentalnimi skupinami zaznamenany nebyly. Nejvyssi variabilita hmotnosti jater byla, stejné
jako v ptipade¢ plic, detekovéana v kontrolni skupin¢.
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Obrazek 17. Podil hmotnosti jater na celkové hmotnosti jedinci. Nejvy

vwr .

SS1 vari

bilita byla detekovana

v kontrolni skuping, stejné€ jako v plicich. Rozdil podilu hmotnosti jater na té€lesné hmotnosti mezi Pb(NO3)NPs
a Pb(NO3)>NPs/CL byl statisticky vyznamny (* p <0,05). Jiné rozdily mezi jednotlivymi experimentalnimi

skupinami nebyly statisticky vyznamné (p > 0,05).

40



5.2 Histopatologické zmény po inhalaci Pb(NO3):NPs v cilovych
organech

Nejprve byla provedena histopatologické analyza (P2) na vzorcich obarvenych Hematoxylinem-
eosinem.

5.2.1 Zmény intenzity a rozsahu histopatologickych zmén v plicich

Plice kontrolnich jedincii (obr. 18A,B) mély volné€ prichozi bronchioly bez zahlenéni a krve,
s neposkozenym epitelem. Septa plicnich sklipkii byla bez ztlusténi ¢i morfologickych zmén
(zvétSeni, zmenSeni). Cévy byly volné prichozi, bez znamek poskozeni.

Ve vzorcich plic jedinci z exponovanych skupin byly oproti vzorkiim z kontrolni skupiny
nalezeny signifikantni histopatologické zmény (obr. 18):

o Atelektdza (obr. 18D,J), tj. nevzduSnost plice ¢i jeji ¢asti vedouci ke snizeni objemu plic,
muze mit maly, ale 1 fatalni rozsah, ktery mize vést ke kolapsu celé plice. Atelektaza se
projevuje zvySenou dusnosti a kaslem, ojedinéle mize byt i bezptiznakova (Kritek, 2006).

e Hemoragie (krvaceni) (obr. 18F) vznikd pftipoSkozeni plicniho parenchymu nebo
endotelovych bun¢k, nékdy se vyskytuje u zanéta. Malé hemoragie se mohou objevit se
selhavanim srdce, jenz se projevuje vyskytem siderofagii (makrofagli obsahujici cervené
krvinky a hemosiderin) (URL 15).

e Hemostaza (obr. 180) je proces, pii némz dochazi k hromadéni krve v cévach ¢i alveolech
(Gentry a kol., 2008).

o Infiltraty imunitnich bunék byly nalezeny okolo bronchil a bronchiolti (obr.180) a také
okolo cév (obr. 18I). Protoze se jednd o chronicky zéanét, ptevazujici slozkou jsou
leukocyty (URL 17).

e Ztlusténi alveolarnich sept (obr. 18F,J).

e Bronchiolitida (obr. 18E,K) se projevuje zanétem praduSinek a poskozenim jejich
epitelové vrstvy. Okolo priiddusek a pridusinek se tvoti zanétlivy peribronchiolarni infiltrat
imunitnich bun¢k a uvnitt vzniké hlen (Smyth a Brearey, 2006).

e Alveolarni emfyzém (obr. 18G,M) je abnormalni zvétSeni vzdusného prostoru v plicich ve
spojitosti s porusenim jeho stén. Plice ztrati svoji elasticitu a samotny proces dychani je
se nazyva chronicka obstrukéni plicni nemoc (COPD) (Agusti a Cosio, 2006; URL 16).

e V peribronchioldrnich infiltratech jsou také ojedinéle loziska hemosiderinu (obr.
18H,L,N). Jedna se o slouceniny Zeleza, proteini a lipidi. Objevuji se v ptipad¢ nadmérné
exprese Zeleza a jejich pritomnost miize doprovazet fibroza a dalsi poskozeni tkani (Iancu,
1992; URL 21).

Pocet histopatologickych zmén byl po inhalaci Pb(NO3)2NPs v porovnani s kontrolni skupinou
signifikantn¢é vyssi (*** p <0,001), a to v obou exponovanych skupindch. V Pb(NO3),NPs/CL
skuping byl pocet nalezenych patologickych zmén 1 ptes pétitydenni eliminacni obdobi vyssi nez
v Pb(NO3)2NPs skuping, avsak rozdil nebyl statisticky vyznamny (p > 0,05).
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Obrazek 18. Analyza histopatologickych zmén v plicich. A, B — Plice kontrolnich jedincti bez signifikantnich
histopatologickych zmén. Plicni sklipky (ap) jsou flexibilni, jejich stavba neni nijak poruSena. Plice jsou
vyzivovany hustou siti cév (v). Pradusky a pradusinky (b) jsou vzdusné, bez zahlenéni ¢i krve. C — Kvantifikace
histopatologickych zmén v plicich (P2). Rozdil mezi kontrolni a exponovanymi skupinami byl statisticky
signifikantni (*** p < 0,001). D, J — Atelektaza, ztlusténi septa plicnich sklipkii (ap). E, K — V priidusince (b)
se nachdzi erytrocyty (e) a hlen. V kombinaci se zdnétlivymi infiltraty se jedna o bronchiolitidu. F — Hemoragie
(H, G, N — detaily ve vyfezech, métitko —10 um). G, M — Alveolarni emfyzém. H, L, N — Peribronchiolarni
infiltrat imunitnich bunék (ilpb). I — Perivaskularni infiltrat leukocytt (ilpv). O — Hemostaza je rozeznatelna
jako cervené vyplnéna céva. VSechny histologické fezy byly obarveny pomoci Hematoxylinu-eosinu (HE).
Jadra jsou zbarvena fialove, cytoplasma riizove, erytrocyty cervené. ap — plicni sklipek (alveolus pulmonis);
b — prudusinka (bronchiolus); da — alveolarni chodbicka (ductus alveolaris); e — Cervena krvinka (erythrocytus);
ilpb — peribronchiolarni infiltrat leukocyt; ilvp — perivaskularni infiltrat leukocytl; v — céva (vas).
Meéfitko — 100 um, métitko vytezi — 10 pm.

5.2.2 Zmény intenzity a rozsahu histopatologickych zmén v jatrech

V jatrech kontrolnich jedincii (obr. 19A,B) byly nalezeny pouze minimalni histopatologické
zmény. Celkova struktura jater byla pravidelna, hepatocyty byly bez poSkozeni (bez hypertrofie,
dystrofie, megakaryocytu aj.).

V jatrech byly po inhalaci Pb(NO3),NPs nalezeny tyto histopatologické zmény:

e Remodelace tramc¢itého epitelu (obr. 19D,J).

e Hepaticka hypertrofie (obr. 19E,K) je charakteristickd zvétSenymi hepatocyty. Vznika
sekudarné po expozici xenobiotikiim. Nejcastéji se nachédzi v centrdlni cCasti jater
(URL 18).

e Dystrofie (obr. 19G) hepatocytt je typicka ubytkem bunécné hmoty.

o Karyomegalie (obr. 191,L) se projevuje zvéSenymi jadry hepatocytli. Spolecné s bunécnym
jadrem se zvétSuje také objem cytoplasmy (URL 20).

o Steatdza (obr. 19H) je zptisobena ukladanim tuku (URL 19).

o Infiltraty imunitnich bun&k (obr. 19N) byly nalezeny v jaternim parenchymu, ale také
okolo cév a portobiliarniho prostoru. Protoze se jednd o chronicky zanét, pfevazujici
slozkou byly lymfocyty.

e Fokalni nekroza (obr. 19M), ozna¢ovana také jako bunécna smrt vétsi skupiny hepatocyta,
byla nalezena v obou exponovanych skupinach. Jeji zvySend pritomnost spolecné s jejim
nemalym rozsahem je disledkem z&vazného poskozeni (Krishna, 2017).

e Hemostaza (obr. 19F,M) je mechanismus, pii kterém dochazi k hromadéni krve v cévach
(Gentry a kol., 2008).

e Ojedinéle byla zaznamendana také piitomnost lozisek hemosiderinu (obr. 19M,0).

Rozsah nalezenych histopatologickych zmén (obr. 19C; P2) byl v obou exponovanych skupinach
oproti kontrolni skuping statisticky vyznamné vyssi (** p < 0,01; *** p <0,001). Na rozdil od plic
byl ale pocet nalezenych patologickych zmén v Pb(NO3).NPs/CL skupiné oproti Pb(NO3)>2NPs
mirng, statisticky nevyznamné, nizsi.
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Obrazek 19. Analyza histopatologickych zmén v jatrech. A — Jatra kontrolnich jedincii jsou témet
bez histopatologickych nalezii. Hepatocyty jsou okolo centralni zily (vc) ulozeny v pravidelnych tramcich.
B — Portalni tridda v jatrech kontrolnich jedinch. Portobilidrni prostor se skladd z interlobularni Zzily (vi),
interlobularni tepny (ai) a interlobularniho zlu¢ovodu (dbi). C — Kvantifikace histopatologickych zmén v jatrech
(P2). Mezi kontrolni a Pb(NO3)>,NPs skupinou a také kontrolni a Pb(NO3)>NPs/CL skupinou byl zaznamenan
statisticky vyznamny rozdil (** p<0,01; *** p<0,001). PoCet nalezenych patologickych zmén byl
v Pb(NO3)2NPs/CL skupin€ v porovnani s Pb(NO3)>NPs skupinou, na rozdil od vysledkl histopatologické
analyzy v plicich, niz§i. D, J — Jatra jedinct z exponovanych skupin. Oproti kontrolni skupiné nebyla struktura
jater pravidelna, hepatocyty nejsou uspotfadany v pravidelnych tramcich. Pocet nalezenych patologickych zmén
je statisticky vyznamné vyssi nez v kontrolni skupiné. E, K — Hepatickd hypertrofie. F — Hemostéaza.
V histologickém fezu pozname cévu, ve které probiha hemostaza jako Cervené vyplnénou cévu. G — Hepaticka
dystrofie. H — Steat6za jater v raném stadiu. Na fotografii (detaily ve vyfezu, métitko — 10 um) Ize pozorovat
drobné tukové kapénky. I, L — Karyomegalie, nalez zvétSenych jader hepatocytt (detaily ve vyiezech, métitko
— 10 pm). M - Fokalni nekréza. Na fotografii se fokalni nekréza (Sipka) nachazi mezi dvéma cévami (v).
Odumftelé bunky maji viditeln€ odliSnou rizovou barvu cytoplasmy a jinou strukturu, a nachazi se po okrajich
skupiny fialové obarvenych imunitnich bunék. Detail ve vyiezu (méfitko — 10 um) ukazuje hemosiderin. N —
Infiltrat leukocytnich bungk (il). M, O — Hemosiderin (ve vyfezech, métitko — 10 pm). Na snimcich je zbarven
svétle hnéd€. Vsechny histologické fezy na fotografiich byly obarveny pomoci Hematoxylinu-eosinu (HE).
Jadra jsou zbarvena fialovée, cytoplasma rGzove, Cervené krvinky Cervené. ai — interlobularni tepna (arteria
interlobularis); dbi — interlobularni Zlucovod (ductus bilifer interlobularis); e — Cervena krvinka (erythrocytus);
il — infiltrat leukocytd; il —infiltrat leukocytl; ve — centrdlni zila (vena centralis); vi— interlobularni Zzila
(vena interlobularis). Métitko — 100 pm, méfitko vyfezi— 10 pm.
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5.3 Reparacni procesy v cilovych tkani po inhalaci Pb(NQO3):NPs

Schopnost reparace cilovych organti po inhalaci Pb(NO3),NPs byla zkoumana ze tfi hledisek:
na zédkladé vyskytu kolagennich vlaken, proliferacni aktivity a pfitomnosti progenitorovych
bunck.

5.3.1 Fibrotické zmény v plicich a v jatrech po inhalaci Pb(NO3):NPs

Kolagenni vlakna jsou diky své pevnosti dilezitou soucasti tkani. ZvySeni jejich mnoZzstvi
¢1 expanze do jinych struktur je znakem reparac¢nich ¢i patologickych procest a nazyva se fibroza.
Fibroza je typicka pro neobnovitelné poskozeni tkani, kdy kolagenni vldkna nahradi jiné tkanové
struktury, coz vede k omezeni ¢i uplné ztraté funkce postizeného organu. Fibroza casto doprovazi
zanéty (infiltraty imunitnich bunék) (URL 22).

Pro vizualizaci kolagennich vlaken jsme vyuzili dvé metody specifického histologického barveni:
Sirius red a Massontv zeleny trichrom. Pficemz v plicich se kolagenni vlakna bézné vyskytovala
okolo cév, kde tvoii subendotelovou vrstvu, pridusek a praduSinek, ktera je soucasti podptrné
vrstvy pro epitel (obr. 20A, 21A). V exponovanych skupinach byla kolagenni vlakna detekovana
1 mimo tyto oblasti.

Ve vzorcich obarvenych pomoci Sirius red (SR) byla v Pb(NO3),NPs skupiné¢ detekovana
kolagenni vldkna 1 v alveolarnich oblastech a okoli peribronchiolarnich infiltrati (obr. 20B,E).
V Pb(NO3)2NPs/CL skupin€ zddné zmény pozorovany nebyly (obr. 20F). Lze tedy fici, Ze plicni
parenchym byl v Pb(NO3),NPs/CL skupin€ poskozen méné nez v Pb(NO3)>NPs skupiné.
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Obrazek 20. Analyza pfitomnosti kolagennich vldken v plicich (1). A, D — Kolagenni vlakna (Sipky) tvoii vrstvu
tidkého kolagenniho vaziva (lamina propria mucosae) prudusek a pruduSinek, v t€chto oblastech byla také
v kontrolni skupiné (ctr) nalezena. B, E — v Pb(NO3),NPs skupin¢ byla kolagenni vlakna (Sipky) detekovana
iv alveolarnich oblastech (detail ve vyfezu, méfitko — 10 pm) a v blizkosti peribronchionalnich infiltratd.
C, F -V Pb(NO3),NPs/CL skupin€ nebyly nalezeny zadné¢ zmény tykajici se vyskytu kolagennich vlaken.
Vsechny histologické fezy na fotografiich byly obarveny pomoci Sirius red (SR). Kolagenni vldkna jsou
cerveno-ruzova, jadra bunck jsou tmaveé modra a cytoplasma je svétle modra. ap — plicni sklipek (alveolus
pulmonis); b — pradusinka (bronchiolus); il — infiltrat leukocytl; v — céva (vas). Métitko — 100 um, méfitko
vytezu — 10 um.

Ve vzorcich obarvenych Massonovym zelenym trichromem (MGT), stejné¢ jako ve vzorcich
obarvenych pomoci barveni Sirius red (SR), byla kolagenni vldkna nalezena okolo cév
a bronchiolti (obr. 21A). Vlakna byla také detekovana v alveolarnich oblastech v Pb(NO3)2NPs
skuping (obr. 21E). Zmény byly v ptipadé tohoto barveni nalezeny 1 v Pb(NO3)>NPs/CL skupiné
(obr. 21F).
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Obrazek 21. Analyza kolagennich vldken v plicich (2). A, D — Kolagenni vlakna (Sipky) tvoii také
subendotelovou vrstvu cév (nachazi se mezi vrstvou endotelovych bunék a hladké svaloviny). V kontrolni
skupiné¢ byla kolagenni vldkna nalezena okolo prudusek, pradusinek a cév. B, C, E, F — V obou
exponovanych skupinach [Pb(NO3)NPs a Pb(NO3)>NPs/CL] byla kolagenni vlakna (Sipky) detekovana
v alveolarnich oblastech (detaily ve vytezech, métitko — 10 pm). VSechny histologické fezy na fotografiich byly
obarveny pomoci Massonova zeleného trichromu (MGT). Kolagenni vldkna jsou vizualizovana zelené, hladka
svalovina Cervené a jadra a cytoplasma bunék hnédé. ap — plicni sklipek (alveolus pulmonis); b — pradusinka
(bronchiolus); v — céva (vas). Métitko —100 pm, métitko vytezti — 10 pm.

V jatrech se kolagenni vldkna vyskytovala okolo cév a Zlu¢ovodu (obr. 22A, 23A). Ve vzorcich
exponovanych jedinct byla nalezena 1 mimo tyto zony, a to jak ve vzorcich obarvenych pomoci

barveni Sirius red, tak ve vzorcich barvenych Massonovym zelenym trichromem (obr. 22B,C,
23B,0).

Obrazek 22. Analyza kolagennich vlaken v jatrech (1). A — Kolagenni vldkna (Sipky) se v jatrech nachézi okolo
céva v portobilaarni oblasti. Portalni tridda je tvorena interlobuldrni zilou (vi), interlobularni tepnou (ai)
a interlobuldrnim Zlu¢ovodem (dbi). V kontrolni skupiné se kolagenni vlakna vyskytovala pravé v oblastech
portalnich triad a sinusoid (Sipky). B, C — V exponovanych skupinach byla kolagenni vldkna detekovana i mimo
tyto oblasti, inhalace Pb(NO3)>NPs tedy zpisobila nevratné poskozeni jaterniho parenchymu. Vsechny
histologické fezy na fotografiich byly obarveny pomoci Sirius red (SR). Kolagenni vlédkna jsou zbarvena
cerveno-rizove, jadra bunék tmaveé modfe a cytoplasma svétle modie. ve — centralni zila (vena centralis);
vi — interlobuléarni zila (vena interlobularis). Métitko — 100 pm.
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okolo cév (v), kde tvoii subendotelovou vrstvu (Sipka). B, C — V exponovanych skupiniach [Pb(NO3)>NPs
a Pb(NO3),NPs/CL] byla kolagenni vldkna (Sipky) pozorovana i mimo okoli cév a zluCovodu (detaily
ve vytezech, métitko — 10 um). VSechny histologické fezy na fotografiich byly obarveny Massonovym zelenym
trichromem (MGT). Kolagenni vldkna jsou zbarvena zelen¢, jadra a cytoplasma bun¢k hnéde. v — céva (vas).
Meéfitko — 100 um, méfitko vytezi — 10 um.

5.3.2 Zmény poctu proliferujicich bunék v obou cilovych organech
po inhalaci Pb(NO3):NPs

Pro analyzu prolifera¢ni aktivity bunék v plicich i1 v jatrech byl vybran marker Ki67. Pocet Ki67-
pozitivnich bunék byl v obou cilovych organech kvantifikovan (P2). V plicich byla analyza Ki67-
pozitivnich bun€k rozd€lena do dvou casti dle zkoumanych oblasti — na bronchiolarni a alveolarni.

Pocet Ki67-pozitivnich bunék byl nejprve kvantifikovan v bronchiolarnich oblastech v plicich
(obr. 24C; P2). Rozdily mezi jednotlivymi experimentalnimi skupinami nebyly signifikantni
(p > 0,05). Nejmén¢ Ki67-pozitivnich bunék bylo nalezeno v bronchiolarnich oblastech kontrolni
skupiny (obr. 22A,B). V Pb(NO3)>NPs skupin€ bylo oproti kontrolni skupiné¢ detekovano vice
Ki67-pozitivnich bunék (obr. 24D,E,F). Nejvice Ki67-pozitivnich buné¢k bylo nalezeno
v Pb(NO3)>NPs/CL skupiné, kde byla ale mezi jedinci vysoka variabilita (obr. 24G,H,I).
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Obrazek 24. Analyza Ki67-pozitivnich bun€¢k v bronchiolarnich oblastech plic. A, B — V bronchiolarnich
oblastech kontrolni skupiny nebyly nalezeny témeét zadné Ki67-pozitivni bunky (Sipky). C —Ki67-pozitivni
buiikky byly v bronchiolarnich oblastech v plicich kvantifikovany (P2). Rozdily mezi jednotlivymi
experimentalnimi skupinami nebyly statisticky vyznamné (p > 0,05). D, E, F — V Pb(NO3),NPs skupin¢ bylo
oproti kontrolni skupiné nalezeno vice Ki67-pozitivnich bunék (Sipky). G, H, I — Nejvice Ki67-pozitivnich
bunek (Sipky) v bronchiolarnich oblastech bylo detekovano v Pb(NO3)NPs/CL skupiné, mezi jedinci byla
ovSem zaznamenana velmi vysoka variabilita. Ki67-pozitivni bunky byly v fezech na vSech fotografiich
detekovany pomoci nepfimé trojstupiiové imunohistochemické metody s pouzitim markeru Ki67 hnéde.
Negativni jadra jsou obarvena hematoxylinem modre. ap — plicni sklipek (alveolus pulmonis); b — priiduSinka
(bronchiolus); v — céva (vas). Métitko — 100 pm.

Déle byly kvantifikovany Ki67-pozitivni buiiky v alveolarnich oblastech (obr. 25C; P2). Trend
vysledki kvantifikace byl podobny jako v oblastech bronchiolarnich. Rozdily mezi jednotlivymi
experimentalnimi skupinami nebyly signifikantni (p > 0,05). Nejméné Ki67-pozitivnich bunck
bylo detekovéano v kontrolni skupiné (obr. 25A,B). V Pb(NO3)NPs skupin¢ bylo oproti kontrolni
skupin¢ nalezeno vice Ki67-pozitivnich bun¢k, nicméné rozdil v poctech byl bez statistické
vyznamnosti (obr. 25D,E,F; p>0,05). Nejvice Ki67-pozitivnich bun¢k bylo detekovéano
v Pb(NO3):NPs/CL  skupiné (obr. 25G,H,I). V obou exponovanych skupinidch byla oproti
kontrolni skupin¢ detekovana relativné vysoka variabilita mezi jedinci.
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Obrazek 25. Analyza Ki67-pozitivnich bunék v alveolarnich oblastech plic. A, B — V alveolarnich oblastech
kontrolni skupiny byly Ki67-pozitivni predev§im pneumocyty II. typu (Sipky). C — Ki67-pozitivni buiiky byly
v alveolarnich oblastech v plicich kvantifikovany (P2). Rozdily mezi jednotlivymi experimentalnimi skupinami
nebyly statisticky signifikantni (p > 0,05). D, E, F — V Pb(NO3):NPs skupiné byl oproti kontrolni skupiné
detekovan vétsi pocet Ki67-pozitivnich bun€k (Sipky), rozdil byl ovSem bez statistické vyznamnosti.
G, H, I — Nejvice Ki67-pozitivnich bun¢k (Sipky) bylo nalezeno v Pb(NO3),NPs/CL skupiné. Ki67-pozitivni
buiky byly v fezech na vSech fotografiich detekovany pomoci nepfimé trojstupniové imunohistochemické
metody s pouzitim markeru Ki67 hnéd€. Negativni jadra jsou obarvena hematoxylinem modie. ap — plicni
sklipek (alveolus pulmonis); da — sklipkova chodbicka (ductus alveolaris). Métitko — 100 pm.

Pro detekci proliferacni aktivity v jatrech byl pouzit také marker Ki67, pozitivni buiiky byly ovSem
detekovany jednak pomoci nepiimé trojstupiiové imunohistochemické metody, ale také pomoci
nepiimé imunofluorescencni metody. Ki67-pozitivni v jatrech byly hepatocyty, Kupfferovy bunky
1 buiiky okolo cév a zlu¢ovodu.

Ki67-pozitivni bunky byly kvantifikovany s vyuzitim imunohistochemické detekce (obr. 26C;
P2). Nejméné bunék bylo detekovano v kontrolni skupiné (obr. 26A,B,D,E,F). V Pb(NO3)NPs
skupiné (obr. 26G,H,I,J,K,L) bylo oproti kontrolni skupiné¢ bun€k vice. Nejvyssi pocet Ki67-
pozitivnich bun€k byl nalezen v Pb(NO3)NPs/CL skupin¢ (obr. 26M,N,O,P,Q,R), jejich pocet byl
ovSem mezi jedinci opét vysoce variabilni. Rozdily v poctech Ki67-pozitivnich bunék mezi
jednotlivymi experimentalnimi skupinami nebyly statisticky vyznamné (p > 0,05).
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Obrazek 26. Analyza Ki67-pozitivnich bun¢k v jatrech. A, B, D, E, F — V jatrech kontrolnich jedinct bylo
nalezeno nejméné Ki67-pozitivnich bun¢k (Sipky). Ki67-pozitivni buiiky byly hepatocyty, Kupfferovy butiky,
buniky okolo cév a zluovodil. C — Ki67-pozitivni buiiky byly kvantifikovany (P2). Rozdily mezi jednotlivymi
experimentalnimi skupinami nebyly statisticky signifikantni (p > 0,05). G, H, I, J, K, L. — Ve vzorcich jater
Pb(NO3):NPs bylo nalezeno vice Ki67-pozitivnich bun¢k (Sipky) nez ve skupiné kontrolni, rozdil nebyl
signifikantni (p > 0,05). Ki67-pozitivni buiiky byly nalezeny také v infiltatrech leukocytu (il). M, N, O, P, Q, R
—V Pb(NO3):NPs/CL skupiné bylo nalezeno nejvice Ki67-pozitivnich bun¢k (Sipky). Mezi jedinci v této skupiné
byla zaznamendna pomérn¢ vysoka variabilita. A, B, G, H, I, M, N, O — Ki67-pozitivni buiky byly
na histologickych fezech detekovany pomoci nepiimé trojstupiiové imunohistochemické metody s pouZzitim
markeru Ki67(DAB, hnéd¢). Negativni jadra jsou obarvena hematoxylinem (modie). D, E, F, J, K, L, P, Q aR
— Ki67-pozitivni buiiky na histologickych fezech detekovany pomoci nepiimé imunofluorescenéni metody
s vizualizaci markeru Ki67 pomoci Alexa555 (Cerven¢). Negativni jadra jsou zbarvena pomoci DAPI (modre).
il — infiltrat leukocytii; v — céva (vas). Métitko — 100 pum.

5.3.3 Zmény poctu progenitorovych bunék po inhalaci Pb(NO3)NPs

Ulohou progenitorovych bunék je nahrazovat odumielé a poskozené buiiky, a tim udrZovat
homeostazu tkdni. Progenitorové buiniky v plicich jsou pneumocyty II. typu a nékteré burniky tvotici
epitel pridusek a pradusinek (obr. 27).

V alveolarnich oblastech byl pro detekci kmenovych/progenitorovych buné¢k vybran marker
Nanog (Barkauskas a kol., 2013) a pro jejich detetekci v bronchiolarnich oblastech byly vybrany
dva markery (SOX2 a SOX9).

O Telol A1l e. oe|®
&
\ progenitorové buriky v plicich

dospélych jedinci

pneumocyty Il. typu

Obrazek 27. Schéma vyskytu detekovanych markerti v progenitorovych buiikach plic.

5.3.3.1 SOX2-pozitivni buiiky v alveolarnich oblastech po inhalaci Pb(NO3):NPs

Exprese SOX2 na proteinové urovni byla patrna v bronchiolarnich oblastech u kontrolnich zvitat
(obr. 28A,B). Po inhalaci Pb(NO3):NPs byly SOX2-pozitivni buiiky nalezeny i v oblastech
alveolarnich (obr. 28E,F,H.I).

Analyzy mRNA tarovné (obr. 28C) prokazaly nejvyssi expresi transkripéniho faktoru Sox2
v kontrolni skupiné€, ovSem s vysokou variabilitou mezi jedinci. V Pb(NO3)>NPs oproti kontrolni

53



skuping byla exprese Sox2 nizsi, v Pb(NO3),NPs/CL byla detekovana exprese ze vSech skupin
nejnizsi. Rozdily mezi jednotlivymi experimentalnimi skupinami nebyly statisticky vyznamné
(p > 0,05).

8

g

g

relativni exprese mRNA
g

Obrazek 28. Analyza exprese proteinu SOX2 a genu Sox2 v plicich. A, B — SOX2-pozitivni butiky byly
v kontrolni skupin€¢ detekovany pouze v bronchiolarnim epitelu, kde je jejich exprese fyziologicka.
Ve sklipkovém stromatu zadné pozitivni builkky pozorovany nebyly. Dle vysledkl analyzy genové exprese
(pro gen Sox2) byla exprese Sox2 v kontrolni skuping oproti exponovanym skupindm nejvyssi, ale hodnoty jsou
u jednotlivych jedincli vysoce variabilni. C — Relativni exprese genu Sox2 v plicich. Vysledky analyzy genové
exprese ukazuji statisticky nevyznamny pokles Pb(NO3)>NPs skupiny vici kontrolni skupin€. Exprese genu
Sox2 byla v Pb(NO3)>NPs/CL skupin¢ oproti ostatnim skupindm nejniz§i. Rozdily v expresi genu Sox2 mezi
experimentalnimi skupinami nebyly statisticky vyznamné (p > 0,05). D, E, F — V Pb(NO3),NPs skupiné byly
SOX2-pozitivni bunky (Sipky), stejn€ jako v kontrolni skuping, detekovany v bronchiolarnim epitelu, ale také
v alveolarnich oblastech. G, H, I — V Pb(NO3)NPs/CL skupin¢ byly SOX2-pozitivni buiiky (Sipky) nalezeny,
stejné€ jako v Pb(NO3)>2NPs skuping, v bronchidlnim i alveolarnim stromé. SOX2-pozitivni bunky byly v fezech
detekovany pomoci nepiimé trojstupiiové imunohistochemické metody s pouzitim markeru SOX2 (DAB,
hnéd¢€). Negativni jadra jsou obarvena hematoxylinem (modte). ap — plicni sklipek (alveolus pulmonis); b —
pradusinka (bronchiolus); da — sklipkova chodbic¢ka (ductus alveolaris); ilpb — peribronchiolarni infiltrat

M7

leukocytl; v — céva (vas). Méritko — 100 pum

5.3.3.2 Statisticky vyznamné nizZsi genova exprese Sox9 v plicich po inhalaci Pb(NO3):NPs
Dal$im markerem, vybranym pro analyzu progenitorovych buné¢k v plicich, byl gen Sox9.
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Analyza genové exprese Sox9 na mRNA tUrovni (obr. 29) ukazala signifikantni rozdil mezi
kontrolni skupinou, kde byla relativni exprese Sox9 nejvyssi, a Pb(NO3),NPs, kde byla exprese
jedinct jednotlivych experimentalnich skupin byla vysoce variabilni, nejvyssi variabilita byla
zaznamenana v Pb(NO3)>2NPs/CL skupiné.

Protokol na imunohistochemickou detekci proteinu SOX9 se i po fadé¢ pokusti nepodatilo
optimalizovat, nebylo tedy mozné porovnat vysledky exprese na genové a proteinové urovni.
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vyznamny (* p<0,05). V jednotlivych experimentalnich skupinach byla mezi jedinci zaznamenana vysoka
variabilita.

5.3.3.3 ZvySeni vyskytu Nanog-pozitivnich bunék po inhalaci Pb(NO3):NPs v alveolarnich
oblastech

Pocet Nanog-pozitivnich bun€k byl kvantifikovan v alveolarnich oblastech (obr. 30C; P2). Pocet

Nanog-pozitivnich bunék v téchto oblastech se v obou exponovanych skupindch oproti kontrolni

skupin¢ (obr. 30A,B) signifikantn¢ zvysil (*** p <0,001). Nejvice pozitivnich buné¢k bylo

detekovano v Pb(NO3),NPs/CL skupiné (obr. 30G,H,I).
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Obrazek 30. Analyza Nanog-pozitivnich bunék v alveolarnich oblastech plic. A, B — V plicich kontrolnich
jedinct je prirozend homeostaza plicni tkan€ a dochazi k jeji postupné obnové. Vybrané Nanog-pozitivni buniky
jsou oznaceny Sipkami. C — Nanog-pozitivni buiiky byly rovnéz kvantifikovany na fezech (P2). Rozdily mezi
jednotlivymi experimentalnimi skupinami byly statisticky vyznamné (*** p<0,001). Nejméné¢ Nanog-
pozitivnich bunék bylo nalezeno v kontrolni skuping, nejvice v Pb(NO3)>NPs/CL skupiné. D,E, F —
V Pb(NO3):NPs skupiné byl pocet Nanog-pozitivnich bunék (Sipky) oproti kontrolni skupiné signifikantné
vyssi. G, H, I — Nejveétsi pocet Nanog-pozitivnich bun€k (Sipky) byl zaznamenan v Pb(NO3)NPs/CL skuping.
Nanog-pozitivni bunky byly v fezech na vSech fotografiich detekovany pomoci nepiimé trojstupiiové
imunohistochemické metody s pouzitim markeru Nanog (DAB, hnéd€). Negativni jadra jsou obarvena
hematoxylinem (modie). ap — plicni sklipek (alveolus pulmonis); b — prudusinka (bronchiolus); da — sklipkova
chodbicka (ductus alveolaris); v — céva (vas). Métitko — 100 um.

5.3.3.4 Vysoka variabilita genové exprese Sox9 v jatrech

Progenitorové buiiky v jatrech byly vizualizovany pomoci nepiimé imunofluorescencni metody
a markeru SOX9 na proteinové urovni. Byla provedena také analyza genové exprese Sox9
na mRNA uarovni.

SOX9-pozitivni buiky byly nalezeny okolo cév a portobilidarniho prostoru (obr. 31). Zadné
signifikantni rozdily mezi jednotlivymi skupinami nalezeny nebyly, mnozstvi SOX9-pozitivnich
bunék bylo podminéno spise velikosti dané cévy ¢i portobilidrniho prostoru v analyzovaném fezu.

Dle analyzy genové exprese (obr. 31C) byla exprese genu na mRNA urovni Sox9 nejvyssi
v kontrolni skuping, v Pb(NO3),NPs skupin¢ byla genova exprese nizsi a nejnizsi genova exprese
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byla zaznamenéana u Pb(NO3),NPs/CL skupiny. Exprese Sox9 byla u kontrolni a Pb(NO3)2NPs
skupiny 1 po vylouceni jedince s nejvetsi odchylkou od priiméru velmi variabilni. Rozdily mezi
jednotlivymi experimentalnimi skupinami nebyly signifikantni (p > 0,05).
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Obrazek 31. Analyza exprese proteinu SOX9 a genu Sox9 v jatrech. A, B —V jatrech kontrolnich jedincii byly
SOX9-pozitivni buniky (Sipky) nalezeny okolo cév a zlu€ovodi. C — Relativni exprese genu Sox9v jatrech.
na mRNA trovni byla zméfena v Pb(NO3)>NPs/CL skupiné, nejvyssi v kontrolni. Rozdily mezi jednotlivymi
experimentalnimi skupinami nejsou statisticky vyznamné (p > 0,05). D, E, F — Exprese SOX9-pozitivnich bunék
(Sipky) v jatrech jedinct z Pb(NO3)>NPs skupiny se oproti jedincim kontrolni skupiny nezménila. Buiiky byly
detekovany v oblastech cév a zlu¢ovodil a jejich mnozstvi bylo podminéno velikosti dané cévy ¢i zlucovodu. G,
H, I — Stejné jako v kontrolni a Pb(NO3)>NPs skupiné byly i v Pb(NO3)>NPs/CL skupiné detekovany SOX9-
pozitivni buniky (Sipky) okolo cév a zluCovodi. Jejich mnozstvi se oproti ostatnim skupindm neliSilo. SOX9-
pozitivni buiiky byly detekovany pomoci nepfimé imunofluorescen¢ni metody s pouzitim markeru SOX9 a jsou
vizualizovany Alexa555 (Cervené€). Jadra negativnich bun€k jsou zbarvena pomoci DAPI (modie). vi —
interlobulami zila (vena interlobularis); vs — sinusoida (vas capillare). Métitko — 100 pm.
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5.4 Imunitni odpovéd’ v plicich a jatrech po inhalaci Pb(NO3):NPs

5.4.1 Imunitni odpovéd’ plic po inhalaci Pb(NQO3):NPs

Pro analyzu imunitni odpovédi plic po inhalaci Pb(NO3):NPs bylo vybrano nékolik spolu
souvisejicich markert (obr. 32). Byla provedena analyza neutrofilnich granulocytii, plicnich
makrofagli a mastocytli, a poté analyza genové exprese nckterych prozanétlivych cytokint
a jednoho prozanétlivého transkripéniho faktoru (Allen a kol., 2015; Navegantes a kol., 2017;
Monticelli a Leoni, 2017).

plicni makrofag | CDE8+ |
fagocytéza fagocytéza
neutrofilni granulocyt | MPO+ I

4_______._-—-—V

vylouéeni
cytokinl/chemokind/aj.

zanétliva/alergicka reakce

mastocyt | TB+

vylouéenf histaminu |
a heparinu

prozanétlivé cytokiny

|L1-Cl, IL1-B' IL6 \

transkripéni faktor
NFkB1
(indukce prozanétlivych genti)

Obrazek 32. Schéma nami selektovanych imunitnich markert v plicich a jejich vzajemnych souvislosti.
Transkripéni faktor NFkB1 je v piipad¢ zanétu aktivovan a reguluje expresi n¢kterych prozanétlivych cytokint
(Hunter a de Plaen, 2014). Prozanétlivé cytokiny jsou ptimo vyluCovany napi. makrofagy (Arango Duque
a Descoteaux, 2014). Zirné buiiky, &ili mastocyty, dokazi pomoci vylou¢enych chemickych latek zptsobit
chemotaxi neutrofilnich granulocytti a makrofagt (Halova a kol., 2012; Springer a kol., 2017), zarovei ale také
vylu€uji nékteré prozanétlivé cytokiny (URL 27). Pfitomnost neutrofilnich granulocyti je také specificky
regulovana a plicni makrofagy ji ovliviiuji pomoci chemokintl aj. Neutrofily vznikaji v kostni dfeni, nasledné se
presouvaji do krevniho ob&hu a v ptipadé zanétu ¢i jinych podnéti se presunou do tkani, kde mohou fagocytovat
bunéény debris (Balko a kol., 2017).

5.4.1.1 MPO-pozitivni buiiky jsou po inhalaci nanocastic detekovany také mimo plicni cévy
Neutrofilni granulocyt, buiika pravidelného kulatého tvaru, je nejpocetné;jsi leukocyt v krvi (tvoii
60—70 % vsech bilych krvinek). Neutrofily vznikaji v kostni dfeni, ndsledné se piesouvaji do krve,
kde pteziji zhruba jeden den, v pfipadé zanétu ¢i infekce se piesunou do tkani, kde setrvaji jeden
az dva dny. Podobn¢ jako makrofagy maji schopnost fagocytozy. Diky své schopnosti fagocytovat
bakterie byvaji také nazyvany mikrofagy (Balko a kol., 2017).
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Neutrofilni granulocyty byly detekovdny pomoci nepiimé trojstupiiové imunohistochemické
metody s vyuzitim ABC komplexu, pomoci markeru MPO (myeloperoxidaza), coZ je enzym ze
skupiny peroxidaz, ktery je wuloZen v azurofilnich granulech neutrofili a je uvolhovan
do mezibunécného prostoru pii degranulaci.

Neutrofilni granulocyty se v plicich kontrolnich zvifat vyskytovaly zejména v luminu cév
(obr. 33A). Po inhalaci Pb(NO3),NPs byly MPO-pozitivni buiiky nalezeny také v alveolarnich
oblastech (obr. 33B,C).

Pb(NOs)zNPs . Pb(NOJ:NPs/CL _

Obriazek 33. Analyza MPO-pozitivnich bunék v plicich. A — MPO-pozitivni buiiky (Sipka, detail ve vyiezu,
métitko — 10 pm) se bézn€ vyskytuji v cévach (Sipka). B, C — V experimentalnich skupinach byly MPO-pozitivni
bunky (Sipky) detekovany také v alveolarnich oblastech. MPO-pozitivni bunky byly v fezech detekovany pomoci
nepiimé trojstupiiové imunohistochemické metody s pouzitim markeru MPO (DAB, hnéd¢€). Jadra negativnich
bunék jsou obarvena hematoxylinem (modie). v — céva (vas); ap — plicni sklipek (alveolus pulmonis).
Meéfitko — 100 um, métitko vyfezu — 10 pm.

5.4.1.2 ZvySeny pocet mastocyti v plicich po expozici Pb(NO3):NPs

Mastocyty (obr. 34A— detail ve vyfezu) neboli Zirné bunky se nachdzi zejména v pojivoveé tkani.
Na povrchu maji receptory s afinitou k imunoglobulinu E (IgE). Po pfipojeni IgE s navdzanym
antigenem k receptoru dojde k degranulaci — spusti se alergické ¢i zanétliva reakce (Siraganian,
1998; Balko a kol., 2017).

Pro vizualizaci zirnych bun€k bylo pouzito specifické histologické barveni Toluidinovou modii
(TB).

TB-pozitivni buiiky byly detekovany predev§im v alveoldrnich oblastech, kde jsme je
kvantifikovali (P2). Pocet TB-pozitivnich bunék se v Pb(NO3)>NPs skupiné (obr. 34D,E,F) oproti
kontrolni skupiné (obr. 34A,B) statisticky nevyznamné zvysil (p > 0,05). Pétitydenni elimina¢ni
obdobi vedlo k dal$imu statisticky nevyznamnému (p > 0,05) zvySeni poc¢tu TB-pozitivnich bun¢k
(obr. 34G,H,I), ovSem jejich pocet byl velmi variabilni (obr. 31C).
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Obrazek 34. Analyza mastocytti v plicich. A, B — Pocet TB-pozitivnich buné€k (Sipka, detail ve vyiezu, méetitko
— 10 pm) byl v kontrolni skupiné oproti exponovanym skupinam nejniz§i. C — Kvantifikace poctu TB-
pozitivnich bun¢k (P2). Rozdily v poctu TB-pozitivnich bun¢k mezi jednotlivymi skupinami nebyly statisticky
signifikantni (p > 0,05). Nejvice TB-pozitivnich bun&k bylo nalezeno v Pb(NO3)NPs skuping, nejméné
ve skupiné kontrolni. D, E, F — V Pb(NO3):NPs skupin¢ byl pocet TB-pozitivnich bun¢k (Sipky) oproti kontrolni
skuping statisticky nevyznamné vyssi. G, H, I — Nejvétsi pocet TB-pozitivnich bunek (Sipky) byl detekovan v
Pb(NO3)>NPs/CL skuping, jejich pocet byl ale mezi jedinci vysoce variabilni. TB-pozitivni bunky byly
detekovany pomoci specifického histologického barveni Toluidinovou modii (tmavé modie az fialove).
Negativni jadra jsou obarvena také pomoci roztoku Toluidinové modfi (svétle modre) (P3). ap — plicni sklipek
(alveolus pulmonis); v — céva (vas). Métitko — 100 pm, méfitko vyrezu — 10 pm.

5.4.1.3 Signifikantné sniZzené mnoZzstvi CDG68-pozitivnich bunék v plicich po inhalaci
Pb(NO3):NPs

Makrofag (obr. 35A — vyiez) je bunika imunitniho systému, vznikajici diferenciaci krevnich

poskozenych a odumfelych bunék a cizorodych castic aj. Makrofagy se vyskytuji v mnoha

riznych tkanich, mj. v jatrech, kde se oznacuji jako Kupfferovy bunky (Balko a kol., 2017).

Makrofagy byly detekovany v plicich 1 v jatrech pomoci nepfimé trojstupiové IHC metody
s vyuzitim ABC komplexu, pomoci markeru CD68 (Cluster of Differentiation 68).

CD68-pozitivni buiiky byly kvantifikovany ve vSech experimentalnich skupinéach (obr. 35C; P2).
Pocet CD68-pozitivnich bunék se napti¢ vSemi skupinami signifikantn€ ménil. V plicich bylo
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nejvice CD68-pozitivnich bunék nalezeno v kontrolni skupiné (obr. 35A,B), v Pb(NO3)NPs
skupiné byl pocet CD68-pozitivnich bunck oproti kontrolni skupiné statisticky vyznamné nizsi
(obr. 35D,E,F) (** p <0,01). V experimentalni skupiné s elimina¢nim obdobim se pocet CD68-
pozitivnich lehce zvysil (obr. 35G,H,I). Rozdil mezi touto a kontrolni skupinou byl statisticky
signifikantni (* p < 0,05).
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Obrazek 35. Analyza CD68-pozitivnich bun¢k v plicich. A, B — V plicich kontrolni skupiny bylo nalezeno
nejvice CD68-pozitivnich bunék (Sipky, detail ve vytezu, metitko — 10 um). C —Kvantifikace CD68-pozitivnich
bun¢k v plicich (P2). Rozdily mezi jednotlivymi experimentdlnimi skupinami byly statisticky vyznamné
(*p<0,05; **p<0,01). D, E, F—V Pb(NO3)2NPs skupiné bylo detekovano nejmén¢ CD68-pozitivnich bunek
(Sipky). G, H, I — V Pb(NO3),NPs/CL byl pocet CD68-pozitivnich bunek (Sipky) oproti Pb(NO3)>NPs skupiné
vyssi, ov§em bez statistické vyznamnosti. CD68-pozitivni butiky byly detekovany pomoci nepiimé trojstupniové
histologické metody s pouzitim markeru CD68 (DAB, hnéd¢). Jadra negativnich buné€k jsou pomoci
hematoxylinu obarvena modie. ap — plicni sklipek (alveolus pulmonis); v — céva (vas). Méfitko — 100 pm,
méfitko vytezu — 10 um.

vwr

5.4.1.4 Nizsi exprese vybranych prozanétlivych cytokini po inhalaci Pb(NQO3):NPs v plicich
Relativni exprese vybranych prozanétlivych cytokini, ILI-o, ILI-f a IL6 byla detekovanana
mRNA trovniv plicich i v jatrech pomoci analyzy genové exprese.

Dle vysledkl analyzy genové exprese byla exprese interleukinu 1-a v plicich (obr. 36A) nejvyssi
v kontrolni skupiné€, ovSem s vysokou variabilitou mezi jedinci. Mezi kontrolni a Pb(NO3)>2NPs
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skupinou bylo zaznamenano mirné snizeni exprese. Nejnizs§i genova exprese byla detekovéana
v Pb(NO3):NPs/CL skupin€. Rozdily mezi jednotlivymi experimentalnimi skupinami ovSem
nejsou statisticky vyznamné (p > 0,05).

Nejvyssi genova exprese interleukinu 1-f byla zaznamendna v kontrolni skupiné (obr. 36B).
Detekovana exprese v Pb(NO3)2NPs skupiné byla v porovnani s kontrolni skupinou nizsi, avSak
rozdil byl statisticky nevyznamny.Nejnizsi exprese byla v Pb(NO3),NPs/CL skuping, tento pokles
byl vzhledem ke kontrolnia Pb(NO3)NPs skupiné statisticky vyznamny (* p < 0,05).
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Obrazek 36. Analyza relativni genové exprese interleukinu 1-a a interleukinu 1-f v plicich. A — Relativni
exprese genu /L/-« byla nejvys$si v kontrolni skuping, ve které byla zarovenn zaznamenana pomérné vysoka

byla v Pb(NO3):NPs/CL skupiné. Rozdily mezi jednotlivymi experimentalnimi skupinami nebyly statisticky
vyznamné (p > 0,05). B — Nejvyssi genova exprese /LI-£ byla v kontrolni skupiné. V obou exponovanych
skupinach byla detekovana genova exprese oproti kontrolni skupiné nizsi, rozdily mezi kontrolni a Pb(NO3),NPs
skupinou, Pb(NO3)2NPs a Pb(NO3),NPs/CL skupinou byly statisticky signifikantni (* p < 0,05).

Poslednim detekovanym interleukinem v plicich byl interleukin 6 (IL6) (obr. 37). Nejvyssi exprese
byla zaznamenana, stejné jako u piedchozich interleukind, v kontrolni skuping, kde byla nicméné
mezi jedinci vysoka variabilita. Rozdil mezi kontrolni a Pb(NO3)NPs skupinou byl signifikantni
(**p<0,01). Rozdil exprese interleukinu 6 mezi Pb(NO3)>NPs/CL skupinou
a kontrolni 1 Pb(NO3)2NPs skupinou byl také statisticky vyznamny (* p < 0,05). Nejnizsi exprese
byla detekovana v Pb(NO3),NPs/CL skuping.
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Obrazek 37. Analyza relativni genové exprese interleukinu 6 v plicich. Nejvyssi exprese byla nalezena
v kontrolni skuping, kde byla oviem zaznamendana relativn¢ vysoka variabilita mezi jedinci. Mezi kontrolni
a Pb(NO3),NPs skupinou byl zaznamenan statisticky vyznamny rozdil (** p <0,01). Rozdily v genové expresi
IL6 mezi kontrolni a Pb(NO3)>NPs skupinou a Pb(NOs3),NPs a Pb(NO3),NPs/CL skupinou jsou také statisticky
signifikantni (* p < 0,05).

5.4.1.5 Statisticky vyznamné nizsi exprese NFkB1 v plicich po inhalaci Pb(NO3):NPs
Nejvyssi relativni exprese genu NFkB1 (obr. 38) byla zaznamenana v kontrolni skupiné, kde byla
zaroven detekovana rovnéz nejveEtsi variabilita mezi jedinci. V Pb(NO3)2NPs skupiné byla nejnizsi
exprese NFkB1, v Pb(NO3)>NPs/CL skupin¢ byl oproti Pb(NO3)>NPs skupiné¢ zaznamenan mirny
nariist. Rozdily mezi jednotlivymi experimentalnimi skupinami nebyly statisticky vyznamné
(p > 0,05). Vysledky této analyzy koresponduji s vysledky analyzy genové exprese interleukinu 6
a tim potvrzuji souvislost t€chto gent pti imunitni reakci (obr. 32).
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Obrazek 38. Analyza relativni exprese genu NFkBI v plicich. Nejvyssi genova exprese zaroven s nejvetsi
variabilitou mezi jedinci byla detekovdna v kontrolni skupiné. Nejniz$i exprese byla zaznamenana
v Pb(NO3).NP skupiné. Rozdily genové exprese NFkBI nejsou mezi jednotlivymi experimentalnimi skupinami
statisticky signifikantni (p > 0,05).
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V plicich byla po jedenactitydenni inhalaci Pb(NO3)>2NPs snizena imunitni odpovéd’. Pétitydenni
elimina¢ni obdobi ovS§em dopomohlo k navratu analyzovanych faktori na hodnoty blizké kontrolni
skuping.

5.4.2 Imunitni odpovéd’ jater po inhalaci Pb(NO3):NPs

Pro analyzu imunitni reakce jater po inhalaci Pb(NO3)2NPs bylo vybrano, podobné jako v plicich,
nekolik spolu souvisejicich marker (obr.39). Pomoci markeru CD68 byla provedena analyza
Kupfferovych bun¢k, dale pak byly stanoveny rozdily v genové expresi vybranych prozanétlivych
cytokinil (ILI1-¢, ILI-f a IL6) a transkripcniho faktoru NFkBI (Liaskou a kol., 2012; Elsharkawy
a Mann, 2007).

transkripéni faktor
NFkB1
(indukce prozanétlivych gent)

U4
Itoova burika | 2

prozanétlivé cytokiny

/ IL1-a, IL1-B, IL6
Kupfferova burika |

CD68+
\ fagocytéza

fibréza

<« vylouceni
. cytokini/chemokini/aj.
neutrofilni granulocyt |

Obrazek 39. Schéma detekovanych imunitnich marker v jatrech a jejich vzajemnych souvislosti. Exprese

prozanétlivych cytokinti je regulovana aktivovanym transkripénim faktorem NFkB1 (Hunter a de Plaen, 2014).
Prozanétlivé cytokiny jsou vylu¢ovany Kupfferovymi butikami, které navic vylucuji chemokiny a dalsi latky
ovliviiyjici chemotaxi neutrofilnich granulocytt (a naopak) (Arango Duque a Descoteaux, 2014). Deregulovana
exprese prozanétlivych cytokinii mize aktivovat Itoovy bunky, jez vyluCuji kolagen, zpusobujici fibréozu
a nevratné poSkozeni tkani (Tsukada a kol., 2006; Liu a kol., 2012).

5.4.2.1 Pocet CD68-pozitivnich bunék je v jatrech signifikantné sniZzen po inhalaci
Pb(NO3):NPs

Makrofagy byly detekovany také v jatrech, kde jsme je kvantifikovali (obr. 40C; P2). Zména poctu

CD68-pozitivnich bunék odpovidala trendu v plicich. Nejvice CD68-pozitivnich bun¢k bylo

nalezeno v kontrolni skupiné (obr. 40A,B). Pocet CD68-pozitivnich bunck byl v Pb(NO3)NPs

skupin€ oproti kontrolni skupin€ signifikantné nizs§i (*** p<0,001, obr.40D,EF).

V Pb(NO3)>NPs/CL skupin¢ se pocet CD68-pozitivnich bun¢k ke kontrolni skuping ptiblizil, stale
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byl ale nizsi oproti kontrole (obr.40G,H,I). Rozdil v po¢tu CD68-pozitivnich bunék mezi
Pb(NO3)>2NPs a Pb(NO3)NPs/CL byl statisticky vyznamny (* p < 0,05).
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Obrazek 40. Analyza CD68-pozitivnich bun¢k v jatrech. A, B — Pocet CD68-pozitivnich bunék (Sipky) byl
v kontrolni skupiné€ nejvyssi. C — Kvantifikace CD68-pozitivnich bunék (P2). Nejvice CD68-pozitivnich bunék
bylo detekovano v kontrolni skuping, rozdil mezi kontrolni skupinou a Pb(NO3),NPs skupinou byl statisticky
signifikantni (*** p<0,001). Pocet CD68-pozitivnich bunc¢k byl v Pb(NO3)NPs/CL ve srovnani
s Pb(NO3)2NPs skupinou vyssi, rozdil byl statisticky vyznamny (* p < 0,05), stale byl vSak nizsi nez v kontrolni
skuping. D, E, F — Ve skupiné Pb(NO3)>NPs byl ve srovnani s kontrolni skupinou statisticky nizs§i pocet CD68-
pozitivnich bunék (Sipky). G, H, I — V Pb(NO;3):NPs/CL byl pocet CD68-pozitivnich bunék (Sipky) vyssi
nez v Pb(NO3)2NPs skupiné (* p <0,05), stale byl vSak nizsi nez v kontrolni skupiné. CD68-pozitivni bunky
byly detekovany pomoci nepiimé trojstupniové histologické metody s pouzitim markeru CD68 (DAB, hnédg¢).
Negativni jadra bun€k jsou obarvena za pomoci hematoxylinu (modie). Métitko — 100 pm.

5.4.2.2 Nizsi exprese interleukinii v jatrech po inhalaci Pb(NO3):NPs
Stejné jako v plicich byla i v jatrech provedena analyza genové exprese vybranych prozanétlivych
cytokind, interleukinu 1-a, interleukinu 1-f a interleukinu 6.

Nejvyssi genova exprese interleukinu 1-o byla zaznamenana u kontrolni skupiny (obr. 41A).
Naopak nejnizs$i exprese byla detekovana v Pb(NO3)NPs skupin¢, pokles mezi kontrolni
a Pb(NO3)2NPs skupinou byl signifikantni (*** p <0,001). Rozdily v relativni genové expresi
v Pb(NO3):NPs/CL skupiné¢ byly vzhledem ke kontrolni i Pb(NO3)NPs skupin¢ statisticky
vyznamné (* p<0,05).
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Exprese genu interleukinu 1-f v jatrech vykazovala rozdily mezi jednotlivymi experimentalnimi
skupinami, které ale byly statisticky nevyznamné (p > 0,05) (obr. 41B). Nejvyssi exprese spolu
s nejvetsi variabilitou mezi jedinci byla zaznamenana v kontrolni skupiné. V Pb(NO3)>NPs
skupin€ byla genova exprese interleukinu 1- oproti kontrolni skupiné nizsi, ale nejniZsi exprese
byla zaznamendna v Pb(NO3):NPs/CL skupiné. Rozdily mezi jednotlivymi experimentalnimi
skupinami nebyly statisticky vyznamné (p > 0,05).
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Obriazek 41. Analyza relativni genové exprese interleukinu 1-a a interleukinu 1-f v jatrech. A — Rozdily mezi
jednotlivymi experimentalnimi skupinami byly statisticky vyznamné (* p < 0,05; *** p < 0,001). Nejveétsi
relativni genovd exprese interleukinu 1-o byla zaznamendna v kontrolni skupin€, nejniz§i naopak
v Pb(NO3)2NPs skupiné. B — Nejvyssi exprese interleukinu 1-f byla detekovana v kontrolni skuping, mezi
jedinci byla ovSem vysoka variabilita. Genova exprese byla v Pb(NO3)NPs skupiné¢ nizsi nez ve skupiné
kontrolni, nejnizsi exprese byla nicméné zaznamenéana v Pb(NO3),NPs/CL skupin¢.

Rozdily v expresi interleukinu 6 mezi jednotlivymi experimentalnimi skupinami v jatrech byly
statisticky nevyznamné (p>0,05) (obr. 42). Nejvyssi exprese byla zaznamenana
v Pb(NO3):NPs/CL skupin€, nejniz§i v Pb(NO3):NPs skupin€. V kontrolni a Pb(NO3)2NPs

A4

skupin€ byla zaznamenéna vyssi variabilita mezi jedinci.
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Obrazek 42. Analyza relativni genové exprese interleukinu 6 v jatrech. Nejvyssi exprese interleukinu 6 byla
detekovana v Pb(NO3)NPs/CL skupiné, nejnizsi naopak v Pb(NO3)>NPs skupiné. Rozdily mezi jednotlivymi
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experimentalnimi skupinami nebyly statisticky vyznamné (p > 0,05). V kontrolni a Pb(NO3),NPs/CL skupin¢
byla mezi jedinci zaznamenana vyssi variabilita.

5.4.2.3 Nizsi exprese NFkBI v jatrech po inhalaci Pb(NO3):NPs

Trend rozdild genové exprese NFkBI se v jatrech ménil velmi podobné jako v plicich, rozdily
mezi jednotlivymi experimentdlnimi skupinami byly taktéZ nesignifikantni (p > 0,05) (obr. 43).
Nejnizsi exprese byla zaznamenana v Pb(NO3)>NPs skuping, nejvyssi v kontrolni skuping.
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experimentalnimi skupinami nebyly statisticky vyznamné (p > 0,05).
Stejn¢ jako v plicich byla i1 v jatrech po inhalaci Pb(NO3);NPs imunitni odpovéd’ snizena.

Pétitydenni elimina¢ni perioda, stejné jako v plicich, dopomohla k navratu analyzovanych faktorii
na hodnoty blizké kontrolni skupiné.
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6 DISKUSE

Nanocastice vznikaji pfirozené pii mnoha ptirodnich procesech (sope€na aktivita, rozsahlé pozary,
eroze) a jsou produkovany rovnéz pii fade lidskych ¢innosti, zejména v souvislosti s primyslovou
vyrobou, energetikou a dopravou (Li a kol., 2013; Novéakova, 2015; Dongarra a Varrica, 1998).
Lidstvo tak svoji aktivitou vyznamnou meérou piispivad ke zvySovani jejich mnozstvi a tim
1 ke znecistovani zivotniho prostiedi, ohrozujicimu samotny zivot na Zemi (Buzea a kol., 2007).

Potencidlni riziko pfedstavuji nanocastice tézkych kovii, nebot’ t€zké kovy jsou v ptirode Spatné
rozlozitelné a pro zivé organismy toxické. Mezi nejCastéji se vyskytujici t€zké kovy v ovzdusi
patii mj. olovo, kadmium ¢i zinek (Kemp, 2002; Pacyna a kol., 2007). Vyzkum jejich negativnich
ucinkll na Zivé organismy je stdle aktudlni, protoZze mnohé mechanismy jejich pulsobeni
na organismus nebyly dosud popsany.

Castice s alespon jednim rozmérem od 1 do 100 nm se diky svym unikatnim vlastnostem mohou
snadno dostat do tél zivych organismi, kde se pak dokédzi snadno a rychle Sifit (Elsaesser
a Howard, 2012).
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6.1 MozZnosti vstupu nanocastic do organismu

Mezi tii nejcastéjsi zpusoby vstupu NPs do organismu patii (Elsaesser a Howard, 2012):

l.

Inhalace. Nebezpeci inhalovanych NPs spociva pravé v jejich velikosti, protoze jsou
natolik malé, Ze nejsou zachyceny v nosni duting, ale pokracuji dal az do dolnich cest
dychacich, kde mohou zpiisobit vazné zmény (Jeevanandam a kol., 2018; Li a kol., 2013).
Na druhou stranu byly provedeny studie, které vyuZzivaji inhalaci 1€kt o velikosti NPs
k terapeutickym Gceltim, napft. k 1é€b¢ rakoviny plic (Lee a kol., 2015). Efekt inhalace NPs
riznych druhti (organickych 1 anorganickych) byl popséan jiz v mnoha studiich. VétSina
vyzkuml vyuzivd jako modelovy organismus mys ¢i krysu (Dumkové a kol., 2016;
Dumkova a kol., 2020a; Kim a kol., 2011; Li a kol., 2013; Sung a kol., 2009; Sung a kol.,
2011). Uskalim vyuziti téchto modelovych organismi je odli$na stavba jejich nosni dutiny,

vvvvvv

v

zachytit, je clenit§)si diky pocetnéjSim skotepam, (Harkema akol., 2012). Studie
vyuzivajici ¢loveéka jako modelovy organismus sice také existuji, ale nejsou zdaleka tak
Cast¢ (Andujar a kol., 2014; Miller a kol., 2017) a vétSinou se jedna o kratkodobé
experimenty.

Gastrointestinalni cesta. Nanocastice se v potravé prirozené vyskytuji, ovSem mohou se
do ni dostat nezadouci, odpadni NPs vytvofené v souvislosti s priimyslovymi procesy, at’
JiZ pti vyrobé daného potravinového produktu nebo pfi jeho baleni. V potravé se tak mohou
vyskytovat naptiklad nanocastice stfibra, oxidu zinec¢natého, oxidu zelezité¢ho, oxidu
titani¢itého atd., u kterych byl jiz dfive prokazan jejich negativni ucinek na zivé organismy
(McClements a Xiao, 2017).

. Dermalni cesta. NPs se mohou do lidského téla dostat také ptes kiizi. Do mnoha

kosmetickych produktii jsou ptiddvany NPs pro zvySeni vstiebavani daného produktu
(Jedna se napf. o lipidové vesikuly) nebo také pro blokovani slune¢niho UV zafeni — NPs
oxidu zine¢natého a oxidu titani¢itého, které navic dodavaji kosmetickému produktu
transparentnost (Choksi a kol., 2010; Katz a kol., 2015). Pfestoze byla u téchto druhti NPs
prokazana toxicita pii jejich inhalaci (Pujalté a kol., 2017; Rossner a kol., 2018),
pii dermalnim pouziti produkt obsahujicich tyto druhy NPs zadny prokazatelné negativni
efekt pozorovan nebyl (Katz a kol., 2015).
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6.2 Pozitivni a¢inky nékterych druhti nanocastic na zZivé organismy

Ackoli jsou Zivé organismy vystaveny expozici NPs od jejich samotného vzniku, stale zvySujici
se mnozstvi NPs v Zivotnim prostfedi mize zasadn€ ohrozit jejich zdravi. Piestoze bylo
publikovano mnoho studii zabyvajicich se negativnim vlivem NPs na zivé organismy, trend jejich
produkce ma v soucasnosti nadale stoupajici tendenci. Na druhou stranu existuji ideje a koncepty,
které ukazuji na unikatni vlastnosti NPs a na jejich moznosti vyuziti ke zlepSovani kvality zivota
(Freitas, 2005; Jeevanandam a kol., 2018; URL 23).

Jednim z oborti, které maji snahu o vyuziti nanoc¢astic ve prospéch ¢lovéka a jeho zdravi, je
nanomedicina — aplikace nanotechnologie v mediciné. The European Science Foundation (ESF)
definuje nanomedicinu jako védu a technologii uplatiiujici se v diagnostice, 16€b¢, prevenci nemoci
a zranéni, snizovani bolesti, ochrané a zlepSovani lidského zdravi s vyuzZitim molekuldrnich
nastroji a poznatkl o fungovani lidského téla na molekuldrni urovni (Aydin a kol., 2012).

Za klicovy pro vznik tohoto nového medicinského oboru lze povazovat rok 2002, kdy americky
Institut zdravi zvetejnil program nanovédy a nanotechnologie v medicing€. Primarnim konceptem
nanomediciny byly tzv. nanoroboti (IéCba jednotlivych bun€k na molekularni Grovni pomoci
robotll o velikosti v fddech nanometril), ktery vychazel z ideji fyzika Richarda Feynmana, jenz jiz
v roce 1959 navrhoval pouziti obrabécich strojii na vyrobu mensich obrabécich stroji, které by
vyrabé€ly jesté¢ mensi obrabéci stroje atd., az by vznikly stroje fadove velikosti atomi. Prace se
stroji této velikosti by pfinesla pfesné, spolehlivé, kontrolovatelné a v neposledni fad¢ ekonomické
postupy v medicing, které maji potencial zlepsit kvalitu Zivota lidstva. Ackoli se nanomedicina
rozvinula do mnoha riznych smérii, Feynmantv pohled na ni zlistava stale aktudlni (Freitas,
2005).

Ttebaze je nanomedicina dosud pomérné kontroverznim oborem (existuji spory o jejim uspéchu
a efektivite), okolo 50 postupii je dnes jiz soucasti Iékarské praxe a vice nez 400 dalSich se klinicky
testuje. Mezi rozSifené metody patii napt. vyuziti nanoc¢astic (nejcastéji o velikosti 5-250 nm) jako
nosi¢li 1é¢iv k cilovym tkanim (nanosized drug delivery system). Tato metodika slouzi
ke specifickeé aplikaci 1é¢iv v konkrétnich oblastech s cilem sniZit jejich toxicitu a zéasah
do lidského organismu a pouziva se napft. pti lé€bé akutni myeloidni leukémie (spravného poméru
1&¢iv 1ze kvuli jejich rozdilnym vlastnostem dosahnout pouze ,,zapouzdienim* do nanoobjektu).
Jednim z nejvétSich uspéchi nanomediciny je bezesporu zavedeni metody vyuzivajici aplikaci
nukleovych kyselin pacientim trpicim nékterym ze vzacnych onemocnéni (Aydin a kol., 2012,
Germain a kol., 2020).

Pfes nesporny pozitivni pfinos nanocastic v biomedicinskych odvétvich je nezbytné zohlednit
1jejich negativni plisobeni na organismus. Riziko je napt. ve velkych méstskych aglomeracich,
kde se mj. nachdzi nezanedbatelné mnozstvi NPs tézkych kovii. Efekty inhalovanych nanocastic
olova na zivé organismy byly jiz v minulosti zkoumany, ale studie pouZivaly nej€astéji NPs oxidu
olovnatého (PbO), tedy olova v nerozpustné forme (Coufalik a kol., 2016; Dumkova a kol., 2017;
Dumkova a kol., 2020a; Al Nagar a kol., 2020; Sutunkova a kol., 2020; Lebedova a kol., 2018;
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Zhang a kol., 2015; URL 24). Nicméné rozdily v efektech rozpustné a nerozpustné¢ formy
olovnatych nanocastic dosud porovnany nebyly.

Mechanismy imunitni odpovédi a reparani procesy po inhalaci nanocastic tézkych kovu
predstavuji komplexni problém, ktery dosud nebyl zcela objasnén. Tato prace se tedy zabyvala
vlivem inhalace vysoce rozpustnych NPs dusi¢nanu olovnatého na imunitni systém a reparaci plic
a jater a umoznila porovnat rozdily jejich vlivu oproti nerozpustnym formam nanocastic olova
(Coufalik a kol., 2016; Dumkova a kol., 2020b). Rozdily v rozpustnosti nanocastic dusi¢nanu
olovnatého a oxidu olovnatého (Dumkové a kol., 2020a) jsou na prvni pohled patrné z analyzy
z transmisni elektronové mikroskopie (TEM). Zatimco nerozpustné nanocastice oxidu olovnatého
byly nalezeny v plicich, jatrech i ledvinach (Dumkova a kol., 2020a), v experimentu s rozpustnou
formou olova, dusi¢nanem olovnatym, Zadné nanocastice v TEM nalezeny nebyly (Dumkova
a kol., 2020b).
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6.3 Patologické zmény v plicich a v jatrech

V primarnim cilovém orgéanu, v plicich, byly rozdily mezi kontrolni skupinou a skupinami
exponovanymi statisticky vyznamné, podobné jako v experimentu s nerozpustnou formou olova
provadéném s podobnym experimentalnim designem (Dumkova a kol., 2020a). Vyznamné
histopatologické zmény v plicich byly detekovany také v jinych pracech zabyvajicich se toxicitou
nanocastic, napf. pii inhalacnich experimentech vyuZivajicich oxid kademnaty (Dumkové a kol.,
2016) ¢i oxid cericity (Rice a kol., 2015). Podobné byly signifikantni zmény nalezeny
ve vzorcich plic svarecu, ktefi jsou vystaveni NPs rtiznych kovi (nejvétsi podil zde tvoti Zelezo,
mangan a chrom) (Andujar a kol., 2014).

V souvislosti s expozici clovéka nanoc¢asticim je v soucasné dobé nejvice diskutovana chronicka
obstruk¢ni plieni nemoc (COPD — chronic obstructive pulmonary disease), ktera se manifestuje
jako kombinace bronchiolitidy a emfyzému, tedy zmén podobnych, jaké byly nalezeny u naSich
experimentalnich jedinct (Agusti a Cosio, 2006). Tato choroba je i v dneSni dobé moderni
mediciny rizikovym stavem, pfedstavujicim Castou pficinu tmrti po celém svété. V rozvinutych
(po infarktu, mrtvici a rakovin€) (Hurd, 2000) a v rozvojovych zemich pak o Sestou. Celosvétovy
podil COPD na umrti je tak vysoky i pfesto, ze se této chorobé da podle Svétové zdravotnické
organizace (WHO) snadno piedejit. Mezi dualezité¢ faktory ovliviiujici COPD patii predevSim
kvalita ovzdusi a sniZzeni mnoZstvi nezddoucich inhalovanych ¢astic, dale pak napf. 1 omezeni
kouteni (Mannino a Buist, 2007). V soucasné¢ dob¢ existuji koncepty, které navrhuji nanocastice
nekterych druhti polymert jako mozny prostiedek k aplikaci 1éCiva pii terapii COPD (Yhee a kol.,
2016; Mohamed a kol., 2019).

V jatrech byly v nasich obou experimentalnich skupinach nalezeny signifikantni histopatologické
zmény. V experimentu s nanocasticemi nerozpustné formy olova (Dumkova akol., 2020a)
a s obdobnym experimentalnim designem ale histopatologické zmény statisticky vyznamné
nebyly. Nicméné histopatologické nalezy byly svym charakterem velmi podobné tém
detekovanym po inhalaci PbONPs (Dumkova a kol., 2020a; Dumkova a kol., 2017). OvSem nejen
NPs olova zpiisobuji zavazné histologické zmény na jatrech. Negativni G¢inky na stavbu jaterniho
parenchymu byly potvrzeny i1 po inhalaci nanocéstic stfibra (Sung a kol., 2009), po trachealni
injekci nanocastic oxidu Zelezitého (Sadeghi a kol., 2015), po Zilni injekci NPs oxidu kiemicitého
(Nishimori a kol., 2009) nebo také po poziti vody obsahujici NPs oxidu zine¢natého (Kuang a kol.,
2016).

Steatdza jater, pfestoZze byla zachycena vraném stadiu, vZdy pfestavuje potencialni riziko
pro postizeného jedince. Steatoza jater vznika pii naruSeni metabolismu tukti. Nadbyte¢ny tuk je
ukladan do hepatocytil. Dllezitym rizikovym faktorem pti vzniku a rozvoji steatozy je konzumace
alkoholu. Existuji dva zakladni diagnostické typy jaterni steatozy: NAFLD (non-alcoholic fatty
liver disease), kterd vznika u jedinci nekonzumujicich alkohol a AFLD (alcoholic fatty liver
disease) vznikajici u jedinci konzumujicich alkohol (URL 19). NAFLD je v soucasné dobé
nejrozsitenéjsi jaterni chorobou (Byrne a Targher, 2015) a podle odhadu je ji postizeno az 24 %
sveétoveé populace. Nejveétsi procento populace tato choroba postihuje v Jizni Africe, na Blizkém
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Vychodu, v USA, Evropé a Asii (Younossi a kol., 2018), a to pfedevSim kviili nezdravému
zivotnimu stylu. NAFLD navic nepostihuje pouze jatra, nybrz snizuje funkci i1 jinych organt, a tim
muze zpusobovat dalsi komplikace (Byrne a Targher, 2015). PtiliSna akumulace lipidi v jatrech
muze pak vést k jaterni fibroze (Herndndez-Peréz a kol., 2016). Zména v metabolismu ukladani
tukt v jatrech je také spojovana se zménou akumulace glykogenu (URL 25). Analyza pfitomnosti
glykogenu v jatrech v nasi praci provedena nebyla, nicméné¢ vysledky experimentu s pouzitim
nerozpustnych nanocastic olova (Smutnd, 2018) tento trend potvrzuji. Po jedenéctitydenni inhalaci
PbONPs doslo ke snizeni hladiny uloZené¢ho glykogenu v jatrech (Smutna, 2018).

Fokalni nekroza se bézn¢ nachazi béhem akutniho i chronického poskozeni jater a Casto byva
doprovézena fibrozou (Krishna, 2017). Tuto skutecnost potvrzuji i vysledky nasi prace. Fokalni
nekrdza byla také nalezena v inhalacnim experimentu s vyuZzitim nerozpustnych nanocastic olova
(PbONPs) (Dumkova a kol., 2020a). V jiném experimentu s jedenactitydenni inhalaci PbONPs
(Smutna, 2018) byla pfitomnost fokalni nekrozy v jatrech potvrzena rovnéz. U téchto vzorki byla
provedena i1 analyza programované bunécné smrti jaternich bunék, kdy ani u jedenactitydenni
expozice PbONPs hladina apoptézy zménéna nebyla (Smutna, 2018).

Elimina¢ni obdobi se neukazalo jako zcela efektivni, pfestoZe mnoZstvi detekovaného olova
po inhalaci bylo ve vétSiné cilovych organii relativné nizké. Naopak ve femuru byly namétené
hodnoty olova i po pétitydennim elimina¢nim obdobi i nadale pomérné vysoké (Dumkova a kol.,
2020b). Olovo se po inhalaci uklad4 do tvrdych tkani a odtud miize byt kontinualné¢ uvolnovano
do krevniho fecisté, kde nasledné negativné plisobi na organismus, prestoze inhalace olovnatych
nanocastic jiz neprobihd (Dumkov4 a kol., 2017).
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6.4 Reparativni procesy a zachovani homeostazy plic a jater

Reparativni chovéani tkéani, nasledujici po toxickém poSkozeni, kter¢ mulze vést ke smrti
jednotlivych bunék ¢i ke kolapsu celého orgéanu, se da rozd¢lit do tii kategorii v zavislosti na tom,
jak efektivné se tkan¢ dokazi po jejich naruSeni obnovit (Hogan a kol., 2014; URL 22; URL 26).

1. Tkang, které se mohou diky vysoce rozvinuté hierarchii kmenovych bunék snadno
reparovat, napi. pokozka, stievo aj. (Hogan a kol., 2014).

2. Tkang, které maji nizkou obménu bunék v normélnim stavu, ale po poranéni dokazi rychle
reagovat vyménou poskozenych buné€k, napf. plice, jatra, bfisni slinivka atd. (Hogan a kol.,
2014).

3. Tkéné, které se diky nizkému poctu kmenovych bun¢k nemohou efektivné reparovat,
napft. mozek nebo srdce (Hogan a kol., 2014).

Ptedpokladali jsme, ze zvySena obnova plicni 1 jaterni tkané by tedy po inhalaci Pb(NO3)>NPs
méla probihat, coz vysledky nasi studie skutecné potvrzuji.

Nalez fibrozy v obou experimentdlnich skupindch v plicich i v jatrech nicméné vypovida
o nevratném poSkozeni tkani obou cilovych organi. MnoZstvi kolagennich vlaken ale
kvantifikovano nebylo, tudiz neni mozné urcit rozdily mezi Pb(NO3),NPs a Pb(NO3),NPs/CL
skupinou.

Plicni choroba, ktera je zpusobena inhalaci kovovych a mineralnich ¢astic je typem plicni fibrozy
a je klasifikovana jako pneumokoniéza. Tato choroba je rozSifena ptedevSim v rozvojovych
zemich (nejcastéji vzdusné Castice z t€zby nerostnych surovin). V Mongolsku v letech 1967-2004
tvofila pneumokonidza v kombinaci s chronickou bronchitidou 67,8 % ptipadi nemoci z povolani,
v Cin& je kazdoro¢né diagnostikovano 10 az 15 tisic novych piipadd. V rozvinutych zemich
mortalita v poslednich letech, diky lepSim hygienickym podminkdm sice klesa, mezi lety 1968—
2000 v USA ale na tuto chorobu zemtelo ro¢né priimérné skoro 4000 lidi (Byrne a Baugh, 2008).
Naproti tomu experiment s inhalaci nerozpustnych nanocastic olova (PbONPs) zadnou fibrozu
¢1jiné zmény v mnozstvi kolagennich vlaken neprokézal, a to ani v experimentalni skuping, ktera
inhalovala nanocastice oxidu olovnatého (PbONPs) po dobu 11 tydnii (ekvivalent Pb(NO3)>NPs
skupiny), ani ve skupiné, kterd inhalovala PbONPs po dobu 6 tydni a nasledné 5 tydnt inhalovala
vzduch bez generovanych PbONPs (ekvivalent Pb(NO3)NPs/CL skupiny) (Dumkova a kol.,
2020a). Plicni fibroza byla nalezena i v dalSich experimentech vyuZzivajici nanocastice;
po intratrachedlni instilaci nanocastic oxidu cerecitého ¢i po injekci uhlikovych nanotrubicek
do plic (Ma a kol., 2012; Muller a kol., 2005)

Fibroza v jatrech v soucasnosti predstavuje vyznamny zdravotni problém a jeji 1écba je stalou
medicinskou vyzvou (Tsukada a kol., 2006). Jaterni fibroza mtze vést ke smrtelné cirhoze jater
(Hernéndez-Peréza kol., 2016). Fibroza v jatrech je spojena se zvySenou aktivitou Itoovych bun¢k,
které se z klidového stavu aktivuji na buiiky produkujici enormni mnozstvi kolagenu. Ptestoze
aktivita Itoovych bunék souvisi sexpresi prozanétlivych cytokind, které byly po inhalaci
Pb(NO3)>NPs snizeny, fibroza byla u nasich vzorki detekovana. Vysvétlenim je zvySena exprese
proteinu a-SMA, ktery Itoovy bunky aktivuje (Tsukada a kol., 2006; Liu a kol., 2012; Dumkova
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a kol., 2020b). V experimentu s nerozpustnymi nanocasticemi olova (PbONPs) a obdobnym
experimentalnim designem (Dumkové a kol., 2020a), nebyly jaterni fibréza a ani jiné zmény
tykajici se mnozstvi ¢i umisténi kolagennich vldken detekovany (barveno SR) (Dumkova a kol.,
2020a). Na druhou stranu jsou to praveé nanocastice, jeZ maji znacny potencial jaterni fibrozu 1€¢it.
Bylo provedeno mnoho studii zabyvajicich se timto tématem a nékteré z nich ptinesly nadéjné
vysledky (napft. nanoc¢astice oxidu cerecitého, nanocastice zlata aj). (Surendran a kol., 2017; Hu
a kol., 2019).

Proliferac¢ni aktivita tkan€ slouzi k udrzeni homeostazy, jeji nadmérné zvySeni je vSak casto
spojovano s vyskytem nadort (Donato a kol., 2002; Chowers a kol., 2001). V souladu s touto
skutecnosti byla vyssi proliferacni aktivita zaznamenana v alveoldrnich oblastech v plicich
po jedenactitydenni inhalaci PbONPs (barveno PCNA). V jatrech se na druhou stranu mnoZstvi
PCNA-pozitivnich bunék po inhalaci nerozpustnych nanocastic olova (PbO) neménilo (Dumkova
a kol., 2020a). Po aplikaci rozpustnych nanocéstic olova (Pb(NO3):NPs) byl pocet Ki67-
pozitivnich bunék v exponovanych skupinach vyssi nez v kontrolni skuping, a to v obou cilovych
organech.

V jinych experimentech bylo nicméné prokazano, ze n¢které druhy NPs piisobi na bunky naopak
anti-proliferativné (Asharani a kol., 2009). Je ovSem nezbytné zdlraznit, ze pro detekci
proliferujicich bunék po aplikaci rozpustnych nanoc¢astic olova byla v naSem experimentu pouZita
detekce Ki67-pozitivnich bungk, jako jedna z nejpouzivangjSich metod v patologii. Pro jejich
analyzu v dfive publikovanych studiich bylo ale vyuzito znaéeni PCNA-pozitivnich bunck. Tedy
celkovy pocet pozitivnich bun¢k nelze porovnat, jelikoz zna¢i rizné faze bunécného déleni
(Kohler a kol., 2010) a Ize porovnat jen trendy mezi experimentdlnimi skupinami uvnitf
jednotlivych experimenti.

Progenitorové buiiky, jejich vlastnosti a mechanismy diferenciace jsou jiz u fady tkani znadmy,
nicméné v plicich a jatrech jsou stale predmétem vyzkumu (Rawlins, 2008).

V nasem experimentu byly progenitorové buiiky v plicich detekovany pomoci marker
SOX9, SOX2 a Nanog. SOX2-pozitivni buiiky se nachazely v epitelové vrstvé bronchii
a bronchioli a Nanog-pozitivni buiiky v alveolarnich oblastech. SOX9-pozitivni buiiky se i pies
mnoho optimalizaci protokolu nepodaftilo vizualizovat. Jejich exprese v plicich dospélych jedinct
je stale pfedmétem studii, a proto nelze jednoznacné urcit relevanci analyzy genové exprese (muize
totiz podobné jako u markeru SOX2 zalezet na odebrané Casti vzorku) (Rawlins, 2008).

Vysledky analyzy exprese proteinu SOX2 a genu Sox2 neprokazaly stejny trend na Urovni
proteinové a genoveé exprese. Zatimco vysledky analyzy genové exprese na mRNA urovni ukazuji
statisticky nevyznamny pokles, pfi detekci pomoci imunohistochemickych metod byly SOX2-
pozitivni bunky (exprese na proteinové Urovni) detekovany i v alveolarnich oblastech, kde se
bézné nevyskytuji. SOX2-pozitivni builky normélné¢ udrzuji homeostazu tkéni a v pripadé
poskozeni se diferencuji a zvySuji proliferacni aktivitu. V pfipad¢ inhalace Pb(NO3),NPs se
proliferacni aktivita v bronchiolarnich oblastech statisticky nevyznamné zvysila. Vyskyt SOX2-
pozitivnich bunék v alveoldrnich oblastech lze vysvétlit tim, ze SOX2 dokaZe Ccastecné
pieprogramovat pneumocyty II. typu na rizné typy buné€k bronchialniho epitelu (Tompkins a kol.,
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2011). V inhalacnim experimentu s vyuzitim nanocastic oxidu olovnatého zlstala exprese SOX2-
pozitivnich bunék 1 po jedenécti tydnech inhalace generovanych nanocastic nezménéna (Smutna,
2018).

Nanog-pozitivni bunky byly pneumocyty II. typu (AT2), které byly jiz diive prokdzany jako
progenitorové buniky plic dospélych jedinct (Barkauskas a kol., 2013). Tyto buiiky maji schopnost
regulovat imunitni odpovéd’ a jsou klicovym zdrojem pro reparaci plicniho parenchymu pii jeho
poskozeni. Jejich zvySené mnoZstvi po inhalaci Pb(NO3)NPs ukazuje intenzivni reparaci
posSkozenych tkani. V souCasné mediciné maji AT2 velky potencidl, protoze by mohly byt
vyuzivany pii terapii kmenovymi buiikami (Olajuyin a kol., 2019). Nanog také byva casto
oznacovan jako prognosticky marker rakoviny plic, ktery by v budoucnosti mohl byt ndpomocny
1pii jeji lécbe. Vysledky studie ukazaly, ze zvySena exprese proteinu Nanog v plicich vedla k horsi
prognoze pacienti srakovinou plic. V Nanog-pozitivnich bunkéch byl protein pomoci
imunohistochemickych metod detekovan v cytoplasmé (Du a kol., 2013), podobné¢ jako tomu bylo
u nekterych bun€k ve vzorcich jedincii z exponovanych skupin v nasi préci, ale vétSina vykazovala
expresi 1 v jadrech.

V jatrech byl pro analyzu progenitorovych bunék vybran protein SOX9 a gen Sox9, jehoz exprese
byla detekovéna okolo cév a portalnich tridd. Dle vysledki analyzy genové exprese se po inhalaci
Pb(NO3)2NPs exprese genu Sox9 statisticky nevyznamné sniZila, ovSem s vysokou variabilitou
mezi jedinci v jednotlivych skupinach. Vysledky analyzy SOX9-pozitivnich bunék jsou
nejednotné, protoze jejich mnozstvi je podminéno velikosti dané cévy ¢i portélni triady, kde se
nachdzeji. Zmény v expresi Sox9 a SOX9 tedy neni snadné kvantifikovat v malych vzorcich.
V inhala¢nim experimentu s PbONPs byla v exponované skupiné po jedenactitydenni inhalaci
nanocastic detekovana zvysena exprese SOX9-pozitivnich bun€k (Smutna, 2018).
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6.5 Imunitni odpovéd’ plic a jater

Imunitni systém je obranny mechanismus organismu, ktery se skldda ze specializovanych bun¢k
a signalnich molekul. Imunitni odpovéd’ Ize rozd¢€lit na dvé kategorie, nicméné mezi obéma
existuji spojitosti (Mackay a kol., 2000):

1. Vrozena imunitni odpovéd’. VyuZzivd imunitni bunky se schopnosti fagocytozy,
makrofagy ¢i neutrofily atd., dale pak bunky, které¢ dokazi vyloucit mediatory zanétlivé
reakce, zirné buiiky, bazofilni granulocyty aj. a lymfocyty. Mezi dal$i soucasti patii
napf. cytokiny (Mackay a kol., 2000). Ulohou vrozené imunitni odpovédi je okamzita
obrana organismu hostitele (Parkin a Cohen, 2001).

2. Adaptivni imunitni odpovéd’. Spociva v antigen-specifickych reakcich vyuzivajicich
lymfocyty. Jeji vyvoj je dlouhy, trvd nékolik dni az tydnti. Diky specifité je efektivné;si
a na rozdil od vrozené imunitni odpovédi nedochézi pii jejim uplatnéni k poSkozeni tkéni
(Parkin a Cohen, 2001).

SniZena imunitni reakce zplsobuje té€Zké infekce €1 se mize podilet na vzniku nadord, zvySena
naopak alergické reakce a autoimunitni onemocnéni (Parkin a Cohen, 2001).

Dosud byla publikovéna jiz fada studii, zabyvajicich se imunitni odpovédi organismu po inhalaci
nanocastic. Vysledky ovSem nebyly konzistentni, protoZze imunitni reakce organismu zavisi
na fyzickych 1ichemickych vlastnostech danych nanocastic (Kononenko a kol., 2015).
Dlouhodoba inhalace nanocéstic mtize zptisobovat chronicky zanét, ktery je pro organismus
poskozujici a mtize vést k destrukci tkani (Gabay, 2006), jak bylo jiz popsano v né¢kolika studiich
(Dumkové a kol., 2016). Tento trend jednoznaéné potvrzuji 1 vysledky naSeho experimentu.

Neutrofilni granulocyty se béhem poskozeni tkdné¢ pomoci chemotaxe pifesunou zkrve
na poskozené¢ misto. Neutrofilni granulocyty se v plicnim parenchymu vyskytuji také
pii sekundarnim poskozeni plic, napt. pii chronické obstrukéni nemoci plic (COPD) nebo
syndromu akutni dechové tisné¢ (ARDS) (Hyun a Hong, 2017). Nékolik studii potvrdilo souvislost
neutrofilti a akutniho i chronického zanétu s nanomateridly (nanomaterialy zvysuji zanét). Pfestoze
neutrofily tvofi ,,prvni vinu* imunitni odpovédi, interakce nanocastic a neutrofila je v soucasné
dobé¢ stale predmétem vyzkumu. Naopak dobte prostudovanym tématem jsou makrofagy, tvotici
»druhou vInu* imunitni reakce (Keshavan a Fadeel, 2020). Neutrofily jsou dilezitou soucasti
mechanismu odstrafiovani nanocastic (pomoci fagocytdzy) (Keshavan a Fadeel, 2020). Neutrofily
byly v plicich po inhalaci Pb(NO3)NPs detekovany v alveolarnich oblastech. Tato skuteCnost
potvrdila zdvaZznost nalezenych patologickych zmén.

Zirné buiiky souviseji s alergickou reakci, oviem zména v jejich mnozstvi po inhalaci
Pb(NO3)>NPs nebyla i pies zaznamenany narlst statisticky vyznamna. Reakce Zirnych buné¢k
zalezi na fyzickych i chemickych vlastnostech konkrétnich NPs, jak bylo prokazano naptiklad
u NPs stiibra (Aldossari a kol., 2015). Mastocyty jsou také Casto spojovany s koufenim.
Dle provedenych studii je mnozstvi zirnych bunék v plicich kutéka vyssi, nez v plicich nekutraka
(Andersson a kol., 2015). Mnozstvi zirnych bunék se také zvySuje za ptritomnosti fibrézy (Cha

78



akol., 2012), coz se potvrzuje i v ptipad¢ skupin exponovanych Pb(NO3)>NPs. Rozdily mezi
jednotlivymi experimentalnimi skupinami nebyly ovSem signifikantni a mezi jedinci v kazdé
skupin€ byla pozorovana vysoka variabilita. DalSim z dilezitych aspektl studia Zirnych bunék je
jejich aktivace, ktera ale v této praci zohlednéna nebyla (Andersson a kol., 2015). Pfestoze pocet
zirnych bun€k v plicich byl po inhalaci Pb(NO3)>NPs vyssi, exprese prozanétlivych cytokina
zpusobeno niz§im poctem zirnych bunék oproti plicnim makrofagiim. V experimentu, kde byly do
bunécné kultury zirnych bunék z kostni dien¢ aplikovany nanocéstice stiibra (Aldossari a kol.,
2015), indukovaly stfibrné nanocastice degranulaci zirnych bun¢k, a tim spustily alergickou reakci
(Aldosarri a kol., 2015), nicméné proces degranulace jsme zde podrobné nesledovali.

Pocet makrofagii byl po inhalaci Pb(NO3).NPs v obou cilovych organech statisticky vyznamné
niz$i, v Pb(NO3)>NPs/CL skupin¢ se hodnoty blizilye kontrolni skupin€. V PbONPs inhala¢nim
experimentu s obdobnym experimentalnim designem (Dumkovéa a kol., 2020a) se mnoZstvi
makrofagl naopak zvysilo pii detekci makrofagh stejnou metodou i markerem (CD68) (Dumkova
a kol., 2020a). Po inhalaci NPs oxidu titanicitého (Grassian a kol., 2007) (inhalacni experiment
s obdobnym experimentalnim designem jako nas experiment) doslo také ke zvySeni mnoZstvi
makrofagl, ve skupiné€ s eliminacnim obdobim se ale hodnoty, stejné jako v na$i praci piiblizily,
k hodnotdm kontrolni skupiny (Grassian a kol., 2007).

SniZeni poctu plicnich makrofagli souvisi také s expresi prozanétlivych markert (Gabay, 2006).
Ptestoze relativni exprese vybranych prozanétlivych cytokint se po inhalaci Pb(NO3)>NPs snizila,
po inhalaci jinych druhli nanocastic, napf. po inhalaci nanocéstic oxidu titani¢it¢tho (Armand
akol., 2013), se naopak zvysila. Exprese mnoha prozanétlivych cytokinl je také ovlivnéna
transkripénim faktorem NFkB1 (Hunter a de Plaen, 2014). SniZeni plicnich a jaternich makrofagt
tedy spolecné se snizenim exprese NFkB1 piispélo ke snizeni exprese prozanétlivych cytokint.
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7 ZAVER

Cilem této prace bylo stanovit vliv inhalace rozpustnych nanocastic olova na imunitni systém
a naslednou reparaci plic a jater na modelovém organismu laboratorni mysi:

Hmotnost obou cilovych organti byla po inhalaci Pb(NO3):NPs oproti kontrolni skupiné niZsi.
e Po inhalaci Pb(NO3)NPs statisticky signifikantné vzrostl rozsah nalezenych
histopatologickych zmén v obou cilovych organech.
o Elimina¢ni obdobi v Pb(NO3)NPs/CL skupinév plicich neptineslo, na rozdil od jater,
zlepSeni v poc¢tu nalezenych histopatologickych zmén.

V obou cilovych organech probihala po inhalaci Pb(NO3)>NPs intenzivni reparace tkani:
o Misty byla tkan nenavratné poskozena, byla zde nalezena pocinajici fibrdza.
o Prolifera¢ni aktivita se v obou cilovych organech po inhalaci Pb(NO3),NPs statisticky
nevyznamné zvySila, mezi jedinci byla ov§em zaznamenana vysoka variabilita.
o Pocet progenitorovych bun€k se v alveolarnich oblastech plic po inhalaci Pb(NO3),NPs
zvysil.
o Reparace tkani byla v exponované skupiné s elimina¢nim obdobim vysoce variabilni.

Po inhalaci Pb(NO3),NPs doslo ke snizeni imunitni odpovédi:
o Genova exprese vybranych prozanétlivych cytokinli a transkripéniho faktoru NFkB1
byla po inhalaci Pb(NO3)2NPs nizsi.
o Pocet makrofagl se v obou cilovych organech po inhalaci Pb(NO3),NPs snizil.
o Pétitydenni elimina¢ni obdobi v Pb(NO3),NPs/CL skupin¢ vedlo k vyS$§i imunitni
odpovédi v jatrech.
o Neutrofilni granulocyty byly v plicich po inhalaci Pb(NO3).NPs nalezeny
také mimo cévy, pocet zirnych bunék po inhalaci Pb(NO3),NPs vzrostl.
e Efekty inhalace rozpustnych a nerozpustnych nanocéstic olova se liSily v nalezu kolagennich
vlaken, poctu makrofagt, proliferacni aktivity v plicich i v jatrech a nalezu progenitorovych
bunék v jatrech.

V budoucnu bude nezbytné se podrobnéji zaméfit na eliminaéni mechanismy, pfedevsim pak
na ulohu kmenovych bunék a jejich diferenciaci, jez maji zejména v medicin¢ velky potencial.
Dale bude tieba zkoumat efekty rtiznych koncentraci nanoc¢astic v dlouhodobém méftitku.

Tato prace je soucasti ¢lanku publikovaného v Casopise International Journal of Molecular
Sciences (IF = 4,5) (P4).
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Adriena JEDLICKOVA, Pavel MIKUSKA, Luka$ ALEXA, Pavel COUFALIK, Michaela
TVRDONOVA, Kamil KRUMAL, Toma§ VACULOVIC, Viktor KANICKY, Ales HAMPL
a Marcela BUCHTOVA. A Clearance Period after Soluble Lead Nanoparticle Inhalation Did
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P1: DETAILY PRAKTICKE CASTI PRACE

Charakteristika generovanych rozpustnych nanocastic olova

Nanodastice dusi¢nanu olovnatého byly generovany ve spolupraci s Ustavem analytické

chemie, v.v.1.

Tabulka 9. Charakteristika generovanych rozpustnych nanocastic olova.

forma olova dusi¢nan olovnaty — Pb(NO3)>NPs
koncentrace 1,94 * 105 NPs/cm?

hmotnostni koncentrace 68,6 pg/m’

median generovanych nanocastic 31,3 nm

odhadovana ulozena davka po 11 tydnech
inhalace generovanych nanocastic

0,774 ng/g (generované NPs/gram hmotnosti
téla)

Charakteristika experimentalnich skupin

Kontrolni (ctr) skupina

datum: 6. 3. 2018 —21. +23.5. 2018

pribéeh inhalace: 11 tydni bez generovanych Pb(NO3)2NPs

Pb(NO3):NPs skupina

datum: 6. 3. 2018 —21. +23. 5. 2018

prubéh inhalace: 11 tydnt generovanych Pb(NO3),NPs

Pb(NO3):NPs/CL skupina

datum: 6. 3. 2018 —21. +23. 5. 2018

prubéh inhalace: 6 tydnli generovanych Pb(NO):NPs; 5 tydnti bez generovanych Pb(NO3),NPs

Vyhodnoceni analyzy genové exprese

R (ratio)...udava relativni zménu exprese
ACTk...kontrolni vzorek
ACTpy...testovany vzorek
ACTrg...testovany gen
ACThg...housekeeping gen
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R= 2-AACT

AACT = ACTpp — ACTk
ACTpp,= ACT1g— ACTHg

ACTk= ACTr1g— ACTug
Neparovy Studentiiv t-test

Neparovy Studentlv t-test testuje statistickou hypotézu na zakladé porovnani stiednich hodnot
dvou experimentalnich skupin (vétSinou jedné kontrolni a jedné s proménnou) (URL 28). Test byl
proveden navzdjem mezi vSemi experimentalnimi skupinami, pro vyhodnoceni byl pouzit
GraphPad Prism 5 (P3).

Prepocet poétu detekovanych bunék na 1 mm?

Velikost fotografie z mikroskopu: 2088 x 1550 px (zvétSeni 40x)
Velikost méfitka (100 um): 622 px
Koeficient:11,954146762016

Vysledna plocha jednoho fezu (10 fotografii): 0,8365298 mm?

Vyslednd plocha jedné experimentalniskupiny pii kvantifikaci dvou fezli zpéti jedinch
(jatra: analyza CD68-pozitivnich bunék): 8,365298 mm?

Vysledna plocha jedné experimentalni skupiny pii kvantifikaci ¢tyt fezii z péti jedinci (plice:
analyza Nanog-pozitivnich a CD68-pozitivnich bunek, jatra: analyza Ki67-

pozitivnich bunék): 16,730596 mm?

Vysledna plocha jedné experimentalniskupiny pii kvantifikaci dvou fezii po dvaceti fotografiich
ze tii jedinct (plice: analyza Ki67-pozitivnich bunék v alveolarnich oblastech): 10,0383576 mm?
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P2: PRILOHY K VYSLEDKUM

Analyza hmotnosti cilovych organii

Tabulka 10. Analyza hmotnosti cilovych organil. Kontrolni skupina.

Cislo jedince hmotnost [g] plice [g] % pramer jatra [g] % prameér
36 28,62 0,3138 1,096436 1,4674 5,127184
37 31,37 0,3544 1,129742 1,6372 5,218999
38 37,81 0,4310 1,139910 | 0,91444 2,4912 6,588733 5,285029
39 29,16 0,1595 0,546982 1,4097 4,834362
40 39,81 0,2624 0,659131 1,8535 4,655865
Tabulka 11. Analyza hmotnosti cilovych organti. Pb(NO3)NPs skupina.
¢islo jedince hmotnost [g] plice [g] % prumer jatra [g] % prumer
36 29,28 0,2335 0,797473 1,6207 5,535178
37 32,15 0,2241 0,697045 1,8458 5,741213
38 27,47 0,2413 0,878413 | 0,754389 1,4361 5227885 | 5,389941
39 34,68 0,2124 0,612457 1,7760 5,121107
40 28,86 0,2270 0,786556 1,5366 5,324324
Tabulka 12. Analyza hmotnosti cilovych organi. Pb(NO3),NPs/CL skupina.
Cislo jedince hmotnost [g] plice [g] % pramér jatra [g] % pramer
6 34,64 0,2565 0,740473 1,6321 4,711605
7 31,07 0,2548 0,820084 1,5204 4,893466
8 25,00 0,2149 0,859600 0,792811 1,3335 5,334000 | 4,94867
9 28,22 0,2249 0,796953 1,3114 4,647059
10 31,93 0,2385 0,746946 1,6467 5,157219
Plice
Souhrn provedenych analyz v plicich
Tabulka 13. Souhrn provedenych analyz na vzorcich plic.
metoda histologicka barveni IHC gPCR
oznadeni hj‘;‘ggg:ﬁ histopatologick | M | S | T [Ki|SO | Na | M |CD |80 | SO | IL | IL I{ NFk
jedince a analyza GT|R|[B|67| X2 |nog |PO| 68 | X2 | X9 |1-a|l-b 6 B1
ctr 36 + + S I I I T s s s O e e
ctr 37 + + + | F|+H ]+ A+
ctr 38 + + o I I s e
ctr 39 + + + ||+ | ]+ -]+
ctr 40 + + + |+ -+ A+ -]
Pb(T\;(gz)zNP + + I I T s T T O o R S
Pbo\;(;;)ZNP + + I I o I B I I I S I I S T e &
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metoda histologicka barveni IHC gPCR

oznaeni hj‘;‘:;‘gg:ﬁ histopatologick | M [ S| T|Ki|SO | Na | M |cD|sO|soO|IL | IL I{ NFk
jedince a analyza GT|R|[B|67| X2 |nog |PO| 68 | X2 | X9 |1-a|l-b 6 B1
Pbo\igg)ZNp + + N T s
Pbo\g;)ZNp + + O I I e e e e e S IS R I
Pb(h;(é)‘z))zNP + + o N IR P e S I I IS AR BNAR RS I
Pb(SI;ICOE)éNP + + I e B e e I I e R
Pb(SI;ICOE);NP + + o I T I I IS R IRE IRE R IR R
Pb(sl;lcolj)éNP + + N R T e R R e e e R
Pb(SI;ICOE);NP + + I e I e e L I = T IR A
Pbs(/l\é?j)lzé\lp + + O e O e e e B e I T A R e

Histopatologicka analyza vzorki plic

Z kazdého jedince byly potfizeny dva fezy, které byly obarveny Hematoxylinem-eosinem.
Nalezené¢ histopatologické zmény byly kvantifikovany (tab. 15-17) dle kritérii v tab. 14.

Tabulka 14. Kritéria pro hodnoceni histopatologickych zmén.

+ Zména byla ve vzorku zaznamenana.
++ Zména se ve vzorku vyskytovala nékolikrat.
+++ Zmeéna se ve vzorku vyskytovala velmi Casto.

Tabulka 15. Histopatologicka analyza plic. Kontrolni skupina.

infiltrat
Cislo Cislo | peribronchiolarn | infiltrat atelek | bronchio | ztlusténa | alveolarni hemor | hemos
jedince |fezu |i perivaskularni |taza | litida septa emfyzém agie taza
1 + +
36 2 +
1 + + + +
37 2 + + +
1[++ ++ + +
38 2|+ ++ + +
1 + + +
39 2 + +
1|+ + + + ++
40 2|+ ++ + +
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Tabulka 16. Histopatologicka analyza plic. Pb(NO3)>NPs skupina.

infiltrat
¢islo ¢islo | peribronchiolarn | infiltrat atelek | bronchio | ztlusténa | alveolarni hemor | hemos
jedince |fezu |i perivaskularni |taza | litida septa emfyzém agie taza
1]+ + ++ ++ +
36 2|+ + ++ ++ + +
1]+t + ++ ++ [+t
37 2|+ + ++ ++ +
1] +++ ++ + ++ ++ + +
38 2|+t ++ ++ ++ + +
1]+ + ++ + ++ ++
39 2 + ++ + ++ ++
1]+t + ++ + ++ + +++
40 2|+ ++ + ++ ++ ++ +
Tabulka 17. Histopatologicka analyza plic. Pb(NO3)>NPs/CL skupina.
infiltrat
Cislo ¢islo | peribronchiolarn | infiltrat atelek | bronchio | ztlusténa | alveolarni hemor | hemos
jedince |fezu |i perivaskularni |taza | litida septa emfyzém agie taza
1| ++ + + + +++ ++ +++ +
6 2| +++ ++ + ++ + +H+ |+
1| ++ +++ + +++ ++
7 2|+ + +++ + +++ [+
1 + +++ + ++
8 2 ++ ++ + ++ +
1]+ ++ ++ + ++ ++
9 2|+ + +++ + +++
1] +++ + + +++ ++ [+t
10 2|+t + ++ ++ ++

Kvantifikace Ki67-pozitivnich bunék v plicich

Ze tii jedinch byly pomocinepiimé trojstupniové imunohistochemické metody a markeru Ki67

obarveny dva ftezy, ve kterych byly kvantifikovany Ki67-pozitivni buniky. Kvantifikace byla

rozdélena do dvou c¢asti dle dvou vybranych oblasti plic: bronchiolarni a alveolarni.

Z bronchiolarnich oblasti (tab. 18-20) bylo z kazdého fezu potizeno 5 snimki o velikosti 1550 x
2088 px se zveétSenim 40x. Vysledné hodnoty byly piepocitdny tak, aby odpovidaly
plose 1 mm? (P1).

Tabulka 18. Kvantifikované vysledky Ki67-pozitivnich bunék v bronchiolarnich oblastech v plicich.

Kontrolni skupina.

¢islo jedince

¢islo fezu

Cislo fotky

pocet pozitivnich bunék

primér/iez

priamér/jedinec

primér/skupina

37

1

1

2
3
4

(=] [e] fan)

0,2

0,6

0,95
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Cislo jedince | Cislo fezu | Cislo fotky | poCet pozitivnich bunék | primér/fez | primér/jedinec | prumé&r/skupina

5 0
1 0
2 0
3 0
4 2

2 5 3 1
1]-
2] -
3]-
41 -

1 51- -
1]-
2] -
3]-
41 -

38 2 51- - -

1 0
2 3
3 2
4 0

1 5 0 1
1 0
2 2
3 3
4 0

39 2 5 3 1,6 1,3

Tabulka 19. Kvantifikované vysledky Ki67-pozitivnich bunék v bronchiolarnich oblastech v plicich.

Pb(NO3)2NPs skupina.
¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bunék | primér/iez | prumér/jedinec | primér/skupina
1 3
2 2
3 1
4 0
1 5 1 1,4

1 3
2 5
3 2
4 1

36 2 5 4 3 2,2
1 4
2 1
3 9
4 1

1 5 2 34

1 3
2 3
3 0
4 2

37 2 5 0 1,6 2,5
1 2
2 0
3 0

38 1 4 1 0,6 1,3 2
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Cislo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bunék | primér/iez | prumér/jedinec | primér/skupina
5 0
1 1
2 0
3 2
4 3
2 5 4 2

Tabulka 20. Kvantifikované vysledky Ki67-pozitivnich bunék v bronchiolarnich oblastech v plicich.
Pb(NO3)>NPs/CL skupina.

Cislo jedince | Cislo fezu | Cislo fotky | poCet pozitivnich bunék | primér/iez | primér/jedinec | prumé&r/skupina
1 0
2 0
3 0
4 0
1 5 2 0,4
1 0
2 2
3 0
4 0
7 2 5 0 0,4 0,4
1 0
2 0
3 3
4 1
1 5 3 14
1 3
2 1
3 1
4 2
8 2 5 0 14 1,4
1 14
2 4
3 21
4 7
1 5 7 10,6
1 5
2 8
3 12
4 5
9 2 5 8 7,6 9,1 3,633333333

Z alveolarnich oblasti (tab. 21-23) bylo z kazdého fezu potizeno 20 snimkl o velikosti 1550 x
2088 px se zvetsSenim 40x. Vysledné hodnoty byly piepocitany tak, aby odpovidaly plosSe

1 mm? (P1).

Tabulka 21. Kvantifikované vysledky Ki67-pozitivnich bun¢k v alveolarnich oblastech v plicich.

Kontrolni skupina.

Cislo jedince | ¢islo fezu | Cislo fotky | poéet pozitivnich bunék | primér/fez | prumér/jedinec | prumér/skupina
1 13
37 1 2 15 14,3 11,725 12,26666667
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Cislo jedince | ¢islo fezu | Cislo fotky | poéet pozitivnich bunék | primér/fez | prumér/jedinec | prumér/skupina
3 11
4 17
5 12
6 22
7 21
8 14
9 6
10 8
11 16
12 11
13 11
14 15
15 16
16 21
17 9
18 24
19 7
20 17
1 5
2 5
3 6
4 14
5 6
6 8
7 22
8 7
9 5
10 2
11 12
12 6
13 6
14 10
15 6
16 13
17 31
18 7
19 8

2 20 4 9,15
1 12
2 9
3 20
4 17
5 12
6 13
7 18
8 9
9 17
10 7
11 15
12 14
13 8
14 12
15 18
16 11
17 12
18 9
38 1 19 16 13,15 12,325
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Cislo jedince | ¢islo fezu | Cislo fotky | poéet pozitivnich bunék | primér/fez | prumér/jedinec | prumér/skupina
20 14
1 25
2 17
3 10
4 13
5 16
6 16
7 7
8 4
9 9
10 13
11 7
12 3
13 11
14 13
15 18
16 8
17 17
18 7
19 10

2 20 6 11,5
1 16
2 12
3 8
4 10
5 10
6 17
7 16
8 15
9 12
10 3
11 14
12 8
13 12
14 21
15 13
16 11
17 11
18 18
19 10

1 20 5 12,1
1 18
2 22
3 9
4 7
5 11
6 18
7 14
8 16
9 10
10 12
11 13
12 10
13 9
14 16
15 15

39 2 16 18 13,4 12,75
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Cislo jedince | ¢islo fezu | Cislo fotky | poéet pozitivnich bunék | primér/fez | prumér/jedinec | prumér/skupina
17 14
18 14
19 14
20 8

Tabulka 22. Kvantifikované vysledky Ki67-pozitivnich bun¢k v alveolarnich oblastech v plicich.

Pb(NO3)2NPs skupina.
¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bunék | primér/iez primér/jedinec | prumér/skupina
1 18
2 6
3 16
4 10
5 10
6 7
7 8
8 4
9 11
10 10
11 10
12 16
13 14
14 11
15 2
16 11
17 10
18 12
19 11
1 20 2 9,95
1 5
2 5
3 15
4 14
5 12
6 11
7 14
8 14
9 5
10 13
11 16
12 9
13 7
14 7
15 10
16 6
17 5
18 9
19 9
36 2 20 11 9,85 9,9
1 16
2 19
3 12
37 1 4 10 13,55 16,05 13,2
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¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bunék | primér/iez pramér/jedinec | prumé&r/skupina
5 20
6 15
7 5
8 6
9 10
10 4
11 17
12 18
13 27
14 4
15 6
16 17
17 19
18 15
19 15
20 16
1 20
2 34
3 33
4 11
5 19
6 18
7 10
8 15
9 27
10 12
11 27
12 20
13 12
14 15
15 15
16 23
17 6
18 13
19 19
2 20 22 18,55
1 17
2 22
3 11
4 9
5 10
6 13
7 10
8 6
9 6
10 6
11 6
12 15
13 7
14 3
15 6
16 10
17 14
18 6
19 5
1 20 8 9,5
38 2 1 6 17,8 13,65
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¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bunék | primér/iez pramér/jedinec | prumé&r/skupina
2 5
3 20
4 14
5 11
6 21
7 8
8 20
9 22
10 22
11 32
12 27
13 27
14 11
15 12
16 28
17 47
18 3
19 8
20 12

Tabulka 23. Kvantifikované vysledky Ki67-pozitivnich bun¢k v alveolarnich oblastech v plicich.

Pb(NO3)>NPs/CL skupina.
¢islo jedince | ¢islo fezu | Cislo fotky pocet pozitivnich bunék | primér/iez | primér/jedinec | primér/skupina
1 13
2 13
3 6
4 10
5 2
6 9
7 20
8 11
9 13
10 6
11 5
12 5
13 9
14 18
15 19
16 11
17 7
18 8
19 21
1 20 12 10,9
1 10
2 10
3 9
4 13
5 9
6 11
7 18
8 22
9 1
10 15
7 2 11 6 11,7 11,3 14,68333333
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¢islo jedince | ¢islo fezu | Cislo fotky pocet pozitivnich bunék | primér/iez | primér/jedinec | primér/skupina
12 5
13 9
14 5
15 19
16 4
17 18
18 23
19 17
20 10
1 27
2 20
3 20
4 11
5 15
6 13
7 26
8 18
9 31
10 17
11 15
12 20
13 24
14 19
15 24
16 15
17 19
18 11
19 14
1 20 17 18,8
1 19
2 16
3 13
4 20
5 24
6 25
7 19
8 16
9 8
10 10
11 12
12 22
13 10
14 13
15 14
16 8
17 13
18 13
19 8
8 2 20 9 14,6 16,7
1 18
2 6
3 19
4 28
5 14
6 19
7 19
9 1 8 17 16,2 16,05
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¢islo jedince | ¢islo fezu

primér/jedinec | prumér/skupina

Cislo fotky pocet pozitivnich bunék | primér/fez
9 22
10 15
11 20
12 10
13 13
14 19
15 1
16 7
17 19
18 22
19 14
20 22
1 3
2 13
3 8
4 15
5 16
6 16
7 18
8 16
9 23
10 13
11 13
12 17
13 28
14 23
15 9
16 18
17 24
18 13
19 20
2 20 12 15,9

Kvantifikace Nanog-pozitivnich bunék v plicich

Z kazdého jedince byly pomoci nepfimé trojstupiiovéimunohistochemické metody a markeru
Nanog obarveny ¢tyfi fezy. Nasledné bylo z kazdého fezu potizeno 10 fotografii o velikosti 2088
x 1550 px se zvétsenim 40x, ve kterych byly kvantifikovany nalezené pozitivni buiiky (tab. 24—
26). Poget pozitivnich bun&k byl nakonec piepocitan tak, aby odpovidal plose 1 mm?(P1).

Tabulka 24. Kvantifikované vysledky Nanog-pozitivnich bunék v plicich. Kontrolni skupina.

¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bungk | primér/iez | primér/jedinec | primér/skupina
1 60
2 46
3 43
4 61
5 39
6 41
7 55
8 50
9 49
36 11 10 37 48,1 48,025 42,7
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¢islo jedince

¢éislo fezu

¢islo fotky

pocet pozitivnich bunék

pramér/iez

pramér/jedinec

pramér/skupina

12

52

36

46

33

36

51

36

50

34

38

41,2

21

41

48

54

41

51

43

55

42

37

65

47,7

22

57

51

59

50

43

49

54

60

61

67

55,1

37

11

43

46

33

50

47

52

33

39

44

38

42,5

12

38

45

30

35

41

40

54

33

26

25

36,7

21

70

55

30

56

49

54

N AN N[BR|WIN[—(O|O |0 [QA[RN|N | (R |= O[O |QA|N[N[R|WIN[— (D00 (AN N | (R |—|D[([O[R|QA|N[ N[ |W|IN[— (DO |0 ([N | (W[ |—

54

52,1

46,2
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¢islo jedince

¢éislo fezu

¢islo fotky

pocet pozitivnich bunék

pramér/iez

pramér/jedinec

pramér/skupina

8

49

el

53

51

22

50

60

52

48

65

65

45

39

38

73

53,5

38

11

61

59

51

64

51

46

67

43

48

54

54.4

12

50

49

52

45

41

45

47

50

36

44

45,9

21

29

27

30

34

46

34

30

11

36

31

30,8

22

33

40

41

40

39

39

44

28

27

26

35,7

41,7

39

11

42

43

36

ARO[ QAN N[ (W= (DO |X Q[N |W([—|D|O[R (AN N[ [WIN|—=[([D(O|X Q[N W[~ |D|O[R QAN N[ [W|IN|—O

31

39,9

33,825
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¢islo jedince

¢éislo fezu

¢islo fotky

pocet pozitivnich bunék

pramér/iez

pramér/jedinec

pramér/skupina

22

45

58

47

39

—

36

12

45

42

19

45

41

49

38

44

50

—

43

41,6

21

20

22

14

35

28

36

21

29

21

—

22

24,8

22

27

28

31

24

24

45

29

29

22

—

31

29

40

11

52

51

51

54

56

60

45

38

43

—

28

47,8

12

43

53

44

30

44

44

38

46

37

—

43

42,2

21

— OO |N|N|[nN[R|WIN[— OV V[N [(W(IN|—=|O[O|lo|F|N[N[R|WIN[— OV [V[N|N | (W[ |~ |O([O||A|N[N[R|W|IN|[—[O|O|o|[Q[N|Wn

43

44.9

43,75
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¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bungk | primér/iez | primér/jedinec | primér/skupina
2 39
3 41
4 53
5 47
6 40
7 47
8 48
9 39
10 52
1 25
2 35
3 55
4 21
5 40
6 70
7 27
8 42
9 45
22 10 41 40,1

Tabulka 25. Kvantifikované vysledky Nanog-pozitivnich bunek v plicich. Pb(NO3)NPs skupina.

¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bun¢k | primér/iez | primér/jedinec | primér/skupina

37
47
52
45
46
51
48
52
46
26 45
80
68
94
63
85
75
72
40
63
79 71,9
60
89
71
50
71
78
75
82
91
63 73
85
87 77,3 66,8 63,295

11

—

12

—

21

—_
N[ OO [QA[N| N[ [WRIN|—=[(D(O|R|QA[N[N | |W(N[—|O|O[([Q|N|n |k [W|N|—

36 22
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¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bungk | primér/iez | primér/jedinec | primér/skupina

69
59
81
83
87
79
68
75

68
69
64
55
61
50
65
65
67
80 64,4
67
66
49
60
58
41
52
61
56
52 56,2
65
68
69
53
67
68
40
60
56
63 60,9
58
75
80
54
70
66
57
74
68
53 65,5 61,75

11 1

12 1

21 1

37 22 1

46
54
44
55
44
69
50
63
54| 533 58,725

O |R0([ Q[N N[ R[(R(|—=|D[O[R|QA|N[ N[ |WIN[— (D00 [QA[N|N | (W= |D[([O[R|QA|N[ N[ |W|IN[—[D|O |0 (AN | (W[ |— ||| (N[ |W

38 11
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¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bungk | primér/iez | primér/jedinec | primér/skupina

10 54
51
78
43
53
44
52
67
40
37
39| 504
65
47
67
71
72
64
63
55
60
62| 626
53
65
77
61
53
62
71
98
69
771 68,6

—_—

12 1

21 1

22 1

56
56
55
52
46
62
75
56
51
61 57
66
63
50
60
58
55
61
42
37
49 54,1
73
80
74
75
70
60 72 64,425

11 1

12 1

AN N[ [WIN = [([O(O|0 QN[N |WR(N[— || QAN N[ W= [([D(O|R QN[N |WR[N[—|D|O[R[QA|N| N[ [WIN|—[D|(O|0 ||| |wW(N

39 21
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¢islo jedince

¢éislo fezu

¢islo fotky

pocet pozitivnich bunék

pramér/iez

pramér/jedinec

pramér/skupina

7

79

e}

73

67

—

69

22

59

59

83

88

44

87

83

82

67

—

94

74,6

40

11

65

72

58

61

56

60

59

64

53

—

63

61,1

12

62

73

52

54

77

54

50

56

51

—

56

58,5

21

62

84

81

83

70

68

73

72

87

—

71

75,1

22

68

66

68

58

65

70

71

50

63

SO [QA| NN [PR[WIN|—=[([D(O|X Q[N W[~ |D|O[R[QA|N[ N[ W= (DO |R Q[N | W[~ |D[O[RQA|N[ N[ |W|IN[— DO

—

65

64,4

64,775
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Tabulka 26. Kvantifikované vysledky Nanog-pozitivnich bun¢k v plicich. Pb(NO3)NPs/CL skupina.

Cislo jedince

¢éislo fezu

Cislo fotky

pocet pozitivnich bunék

primér/iez

primér/jedinec

primér/skupina

11

69

87

87

89

98

92

73

69

57

68

78,9

12

88

81

75

91

73

89

53

65

59

65

73,9

21

79

81

97

82

78

70

66

86

99

70

80,8

22

67

79

62

65

70

54

76

96

68

71

70,8

76,1

11

56

89

74

69

65

56

51

70

56

55

64,1

12

71

92

74

53

N|R(WRIN= OOV N[R|WIN[— DO |RX (AN | (R |=|D([O[R|Q|N[N[R|WIN[— (DO |0 [QA[N|N | (RN |—=|D[O[R|J|N [N [|W[N[—

70

59,8

64,05

68,305
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¢islo jedince

¢éislo fezu

¢islo fotky

pocet pozitivnich bunék

pramér/iez

pramér/jedinec

pramér/skupina

6

40

2

47

47

67

—

37

21

54

65

57

76

64

36

83

79

68

—

83

66,5

22

81

77

84

69

26

49

68

82

55

—

67

65,8

11

81

76

71

86

71

73

76

84

84

—

52

75,4

12

80

78

75

59

71

68

52

74

72

—

77

70,6

21

50

77

91

75

80

57

74

86

82

—

77

74,9

22

63

N[ =[O0 |QA [N N |W[N[— || QAN N[ [WIN = [[D(O|0 Q[N |W(N[—|D|O[R QAN N[ (W= (DO |X AN ||V |[— || O |0

59

71,4

73,075
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¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bungk | primér/iez | primér/jedinec | primér/skupina

78
83
75
68
66
62
94
66

65
37
39
56
57
59
63
65
66
71 57,8
40
43
71
49
64
42
51
57
33
68 51,8
64
54
71
53
73
70
50
82
69
64 65
65
61
81
51
41
54
54
75
72
51 60,5 58,775

11 1

12 1

21 1

57
61
62
61
71
64
56
75
60 64,3 69,525

O |R0([ Q[N N[ R[(R(|—=|D[O[R|QA|N[ N[ |WIN[— (D00 [QA[N|N | (W= |D[([O[R|QA|N[ N[ |W|IN[—[D|O |0 (AN | (W[ |— ||| (N[ |W

10 11
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¢islo jedince

Cislo fezu | Cislo fotky

pocet pozitivnich bunék

primér/iez

primér/jedinec

primér/skupina

10

76

—_—

71

71

63

65

71

81

64

64

88

12

—

56

69,4

66

85

77

78

63

56

82

65

55

21

—

97

72,4

81

76

53

75

52

61

71

66

88

22

—_
S| O[(RX[QA|N|N[PR[WIN =[O0 |QA [N |W(N[—|OD|O[0[QA|N ||k ([W]|D

97

72

Kvantifikace TB-pozitivnich bunék v plicich

Z kazdého jedince byly obarveny Toluidinovou modii 4 fezy. Nasledné byl kvantifikovan celkovy
pocet pozitivnich bunék v jednotlivych fezech (tab. 27-29).

Tabulka 27. Kvantifikované vysledky TB-pozitivnich bun¢k v plicich. Kontrolni skupina.

Cislo jedince Cislo fezu pocet pozitivnich buné¢k primér/jedinec | prumér/skupina

11 3
12 0

36 71 > 1,25
22 0
11 0

37 12 3 1,25
21 1 19
22 1 ’
11 0
12 0

38 71 0 0
22 0
11 0

39 B 0 0
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21 0
22 0
11 4
12 4
40 71 5 7
22 15

Tabulka 28. Kvantifikované vysledky TB-pozitivnich bun¢k v plicich. Pb(NO3)>NPs skupina.

¢islo jedince

¢islo fezu

pocet pozitivnich buné¢k

primér/jedinec

primér/skupina

36

11

12

21

22

37

11

12

21

22

N[N (O[O0 [n|—

7,5

38

11

—
(=)

12

21

22

5,75

39

11

12

21

22

0,5

40

11

12

21

22

N [—= N (DD ||

2,5

3,85

Tabulka 29. Kvantifikované vysledky TB-pozitivnich bun¢k v plicich. Pb(NO3),NPs/CL skupina.

Cislo jedince Cislo fezu pocet pozitivnich bunék primér/jedinec | prumér/skupina

11 13
12 1

6 21 1 5,75
22 5
11 0
12 0

7 21 1 0,25
22 0
11 16
12 19

8 21 12 16,25 6,65
22 16
11 8
12 3

9 21 4 5,25
22 6
11 5
12 5

10 21 4 5,75
22 9
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Kvantifikace CD68-pozitivnich bunék v plicich

Z kazdého jedince byly pomocineptimé trojstupniové imunohistochemické metody a markeru
CD68 obarveny Ctyfi fezy. Nasledné bylo z kazdého fezu potizeno 10 fotografii o velikosti 2088
x 1550 px se zvétSenim 40x, ve kterych byly kvantifikovany nalezené pozitivni buiiky (tab. 30—
32). Pocet pozitivnich bunék byl nakonec piepoéitan tak, aby odpovidal plose 1 mm? (P1).

Tabulka 30. Kvantifikované vysledky CD68-pozitivnich bun€k v plicich. Kontrolni skupina.

Cislo jedince | ¢islo fezu | Cislo fotografie | pocet pozitivnich bungk | primér/iez | primér/jedinec | primér skupiny
14
15
16
16
11
17
13
18
19
21 16
17
14
13
15
21
19
20
20
18
23 18
13
23
17
15
17
24
20
24
18
15 18,6
14
16
18
17
20
21
9
22
18
22 17,7 17,575
36
28
25
13
30
21 22,6 20,4 19,97

11

—_—

AN N[RWIN = O(O|X|QA[(AN[N|R W~ |O|O (XA N[ W= (DO |X I[N W[ [—|O|O (0 [Q|IN|nN [ ([W|N|—

12

—_—

21

—_—

36 22

—_—

37 11
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Cislo jedince

¢éislo fezu

Cislo fotografie

pocet pozitivnich bunék

pramér/iez

pramér/jedinec

pramér skupiny

7

12

o]

17

23

—_—

21

12

21

18

20

21

14

18

19

16

20

—_—

26

19,3

21

18

48

16

17

16

13

21

16

15

—_—

16

19,6

22

18

18

24

20

19

24

18

14

21

—_—

25

20,1

38

12

17

17

15

17

16

19

16

12

17

—_—

12

15,8

12

31

18

23

14

25

22

21

23

20

—_—

23

22

21

22

14

WIN[(— OO |XRX (AN N | ([RIN|= DO [RQA|NN[R|WIN[— DO |[XR (AN (WIN|= O[O QAN[N[R|WIN[— DO | [IA[([N|N | (W= O[O

24

20,9

19,325
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Cislo jedince

¢éislo fezu

Cislo fotografie

pocet pozitivnich bunék

pramér/iez

pramér/jedinec

pramér skupiny

29

27

23

16

21

21

—_—

12

22

20

17

24

19

19

12

16

22

20

—_—

17

18,6

39

11

28

25

11

16

22

19

19

21

11

—_—

19

19,1

12

21

21

27

22

11

20

24

14

17

—_—

28

20,5

21

25

24

17

26

35

28

24

23

25

—_—

33

26

22

32

26

28

28

24

31

18

24

17

OO0 QA[AN|N|R (RN~ (D|O[XRX (AN [ |W[I =[O Q[N N[ (W[~ DO QAN | |W(IN|—([D[([O|X (AN N[ |WIN[— OO [N N~

—_—

26

25,4

22,75
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Cislo jedince

¢éislo fezu

Cislo fotografie

pocet pozitivnich bunék

primér/iez

primér/jedinec

pramér skupiny

40

11

24

21

25

26

17

18

23

21

21

—_—

24

22

12

23

15

14

16

20

21

17

17

18

18

17,9

21

30

25

20

18

21

14

20

16

23

—_—

22

20,9

22

22

33

16

20

19

20

13

13

14

-
SO (X QN N[R[WIN|=[O(O|X Q[N W~ DO QAN N[ |WIN = OO0 (AN | |—

—_—

14

18,4

19,8

Tabulka 31. Kvantifikované vysledky CD68-pozitivnich bun¢k v plicich. Pb(NO3)>NPs skupina.

¢islo jedince

¢éislo fezu

Cislo fotografie

pocet pozitivnich bunék

primér/iez

primér/jedinec

pramér skupiny

36

11

16

34

14

10

19

30

15

14

15

—_—

17

18,4

12

12

N[— OO (AN |n [ [W|N|—

17

15,8

16,85

14,955
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Cislo jedince | ¢islo fezu | Cislo fotografie | pocet pozitivnich bungk | primér/iez | primér/jedinec | primér skupiny

21
14
13
11
28
19
11
12
10
13
14
31
13
15
11
15
14
17 15,3
16
25
27
12
15
14
19
16
21
14 17,9

21 1

22 1

13
12
13
11
11
15
12
15
17
14 13,3
10
10
15
15
14
18
22
14
11
19 14,8
20
22
17
18
19
21
11
17
17 18 15,1

11 1

12 1

O | [ Q[N N[ [(RIN|=D(O[X|QA|N[N[R|WIN[— (DO |X (AN N | (RN |—= DO QA|N[N[R|WIN[—[D|O|X0 (AN | (W=D |I|N (N[~ |Ww

37 21
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Cislo jedince

¢éislo fezu

Cislo fotografie

pocet pozitivnich bunék

pramér/iez

pramér/jedinec

pramér skupiny

10

18

22

—_—

12

8

10

12

24

16

14

23

11

13

14,3

38

11

22

14

10

20

14

15

10

7

25

9

14,6

12

18

19

13

10

13

10

14

16

21

17

15,1

21

15

16

8

13

25

10

13

16

11

9

13,6

22

23

15

11

15

16

14

18

10

17

11

15

14,575

39

11

13

22

14

31

23

Q| N[AR[WIN = [O(O|X Q[N |WIN[—|D|O[(X QAN N[ W= [O(O|X AN [N|R W[~ |D|O[X QAN N[R[WIN = OO0 | [N

25

19,6

15,9
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Cislo jedince

¢éislo fezu

Cislo fotografie

pocet pozitivnich bunék

pramér/iez

pramér/jedinec

pramér skupiny

7

19

o]

13

16

—_—

20

12

17

14

11

12

10

13

11

16

13

—_—

9

12,6

21

12

18

25

14

14

18

10

11

16

—_—

15

15,3

22

9

14

25

20

20

23

24

9

6

—_—

11

16,1

40

11

14

10

7

13

11

12

10

12

18

—_—

8

11,5

12

14

15

16

16

15

12

12

14

8

—_—

10

13,2

21

13

24

WIN[(— OO |XRX (AN N | ([RIN|= DO [RQA|NN[R|WIN[— DO |[XR (AN (WIN|= O[O QAN[N[R|WIN[— DO | [IA[([N|N | (W= O[O

10

13

12,35
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Cislo jedince

¢éislo fezu

Cislo fotografie

pocet pozitivnich bunék

primér/iez

primér/jedinec

pramér skupiny

14

8

17

8

10

15

—_—

11

22

14

11

9

8

10

13

19

10

16

OO QA[AN| N | (W |— (DO (| [N |~

—_—

7

11,7

Tabulka 32. Kvantifikované vysledky CD68-pozitivnich bun¢k v plicich. Pb(NO3)>NPs/CL skupina.

Cislo jedince

¢éislo fezu

Cislo fotografie

pocet pozitivnich bunék

primér/iez

primér/jedinec

pramér skupiny

11

23

24

23

19

11

23

14

17

16

—_—

18

18,8

12

22

24

25

17

11

20

25

21

13

—_—

24

20,2

21

19

21

15

22

20

20

14

15

15

—_—

16

17,7

22

9

13

15

RO [O(O|R|QA[N[N[R|WIN[—|D|O (XA N[ [WIN|—= DO [R|I|N (N[ |W[N|[—

20

14,9

17,9

16,595
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Cislo jedince

¢éislo fezu

Cislo fotografie

pocet pozitivnich bunék

pramér/iez

pramér/jedinec

pramér skupiny

13

15

12

12

15

—_—

25

11

29

11

15

9

24

21

24

19

16

—_—

24

19,2

12

18

25

21

18

22

20

15

21

18

—_—

18

19,6

21

17

17

15

14

15

18

18

22

10

—_—

26

17,2

22

12

22

16

26

11

18

17

18

17

—_—

14

17,1

18,275

11

27

26

10

11

16

14

14

12

18

—_—

7

15,5

12

= OO |QA|N[N[R|WIN[—= OO (AN N | (RN |—= O[O |A|N[N[AR|W|IN =[O [QA[N|N | (W=D (O A|N[ N[ |W|IN[—=[D|O|o [N |Wn

15

16,6

16,5
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Cislo jedince | ¢islo fezu | Cislo fotografie | pocet pozitivnich bungk | primér/iez | primér/jedinec | primér skupiny

10
34
9
16
12
35
17
10

8
12
15
18
20
12
36
18
15
10
17 17,3
18
16
7
27
14
13
19
11
30
11 16,6

21 1

22 1

14
10
12
19
10
17
23
22
11
14 15,2
15
24
12
18
14
15
16
11
16
20 16,1
14
22
16
14
14
20
13
15 16,2 15,325

11 1

12 1

RXNL(AN[ N W= OO (AN N[R[WIN = ([O(O|X Q[N |W(N[—|D|O (XA N[ W= (DO |X|I[(N[N|R|W[N[—|O|O ([N ||
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Cislo jedince

¢éislo fezu

Cislo fotografie

pocet pozitivnich bunék

pramér/iez

pramér/jedinec

pramér skupiny

9

17

10

17

22

—_—

13

16

8

17

13

11

24

16

8

—_—

12

13,8

10

11

19

10

18

14

18

19

10

20

12

—_—

17

15,7

12

10

14

12

15

31

11

16

11

25

—_—

14

15,9

21

15

12

11

13

20

21

15

10

11

—_—

11

13,9

22

14

11

11

18

13

9

26

20

9

SO (X Q| N N[R[WIN|=O(O|X I[N [N|R W~ |O|O(XR[QA|N| N[ [WIN =[O |R|I[N[N|R|WIN[—|O|O[(R[(QA|N|n W

—_—

13

14,4

14,975
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Jatra

Souhrn provedenych analyzv jatrech

Tabulka 33. Souhrn provedenych analyz na vzorcich jater.

metoda analvza histologicka barveni IHC IF gPCR
oznaceni hmotr}llosti histopatologicka |MG| S| Ki | CD | SO | Ki | SO |[IL1 | IL1 | IL | NFk
jedince analyza T |R[67] 68 | X9 67| X9]| -a|-b|6]| Bl
ctr 36 + + - |+ + + + - + + - + +
ctr 37 + + + |- + | + + - + + + | + -
ctr 38 + + + |-+ ] + + |+ + - + |+ ] +
ctr 39 + + + |+ + + + + + + + | - +
ctr 40 + + - |+ + + + + - + + | - +
Pb(N?g)zNPs " n N T I + + | + - . - -
Pb(Ng);)ZNPS + + e e e e e e s
Pb(Ng)g)ZNPS + + N T " I L (AR (R s
Pb(Ng);)ZNPS + + e T B B e e
Pb(NgS)ZNPS + + T P o I e e e I
Pb(NCOIj)éNPS/ + + N T i I A B (i R
Pb(NCOIj);NPS/ + + o+ + |+ |+ |+ ||+
Pb(choi)gNPS + + B I T RN i (R R s
Pb(ljcoi);NPS + + e I i R A I T IR B IS
Pb(/l‘é?jzzglps n + -+ + ]+ |+ +]+]+]-] -

Histopatologicka analyza vzorki jater

Z kazdého jedince byly potizeny dva ftezy, které byly obarveny pomoci piehledného
histologického barveni Hematoxylin-eosin. Nalezené histopatologické zmény byly kvantifikovany

(tab. 34-36) dle kritérii v tab. 14.

Tabulka 34. Histopatologicka analyza jater. Kontrolni skupina.

Cislo ¢islo | infiltrat fokalni | steat | hemos | remodelace hepatickd | karyom | hepaticka
jedince |fezu |leukocyti |nekréza |d6za |taza | tramcového epitelu | dystrofie egalie | hypertrofie
1]+ + |+ +
36 2|+ + +
1|11 + +
37 2 +
1 ++ ++
38 2|+ ++ +
1]+ +
39 2|+ +
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Cislo ¢islo | infiltrat fokalni | steat | hemos | remodelace hepatickd | karyom | hepaticka
jedince |fezu |leukocyti |nekréza |d6za |taza | tramcového epitelu | dystrofie egalie | hypertrofie
1
40 2|+
Tabulka 35. Histopatologicka analyza jater. Pb(NO3)>NPs skupina.
¢islo ¢islo | infiltrat fokalni | steat | hemos | remodelace hepatickd | karyom | hepaticka
jedince |fezu |leukocyti |nekréza |d6za |taza | tramcového epitelu | dystrofie egalie | hypertrofie
1]+ + ++ + +
36 2|+ + +
1]+ + + + + +
37 2|+ + ++ + +
1]+ + ++ ++ + + +
38 2|+ + + ++ + ++
1]+ + + [+t ++ + ++ +
39 2|+t + + ++ ++ ++ ++ +
1 [+ ++ + ++
40 2|+ + |+ +++ + +
Tabulka 36. Histopatologicka analyza jater. Pb(NO3)>NPs/CL skupina.
Cislo ¢islo | infiltrat fokalni | steat | hemos | remodelace hepatickd | karyom | hepaticka
jedince |fezu |leukocyti |nekréza |d6za |taza | tramcového epitelu | dystrofie egalie | hypertrofie
1]+ + [+t ++ + ++ +
6 2|+ + ++ + + + +
1[++ + + |+ ++ + ++
7 2| ++ + + ++ + +
1]+ ++ ++ + +
8 2 ++ + + ++
1]+ + + + + +
9 2|+ + + + +
1[++ + ++ + ++ + +
10 2|+ ++ + + + +

Kvantifikace Ki67-pozitivnich bunék v jatrech

Z kazdého jedince byly pomoci nepiimé trojstupiiové imunohistochemické metody a markeru
Ki67 obarveny Ctyfi fezy. Nasledné bylo z kazdého fezu potizeno 10 fotografii o velikosti 2088 x
1550 px se zvétSenim 40x, ve kterych byly kvantifikovany nalezené pozitivni buiiky (tab. 37-39).
Pocet pozitivnich bunék byl nakonec piepocitan, aby odpovidal plose 1 mm? (P1).

Tabulka 37. Kvantifikované vysledky Ki67-pozitivnich bunék v jatrech. Kontrolni skupina.

Cislo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bunék | praimér/fez primér/jedinec | prumér/skupina
1 0
2 0
3 0
4 0
5 2
36 11 6 3 1,4 2,45 5,36
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&r/skupina

Tim

ér/jedinec | p

o

pramér

6,225

0,7

4,3

34

7,1

6,3

10

13

Cislo fotky | pocet pozitivnich bunék | primér/fez

10

10

10

10

10

10

12

21

22

11

12

21

¢islo jedince | ¢islo fezu

37

142



¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bunék | primér/fez pramér/jedinec | prumé&r/skupina
4 10
5 5
6 6
7 5
8 2
9 4
10 7
1 4
2 6
3 11
4 6
5 4
6 3
7 4
8 5
9 6
22 10 6 5,5
1 9
2 14
3 12
4 5
5 7
6 10
7 7
8 10
9 17
11 10 10 10,1
1 6
2 10
3 12
4 11
5 4
6 8
7 8
8 6
9 6
12 10 10 8,1
1 7
2 5
3 16
4 15
5 11
6 9
7 7
8 4
9 10
21 10 10 9,4
1 14
2 13
3 13
4 14
5 13
6 14
7 9
8 15
9 16
38 22 10 9 13 10,15
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&r/skupina

Tim

ér/jedinec | p

o

pramér

4,175

3,8

3,6

3,8

5,3

44

3,7

Cislo fotky | pocet pozitivnich bunék | primér/fez

10

10

10

10

10

114

11

12

21

22

11

12

¢islo jedince | ¢islo fezu

39

40
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¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bunék | primér/fez pramér/jedinec | prumé&r/skupina
8 2
9 6
10 4
1 3
2 5
3 2
4 4
5 4
6 5
7 3
8 3
9 0
21 10 7 3,6
1 5
2 8
3 2
4 0
5 4
6 1
7 5
8 5
9 2
22 10 3 3,5

Tabulka 38. Kvantifikované vysledky Ki67-pozitivnich bun¢k v jatrech. Pb(NO3)>NPs skupina.

Cislo jedince | ¢islo fezu | Cislo fotky | poéet pozitivnich bunék | primér/fez | prumér/jedinec | prumér/skupina
1 7
2 3
3 8
4 8
5 5
6 6
7 8
8 19
9 12
11 10 11 8,7
1 9
2 7
3 6
4 10
5 9
6 6
7 11
8 9
9 5
12 10 5 7,7
1 5
2 1
3 4
4 6
5 8
6 5
7 8
36 21 8 10 6,1 7,275 7,24
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Cislo jedince | ¢islo fezu | Cislo fotky | poéet pozitivnich bunék | primér/fez | prumér/jedinec | prumér/skupina
9 9
10 5
1 3
2 8
3 8
4 5
5 4
6 10
7 7
8 8
9 7
22 10 6 6,6
1 14
2 10
3 8
4 10
5 10
6 6
7 8
8 11
9 10
11 10 6 9,3
1 10
2 9
3 10
4 8
5 16
6 9
7 6
8 9
9 8
12 10 9 9,4
1 4
2 13
3 4
4 15
5 4
6 7
7 6
8 5
9 16
21 10 6 8
1 9
2 5
3 10
4 8
5 12
6 9
7 2
8 9
9 14
37 22 10 8 8,6 8,825
1 5
2 2
3 6
4 6
38 11 5 5 4 5,675
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&r/skupina

Tim

ér/jedinec | p

o

7,925

fez | pram

ramer/f

o

34

54

9,9

8,3

8,2

6,4

12
10

16
16
12
20

17
11
13

12
10
18

Cislo fotky | pocCet pozitivnich bunék |p

10

10

10

10

10

10

¢éislo fezu

12

21

22

11

12

21

¢islo jedince

39
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&r/skupina

Tim

ér/jedinec | p

o

6,5

fez | pram

ramer/f

o

8,8

8,8

6,3

5,9

14
15
12

11

10
14

11

10

11

10
10

11

Cislo fotky | pocCet pozitivnich bunék |p

10

10

10

10

10

¢éislo fezu

22

11

12

21

22

¢islo jedince

40
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Cislo jedince | ¢islo fezu | Cislo fotky | poéet pozitivnich bunék | primér/fez | prumér/jedinec | prumér/skupina

10 5

Tabulka 39. Kvantifikované vysledky Ki67-pozitivnich bun¢k v jatrech. Pb(NO3)>NPs/CL skupina.

¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bunék | primér/iez primér/jedinec | prumér/skupina

25
26
26
33
37
31
37
23
23
21 28,2
38
18
31
38
15
24
31
25
32
24 27,6
21
20
20
27
32
34
61
31
20
31 29,7
19
24
19
33
20
18
24
31
31
23 242 27,425

11

—

12

—

21

—

(@)
\S}
\S)
—

9
15
16
28
37
19
30
11
13
16 19,4 19,65 13,86
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~
—
—_—
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¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bunék | primér/iez pramér/jedinec | prumé&r/skupina

17
15
10
20
11
40
21
17
13
23 18,7
46
12
52
9
6
9
10
7
19
21 19,1
14
13
31
16
37
8
11
33
29
22 21,4

12 1

21 1

22 1

11 1 12 7,9

12 1 11

—_
N (—= | N Q|

N AN N[BR|WIN[—(O|O |0 [QA[N|N | (R |—= O[O |Q|N[N[R|WIN[— (DO |0 (AN N | [P |—|D[([O[R|QA|N N[ |W|IN[— (DO |0 ([N | (W[ |—

6,9 8,6
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¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bunék | primér/iez pramér/jedinec | prumé&r/skupina

8 5
9 17
10 6
1 4
2 5
3 11
4 13
5 7
6 4
7 8
8 13
9 14

22 10 7 8,6
1 1
2 3
3 5
4 8
5 3
6 1
7 4
8 5
9 8

11 10 8 4,6
1 5
2 1
3 8
4 5
5 5
6 4
7 4
8 2
9 1

12 10 8 43
1 4
2 5
3 3
4 5
5 6
6 5
7 4
8 9
9 4

21 10 3 4,8
1 5
2 5
3 2
4 7
5 3
6 5
7 5
8 4
9 3

9 22 10 5 4,4 4,525
1 18
2 8
3 8
10 11 4 3 7,2 9,1
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¢islo jedince | ¢islo fezu | Cislo fotky | pocet pozitivnich bunék | primér/iez primér/jedinec | prumér/skupina

5 6
6 4
7 12
8 5
9 5
10 3
1 9
2 7
3 8
4 9
5 10
6 14
7 7
8 7
9 3

12 10 10 8,4
1 19
2 11
3 11
4 16
5 13
6 8
7 9
8 4
9 6

21 10 6 10,3
1 1
2 7
3 10
4 11
5 28
6 22
7 15
8 0
9 8

22 10 3 10,5

Kvantifikace CD68-pozitivnich bunék v jatrech

Z kazdého jedince byly pomoci nepfimé trojstupiiové imunohistochemické metodya markeru
CD68 obarveny dva fezy. Nasledné bylo z kazdého fezu potizeno 10 fotografii o velikosti 2088 x
1550 px se zvétSenim 40x, ve kterych byly kvantifikovany nalezené pozitivni buiiky (tab. 40—42).
Pocet pozitivnich bunék byl nakonec piepocitan, aby odpovidal plose 1 mm?(P1).

Tabulka 40. Kvantifikované vysledky CD68-pozitivnich bunék v jatrech. Kontrolni skupina.

¢islo jedince | Cislo fezu | ¢islo fotky | pocet pozitivnich bunék | primér/fez | primér/jedinec | prumér/skupina
1 40
2 36
3 25
4 34
5 26
36 1 6 26 314 32,2 35,86
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¢islo jedince

¢éislo fezu

Cislo fotky

pocet pozitivnich bunék

primér/iez

pramér/jedinec

primér/skupina

7

40

o]

26

30

—_—

31

22

43

34

33

35

41

40

23

30

21

—_—

30

33

37

38

33

45

41

39

34

41

38

41

—_—

36

38,6

32

39

47

40

28

42

26

35

38

—_—

40

36,7

37,65

38

52

58

62

40

35

47

46

35

38

—_—

25

43,8

24

44

49

31

44

4

39

36

38

—_—

46

39,3

41,55

39

27

32

WIN (=[O O|XR (AN N | [R(N|=|D(O[R|QA|N[N[R|WIN[— DO (AN NI |=|D(O[R|QAN[N[R|WIN[— OO0 [IA[N|Nn | (W[ |—= O[O

33

34,5

34,9
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¢islo jedince

¢éislo fezu

Cislo fotky

pocet pozitivnich bunék

pramér/iez

primér/jedinec

primér/skupina

39

37

37

31

40

28

—_—

41

30

35

35

43

28

45

36

43

21

—_—

37

35,3

40

34

32

25

37

29

30

34

26

23

—_—

21

29,1

47

42

29

36

33

32

24

36

47

SO (U N N[ W= OO |X Q[N |WIN[—|O|O[(X (AN N[ ([W|IN|—= (OO |||~

—_—

43

36,9

33

Tabulka 41. Kvantifikované vysledky CD68-pozitivnich bun¢k v jatrech. Pb(NO3)>NPs skupina.

Cislo jedince

¢éislo fezu

¢islo fotky

pocet pozitivnich bun¢k

pramér/iez

priamér/jedinec

priamér/skupina

36

20

25

14

19

20

23

25

32

29

—

30

23,7

17

20

25

BRI |—= (O[O0 |Q|[N[N | |W[N|[—

27

222

22,95

21,13
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Cislo jedince

¢islo fezu

¢islo fotky

pocet pozitivnich bun¢k

pramér/iez

priamér/jedinec

priamér/skupina

24

23

19

16

23

[

28

37

16

22

7

17

18

16

20

29

24

—

13

18,2

22

12

21

18

15

13

9

18

11

—

19

15,8

17

38

35

36

24

30

21

14

24

19

15

—

20

23,8

34

23

27

30

23

27

23

26

26

—

27

26,6

25,2

39

13

11

15

16

11

10

12

18

23

—

13

14,2

= (OO [R|QN[ N[ |WIN[—[D|O|RX (AN N | (R |—|D[([O[R|QA|N[ N[ |WIN[—[D|O|X (AN N | (RO |—|D([O[R|QA|N[N[R|W|IN[— DO [N |Wn

23

19,3

16,75
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Cislo jedince

¢islo fezu

¢islo fotky

pocet pozitivnich bun¢k

pramér/iez

priamér/jedinec

priamér/skupina

19

20

8

9

19

17

29

23

—

26

40

29

22

21

26

29

26

17

21

26

—

28

24.5

21

19

24

30

23

16

21

25

25
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26

23

23,75

Tabulka 42. Kvantifikované vysledky CD68-pozitivnich bun¢k v jatrech. Pb(NO3)>NPs/CL skupina.

Cislo jedince

¢islo fezu

¢islo fotky

pocet pozitivnich bun¢k

pramér/iez

priamér/jedinec

priamér/skupina

42

36

43

41

30

47

32

48

42

—

29

39

22

29

52

48

36

30

32

37

29

—

29

34,4

36,7

37

N[— OO [QA[N|N[R[R[N =[O0 || [N | |W[N|[—

35

39

34,15

29,5
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Cislo jedince

¢islo fezu

¢islo fotky

pocet pozitivnich bun¢k

pramér/iez

priamér/jedinec

priamér/skupina

48

39

51

39

35

30

31

45

14

28

36

33

27

39

28

33

30

25

29,3

24

35

34

22

26

31

38

36

18

36

30

23

31

31

16

21

22

31

24

22

25

24,6

27,3

30

19

27

19

10

24

29

33

28

32

25,1

25

10

36

20

23

18

25

22
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26

21,8

23,45
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Cislo jedince

¢islo fezu

¢islo fotky

pocet pozitivnich bun¢k

pramér/iez

priamér/jedinec

priamér/skupina

10

13

10

—_—

7

16

27

25

17

42

29

27

31

—

24

24.5

20

38

21

18

27

49

27

29

21
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—

23

27,3

25,9
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P3: SEZNAM POUZITEHO MATERIALU
Seznam pouzitych chemikalii

alcianova modi (Merck)

dihydrogenfosforecnan draselny (Lachema)
dodekahydrat hydrogenfosfore¢nanu sodného (Lachner)
Ehrlichiv hematoxylin (Carl Roth)

ethanol (100%) (Dr. Kulich Pharma)

hydroxid sodny (Lachner)

chlorid draselny (Lachner)

chlorid sodny (Lachner)

jodi¢nan sodny (Penta)

kyselina citronova (Lachner)

kyselina fosfomolybdenové (Sigma-Aldrich)
kyselina fosfowolframova (Lachner)

kyselina chlorovodikova (36 %) (Lachner)
kyselina octova (Lachner)

peroxid vodiku (30%) (Lachner)

ponceau — kysely fuchsin (Diapath)

roztok svétlé zelené (Diapath)

Sirius Red (Diapath)

Toluidinova modf (Sigma-Aldrich)

Weigertliv hematoxylin — reagencie A (Diapath)
Weigertliv hematoxylin — reagencie B (Diapath)
xylen (Dr. Kulich Pharma)

B-mercaptoethanol (Sigma-Aldrich)
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Seznam pouzitych roztoki

Roztoky pouzité pri histologickych barvenich

Hematoxylin-eosin

Mayeriv hematoxylin

destilovana voda 1000 ml
hematoxylin lg
jodi¢nan sodny 02¢g
siran hlinitodraselny 50g
kyselina citronova lg
chloralhydréat 50g

Postup: 1 g hematoxylinu, 0,2 g jodicnanu sodného a 50 g kamence draselného rozpustime
v 1 I destilované vody. PoUplném rozpusténi pifidame 1 g kyseliny citronové
a 50 g chloralhydratu.

Eosin zZluty

eosin zluty (rozpustny ve vod¢) 5¢g
dichroman draselny 5¢g
100% ethanol 100 ml
nasyceny roztok kyseliny pikrové 100 ml
destilovana voda 800 ml

Toluidinova modr

Toluidine Blue Stock Solution
Toluidinova modrf lg
70% ethanol 100 ml

1% kysely roztok chloridu sodného
chlorid sodny 1,5¢
destilovana voda 150 ml

Postup: pH 1% kyselého roztoku chloridu sodného upravime na hodnoty 2,0 — 2,5 pomoci
35% kyseliny chlorovodikové.

Toluidine Blue Working Solution
Toluidine Blue Stock Solution 10 ml
1% kysely roztok chloridu sodného 90 ml

Roztoky pouzité pri imunohistochemickych a imunofluorescen¢nich metodach

Citratovy pufr

kyselina citronova 42¢
hydroxid sodny 18 g
destilovana voda 21
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Postup: 42 g kyseliny citronové a 18 g hydroxidu sodného rozpustime 2 litrech destilované vody.
Nasledn¢ upravime pH pomoci 36% kyseliny chlorovodikové na hodnotu 6. Pfi pouziti béhem
imunohistochemickych a imunofluorescencnich metod 10x zfedime v destilované vodé.

Fosfatovy pufr

chlorid sodny 160 g
chlorid draselny 4¢g
dihydrogenfosforecnan draselny 4¢g
dodekahydrat hydrogenfosfore¢nanu sodné¢ho 46,8 g
hydroxid sodny 2 pecky

Postup: VSechny latky umistime do odmérného valce, ktery nasledné dolijeme destilovanou vodou
do 2 litrd, michdme imunohistochemickych a imunofluorescen¢nich metod 10x zifedime
v destilované vodé.
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Seznam pouzitych kit
Kity pouzité pri imunohistochemickych metodach

Mysi kit - VECTASTAIN® Elite® ABC Kit, Peroxidase (Mouse 1gG) (Vector Laboratories, Inc.)
Krali¢i kit — VECTASTAIN® Elite® ABC Kit, Peroxidase (Rabbit IgG) (Vector Laboratories,
Inc.)

Redidlo Ab — DAKO Antibody Diluent with Background Reducing Components (Dako North
America, Inc.)

DAB — DAKO Liquid DAB+ Substrate Chromogen System (Dako North America, Inc.)

Kity pouzité pri imunofluorescen¢nich metodach

Sekundarni protilatka — Alexa Fluor™ 555 Donkey anti-rabbit (invitrogen by Thermo Scientific)
Krali¢i kit — VECTASTAIN® Elite® ABC Kit, Peroxidase (Rabbit IgG) (Vector Laboratories,
Inc.)

Redidlo Ab — DAKO Antibody Diluent with Background Reducing Components (Dako North
America, Inc.)

DAPI - Fluoroshield™ with DAPI (Sigma)

Kity pouzité pri analyze genové exprese

Izolace mRNA — RNeasy® Mini Kit (QIAGEN)
Priprava Master Mixu — gb Ideal PCR Master Mix (GENERI BIOTECH s.r.0.)
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Seznam pouzitych protilatek

Protilatky pouzité pri imunohistochemickych metodach

Ki67 — katalog. ¢.: RBK027
Nanog — katalog. ¢.: 4903
SOX2 — katalog. ¢.: 14962
MPO - katalog. ¢.: ab9535
CD68 — katalog ¢.: ab125212

¢
¢

Protilatky pouzité pri imunofluorescen¢nich metodach

Ki67 — katalog. ¢.: RBK027
SOXO9 — katalog. ¢.: OAAB10398
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Seznam pouzitych TaqgMan

Actb — ID: Mm00607939_s1
Sox2 — ID: Mm03053810_s1
Sox9 — ID: Mm00448840 ml1
IL1-a. — ID: Mm00439620 ml1
IL1-B — ID: Mm01336189 ml
IL6 — ID: Mm99999064 m]1
NFkB1 — ID: Mm00476361 ml
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Seznam pouzitych pristrojovych pomicek

Vaha

Zalévaci stanice
Rotaéni mikrotom
Yodni lazen
Horka deska

pH metr

Pipety

Mikroskop

Kamera
Fluorescen¢ni mikroskop
Spektrofotometr

Termocykler
Centrifuga

Trepacka
qPCR cycler

A200S (Sartorius Analytic)

DP500 (Bio Optica)

Leica RM2145 (Leica Microsystems)

Leica IH1210 (Leica Microsystems)

Leica IH1220 (Leica Microsystems)

edge pH (Hanna Instruments)

Micropipette Research 0-2,5 pl (Eppendorf)
Micropipette Research 2—20 ul (Eppendorf)
Micropipette Research 2—200 ul (Eppendorf)
Micropipette Research 100-1000 ul (Eppendorf)

Leica DM LB Video Microscope (Leica Microsystems)
Leica DM LB2 Video Microscope (Leica Microsystems)
Leica DFC320 Release Notes (Leica Microsystems)
Leica DM2000& 2000 LED system (Leica Microsystems)
NanoDrop One/One Microvolume OD600

(Thermo Scientific)

MasterCycler (Eppendorf)

D108 (DLAB)

Mini Spin Plus (Eppendorf)

M37610-26 (Barnstead/Thermolyne)
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Abstract: The inhalation of metal (including lead) nanoparticles poses a real health issue to people and
animals living in polluted and/or industrial areas. In this study, we exposed mice to lead(II) nitrate
nanoparticles [Pb(NO3); NPs], which represent a highly soluble form of lead, by inhalation. We aimed
to uncover the effects of their exposure on individual target organs and to reveal potential variability
in the lead clearance. We examined (i) lead biodistribution in target organs using laser ablation and
inductively coupled plasma mass spectrometry (LA-ICP-MS) and atomic absorption spectrometry
(AAS), (ii) lead effect on histopathological changes and immune cells response in secondary target
organs and (iii) the clearance ability of target organs. In the lungs and liver, Pb(NOj3), NP inhalation
induced serious structural changes and their damage was present even after a 5-week clearance
period despite the lead having been almost completely eliminated from the tissues. The numbers of
macrophages significantly decreased after 11-week Pb(NO3), NP inhalation; conversely, abundance
of alpha-smooth muscle actin (x-SMA)-positive cells, which are responsible for augmented collagen
production, increased in both tissues. Moreover, the expression of nuclear factor kB (NF-xB) and
selected cytokines, such as tumor necrosis factor alpha (I'NFa), transforming growth factor beta 1
(T'GFp1), interleukin 6(IL-6), IL-1e and IL-1B, displayed a tissue-specific response to lead exposure. In
summary, diminished inflammatory response in tissues after Po(NO3), NPs inhalation was associated
with prolonged negative effect of lead on tissues, as demonstrated by sustained pathological changes
in target organs, even after long clearance period.

Keywords: clearance; lead nanoparticles; inhalation; LA-ICP-MS imaging; toxicity
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1. Introduction

Ambient airborne particulate matter (PM) is considered as an important environmental pollutant
with adverse effect on human health [1]. However, recent studies indicated that the adverse health
effects of PM cannot be solely explained by the mass concentration of PM, but the size of particulates
and their chemical composition play also an important role [2—4].

Ambient PM is a very complex multi-component mixture of organic material and inorganic
compounds, including ionic species, crustal elements and metals [3-5]. Metals are present in the PM
both in insoluble form as oxides or mineralized species [6], and partly soluble forming a dissolved
metal fraction [5]. The water-soluble fraction of the metal was recently found to be responsible for
acute respiratory illnesses and child asthma [7-9].

Pb is one of the most abundant metals in aerosols [10-14]. The limit for airborne Pb of 0.5 pg/m3
determined by the World Health Organization is regularly exceeded in many cities around the world
when the measured concentrations of airborne Pb in some areas have reached 20 pg/m? in urban
background sites and even more than 70 pg/m? in industrial areas [13]. Recent studies indicate that a
substantial fraction (>35%) of total Pb content is soluble in water [5,11,15].

Due to their size, inhaled nanoparticles (NPs) can invade the lower respiratory tract more easily
than corresponding larger forms and they are predominantly deposited in the alveolar regions of lungs.
Although the inhalation of metal NPs, including those that contain Pb, poses a real threat to humans,
only a few studies have evaluated the potential toxicity of Pb in different nanoforms [16-19]. Different
approaches have been used for the applications of metal nano-suspensions into animal models, such
as intraperitoneal injections [17], intravenous injections [18,20], intratracheal instillation [21], or by
using specific inhalation devices for rodents [22] to study systemic intoxication.

Pb NPs in the air can come into contact with various parts of the body, such as the respiratory
system, the olfactory region, the skin, the hair or the conjunctiva of the eyes. The animals also take care
of their fur and therefore oral exposure to inhaled NPs can be higher than in humans. However, for in
both animals and humans, the inhaled NPs exhibit extrapulmonary effects because of the clearance
from the lungs through mucociliary transport [23]. Here, we exposed animals to Pb NPs in whole-body
inhalation chambers to simulate natural conditions. We used very low Pb NP concentrations in
inhaled air to reflect complex real situations of how humans are exposed to metal NPs in the ambient
atmosphere. In our previous studies [19,24], we exposed the animals to lead oxide nanoparticles
(PbO NPs), which is a poorly soluble Pb compound. Shortly, after subchronic PbONP inhalation,
morphological alterations and tissue damage were observed mainly in the lungs as a primary target of
the inhaled PbO NPs. After 5-week clearance period, the decreased level of pathological changes in
the lungs was observed in all analyzed animals. Similarly, in the liver, a 5-week clearance period after
6-week PbONP inhalation illustrated the ability of this organ to effectively react to an increased lead
load during the time of the experiment. Thereafter, clearance of ionic lead and PbONPs (Pb/PbONPs)
from the lungs and liver was effective. In this study, we exposed the animals to lead(II) nitrate
nanoparticles [Pb(NOj3), NPs] to mimic the effect of the soluble form of Pb in PM. Lead(Il) nitrate
was selected because of its high solubility in water. Nitrate, the second part of the compound, is
very important ionic component of PM [12]; however, its toxicity under normal concentration is low.
Nitrate’s toxicity results from its conversion to nitrite in the body that at high concentration may cause
methemoglobinemia [25].

A mass concentration of Pb(NO3), NPs of 68.6 ug/m3 (i.e, 429 ug Pb/m?3), used for exposure of
animals, corresponds to the exposure of city inhabitants during pollution peaks. Occupational Safety
and Health Administration (OSHA) has set a permissible exposure limit for lead in the workplace air
of 50 pg/m?3.

We examined the Pb biodistribution, toxicological effects and clearance ability of target organs
(lungs, liver, kidney, spleen, bone and blood) following sub-chronic inhalation of Pb(NOs), NPs using
female mice CD-1 (ICR) line as a model organism. Our study revealed diminished inflammatory
response in lungs and liver after 11-week Pb(NOj3), NP inhalation, which was associated with prolonged
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negative effect of lead on tissues even after a 5-week clearance period. Therefore, highly soluble
Pb(NO3), NPs evoke distinct effects on target organs than those observed for less soluble PbO NPs
used in our previous study [24].

2. Results and Discussion

There are three typical routes—food, water and air [26]—of human exposure to metal contaminants.
An approximate estimate of individual inputs for Pb is 20.5% from diet, 11.9% from drinking water,
43.7% from outdoor soil/dust, 23.7% from indoor dust and 0.1% from air by inhalation [27]. However,
resuspended soil can be a significant source of atmospheric Pb [28]. Given that approximately 8-10%
of Pb in adults and 40-50% in infants is absorbed through ingestion, compared up to 60% absorption
through respiration, the inhalation pathway of this metal has recently gained attention [29,30]. It was
predicted that 1 pg Pb/m? in the air directly contributes 19 g Pb/L blood in children (or 16 ug Pb/L
blood in adults), indirectly (as air Pb increases Pb uptake by indirect pathways) up to 50 ug Pb/L blood
(=5 pg Pb/dL) [31].

For this reason, we selected NP inhalation in whole-body chambers as the delivery method that
represents the most typical exposure condition in humans. Specifically, we tested the effect of sub-chronic
(11 weeks) inhalation of Pb(NO3), NPs dispersed in the air (Figure 1, Table 1). First, we analyzed the
influence of these highly soluble NPs on animals with a focus on their behavior inside living organisms,
with mapping the ability of individual organs to eliminate the Pb burden after a clearance period.

Table 1. The characterization of generated Pb(NOj3), NPs.

Parameter Pb(NO3),
Particle count concentration 1.94 x 10° NPs/cm3
Surface area 1.68 x 103 umz/cm3
Mode 37.2 nm
Geometric mean diameter 31.3nm
Geometric standard deviation 2.15
Mass concentration 68.6 ug/m3
Estimated de}i(l)‘s,\l,;Ed dose (after 0.774 ug/e

Adult female mice divided into control (air) and exposed [Pb(NO3), NPs] groups were placed
into inhalation chambers, where they were exposed to modified air for the entire experimental period.
For each designated time point (3 days, 2 weeks, 6 weeks and 11 weeks), 10 biological replicates were
evaluated in both control and Pb(NOj3), NP-exposed groups (Figure 1). In addition, one group of
mice inhaled air with Pb(NOs3), NPs for 6 weeks, and thereafter clean air for 5 weeks (this group is
further referred to as the clearance group: Pb/cl). Thus, at the end of the inhalation period (11 weeks),
10 biological replicates of control group, each Pb(NO3), NP-exposed group and the Pb/cl group were
examined in the same way as the previously described experimental groups (Figure 1D).

To assess the toxicological impacts of NPs and their possible risks to human health, information
about NP deposition in different human lung regions is required. Therefore, we simulated the
deposition of inhaled Pb(NO3), NPs in different parts of the human respiratory tract, using deposition
fractions calculated by the International Commission on Radiological Protection (ICRP) deposition
model for the extrathoracic, tracheobronchial and alveolar regions [32]. The total surface area of
generated Pb(NOj3), NPs (i.e., 1.68 X 103 um?/cm?; St) was calculated by SMPS spectrometer software
from the measured particle size distribution. Based on the surface area of the NPs deposited in
the extrathoracic region (Sgt; the anterior and posterior nasal passage, larynx, pharynx and mouth),
tracheobronchial region (Stp; trachea, bronchi and bronchioles) and alveolar region (Sp; respiratory
bronchioles and alveolar ducts), the highest Pb(NO3), NP surface area (25.3% of the total) is deposited
in alveolar region of lungs, followed by the extrathoracic (7.4%) and tracheobronchial (3.3%) regions
(Figure 1F). The deposition of NPs in human respiratory tract was compared with the deposition
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in mouse respiratory tract calculated using a MPPD model [33-35] for monodisperse aerosol with
geometric mean diameter of 31.3 nm and mass concentration of 68.6 pg/m?. The depositions calculated
using the MPPD model for the extrathoracic, tracheobronchial and alveolar regions of mouse respiratory
tract (i.e., 33.2%, 6.69% and 12.8%, respectively) are different from those calculated by the ICRP model
for human respiratory tract, which is probably caused mainly by different morphometry (i.e., mouse X
human) and different aerosol parameters (i.e., polydisperse aerosol in ICRP model x monodisperse
aerosol in the MPPD model) used for the calculation in both models.

Lung-deposited surface area (LDSA) concentration, another relevant metric for health effects of
aerosol particles [36], combines the surface area of the NPs deposited in the alveolar and tracheobronchial
regions. Therefore, we evaluated the particle size distribution of St, Sgr, Stg and Su, as well as the
LDSA (Stp+a) (Figure 1F). The LDSA corresponds to 28.6% of total surface area of prospectively inhaled
Pb(NO3), NPs, while the sum of Sgt, Stg and Sy is 36.0% of total surface area of inhaled Pb(NO3),
NPs (Figure 1F).
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Figure 1. The characterization of Pb(NOj3), nanoparticles (NPs) in the inhalation chambers, and the
scheme of overall experimental design. (A,B) The characterization of Pb(NO3), NPs analyzed in the
scanning transmission electron microscope (STEM). (C) Temporal trend of the mass concentration of
Pb(NO3), NPs throughout the inhalation experiment. (D) Design of the inhalation experiment. The
groups of animals inhaled clean air for a period of up to 11 weeks (ctr), the other groups inhaled air
with Pb(NOs); NPs for the same period (Pb(NOj3); NP), and one group inhaled air with Pb(NO3), NPs
for 6 weeks and thereafter five weeks of clean air (clearance group—Pb/cl). Symbols of light circles
indicate clean air, and symbols of dark circles or dark beans indicate NPs. (E) Particle number-size
distribution of Pb(NO3), NPs in the inhalation chambers measured by Scanning Mobility Particle Sizer
(SMPS). (F) Surface area of Pb(NO3), NPs size distribution (dS/dLogDp). The surface area of fractions
of Pb(NOj3), NPs deposited in the extrathoracic (Sgt), tracheobronchial (Stg) and alveolar region (Sa ) of
lungs, St—the total surface area of generated Pb(NO3), NPs, Stp, o —the lung-deposited surface area.
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2.1. Pb Accumulates in All Analysed Target Organs upon Pb(NO3), NP Inhalation

In animals exposed to Pb(NO3), NPs, the Pb concentration in the organs continuously increased
with the increasing exposure time (Table 2). After a 5-week clearance period, the Pb concentration in
the lungs and spleen decreased to the limit of detection (LOD). This was not the case for the femur,
kidney and liver, in which Pb was clearly detectable even after a 5-week clearance period.

Table 2. The concentration of Pb (ng/g) in organs following Pb(NO3), NP inhalation determined by
atomic absorption spectrometry (AAS).

ctr/3d, 2w,
6w, 11w Pb/3d Pb/2w Pb/6w Pb/11w Pb/cl
Range 137-246 185-295 215-312 552-1130
Lungs Mean <LOD * 184 239 262 752 <LOD *
SD 40 39 47 225
Range 282-372 1095-1423  2397-3120  4042-5576  2523-3941
Femur Mean <LOD * 336 1269 2640 4750 3097
SD 36 123 297 551 584
Range 368-655 488-760 560-669 1259-1559 48-91
Kidney = Mean <LOD * 454 599 597 1433 72
SD 118 102 43 109 15
Range 46-80 60-80 70-87 159-281 4-10
Liver Mean <LOD * 60 68 77 211 7
SD 13 8 6 49 3
Range 42-174 171-293
Spleen Mean <LOD * <LOD * <LOD* 102 234 <LOD*
SD 51 49

Comparison of Pb concentration in lungs, femur, kidney, liver and spleen at different time points. * Limit of detection
in lungs, femur, kidney, liver, and spleen was 26, 21, 9, 3, and 29 ng/g Pb, respectively. LOD—limit of detection.

It needs to be said that because of the technical reasons the Pb(NOj3), NPs concentration in the
inhaled air was not absolutely constant and fluctuated slightly during the experiment (Figure 1C).
This fact was determined by collecting NPs on the filters and the evaluation of the mass concentration
of Pb(NO3), that was lower after 6 weeks of Pb(NOj3), NP exposure in comparison to the earlier
timepoints (Figure 1C). Still, these small irregularities in the mass concentration of inhaled Pb(NOs)
were not reflected by the total Pb concentrations detected in the individual organs and in the blood
(Tables 2 and 3), with the exception of kidneys where stagnation of Pb level between the 2nd week and
6th week timepoint was observed.

The response of individual organs studied here, in animals exposed to Pb(NO3),, also slightly
varied and caused the changes of their weight coefficients (Figure S1). The weight coefficients of organs
were expressed as wet weight of organ (g)/dead body weight (g) x 100. After 2 weeks, the liver weight
coefficient significantly increased (p < 0.001), while the kidney coefficient decreased (p < 0.05 for left;
p < 0.01 for right) and the spleen coefficient decreased (p < 0.01) compared with control mice. After
11 weeks, there was a decrease in the liver weight coefficient in the Pb/cl compared with the control
group (p < 0.05). Some contribution to organ weight variability could be due to organ dissection;
however, we observed similar alterations of organ weight coefficients after metal NP exposure, as was
described previously in other studies [37,38].
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Table 3. Pb concentration in blood determined by AAS.

Cg/j‘iﬁy Pb/3d Pb/2w Pb/6w Pb/11w Pbcl
Ervihrocvies RANSE 54-92 63-92 72-114 93-213 10-43
%n / )y Mean  <LOD* 71 79 88 168 19
/8 SD 15 13 17 48 14
Precipitate Range
(ngp/g) Mean  <LOD* <LOD * <LOD * <LOD* <LOD*  <LOD*
SD
Supernatant Range
I()ng/g) Mean  <LOD* <LOD * <LOD * <LOD* <LOD*  <LOD*
SD
ag/og% <LOD * 31 40 47 85 10
(Eggi) <LOD * 3.1 4.0 47 8.5 1.0

The concentration of Pb in blood at different time points. * Limit of detection in erythrocytes in control animals, in
precipitates (white blood cells, thrombocytes, proteins) at all data points, in supernatant (serum) at all data points
and in the whole blood in control animals was 6, 11, 4 and 3 ng/g Pb, respectively.

2.2. Inhalation of Pb(NO3)y NPs Causes Pulmonary Injury

The lungs are a major portal for the entrance of inhaled particles. Metal NPs, including Pb
nanoforms, can invade the lower respiratory passages down to alveolar region more easily than larger
forms. First, we analyzed the presence of Pb in lungs after their exposure to Pb(NOj3), NPs at different
time points and found a continuous increase in Pb as the NP inhalation period increased (Figure S2,
Table 2). A 5-week clearance period positively affected Pb clearance from the lungs; indeed, the Pb
concentration decreased almost to the LOD (26 ng/g). Elemental imaging of lungs after Pb(NO3), NP
inhalation revealed Pb being regularly distributed in all parts of the lungs; and after a 5-week clearance
period, there was an obvious reduction in the Pb level (Figure S2).

Histological analyses revealed numerous signs of inflammation and focal destruction of lung
parenchyma in animals exposed to Pb(NOj3), NPs; the damage depended on the exposure time
(Figures 2 and 3, Table S1). These findings were similar to what has been described in the inhalation
experiment with other metal NPs: PbO [19], titanium dioxide (TiO;) [39] and cobalt (Co) [40]. The
damaged lung parenchyma included destroyed alveolar septa, with alveolar emphysema initiated
in some areas. The lungs of exposed animals exhibited several signs of inflammation, such as
hyperemia; thickened alveolar septa with increased cellularity; regions with peribronchial and
perivascular lymphocyte infiltrates; and areas of atelectasis and focal bronchiolitis. All of these distinct
histopathological changes in the lungs were evaluated and scored for individual groups (Table S1).
The extent of histopathological changes in lungs was statistically significant after 11 weeks (p < 0.01).
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Figure 2. The effect of Pb(NOs3), NP inhalation and its clearance on the lungs. (A) The lungs in
control animals, and after 2-week Pb(NOj3), NP inhalation were without serious pathological changes.
The lungs after 6 and 11-week Pb(NOj3), NP inhalation exhibited remodeling in bronchiolar (b), and
alveolar areas (a). The serious damage of lung parenchyma with destroyed alveolar septs and alveolar
emphysema detected in some areas (em). Alteration of lung tissue was still detected after a 5-week
clearance period. Statistical evaluation of the histopathological changes in both control and Pb(NO3);
NP-exposed groups in the experiments delineated in Table S1. The graphs values refer to average +
SD; ** p < 0.01, and *** p < 0.001 compared with the corresponding control group (ctr) by unpaired
t-test. (B) The expressive lung secretion was found in bronchioles, and alveolar spaces by transmission
electron microscopy analysis (TEM). The higher amount of surfactant (su), lamellar bodies (Ib), cell
detritus (de) and enormous macrophages (ma) were in the alveoli. Arrow points to the damaged
membranes of alveolar cell, arrowheads indicate high amount of collagen fibrils in the alveolar septs.
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The nanoparticles were not present in lung tissue. (C) Collagen fibers (red) were around blood
vessels (bv), and bronchioles (b) in controls. After 11-week Pb(NO3), NP inhalation, collagen fibers
were in alveolar regions (arrowheads). (D) Immunohistochemical detection (IH) of x-SMA positive
cells in the walls of bronchioles (br) or blood vessels (ve) in controls (arrows), and after 11-week
of Pb(NOj3), NP inhalation in the walls of bronchioles (br), and in the alveolar regions (al, arrows).
(E) Immunofluorescent detection (IF) of x-SMA positive cells in the walls of bronchioles (br) or blood
vessels (ve) in controls, Pb(NOj3), NP and Pb/cl inhaled groups. «-SMA positive cells aggregated
in some alveolar regions (al, arrows, in box) after Pb(NOj3); NP inhalation. Scale bar in panels
(A,C-E) = 100 um.

Pb/11w

T e «.
Ag‘“f{.«? 3 ~ Toluidine blue
Y < Pres

.
g
-

oS

Toluidine Blue

£ 1 &
H 13
m g g §
I.If < T w <
&
Z & ~ Ft
g & L
H ]
& o0 H e
P Bt Sl SO S oP & & @
SoP ol it i o & Gl
S " I R & & ¢
5 g™ g 1
i H ~ 5
@ £ 3 a2
=i g § 5 L
H
El- = g - 3
] ] 2

Figure 3. The effect of Pb(NOj3); NP inhalation and its clearance on the lung inflammation. (A) Detection
of CD68-positive cells (marker of macrophages) in lungs (arrows). (B) The number of macrophages
was decreased in Pb(NOj3), NPs and Pb/cl groups. The difference in number of CD68-positive cells was
statistically significant compared with the control group. The graphs values indicate average + SD;
*p <0.05, ** p < 0.01. (C) Detection of Toluidine Blue-positive cells (marker of mastocytes) in lungs
(arrows). (D) The number of mastocytes was slightly increased in Pb(NO3), NP and Pb/cl groups. The
graphs values indicate average + SD. Scale bar in panels (A,C) = 100 um. (E) Gene expression of NF-xB
and cytokines at selected time points after Pb(NOj3); NP inhalation. The graphs values indicate average
+ SD; *p < 0.05, ** p < 0.01, * p < 0.001 compared with the corresponding control group (ctr), and
t p < 0.05 compared with the corresponding Pb(NO3), NP group by unpaired ¢-test.

While chemical and LA-ICP-MS detection documented the absence of Pb in the lungs after a
5-week clearance period, the histopathological analysis uncovered persistent inflammatory changes
in the lungs (p < 0.001, Figure 2A, Table S1). The lungs of Pb/cl animals still exhibited several signs
of inflammation: Hyperemia, thickened alveolar septa with increased cellularity, higher number of
lung macrophages, regions with peribronchial and perivascular mononuclear infiltrates and focal
bronchiolitis (Figures 2 and 3).

We next performed ultrastructural analysis of lung tissue by transmission electron microscopy
(TEM) to identify the localization of Pb(NO3), NPs in lungs (Figure 2B). There were no NPs in
bronchioles or alveoli, which documented the rapid solubility of Pb(NO3), NPs during transport
through respiratory passages. However, it is necessary to mention that we are only able to distinguish
larger particles or aggregates in TEM; small single NPs cannot be unambiguously identified because
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of their similarity to ribosomes so that we cannot exclude their presence in pneumocytes using this
morphological approach.

The lumens of bronchioles and alveoli contained inflammatory cells, cellular debris and
accumulated surfactant; membranes of alveolar epithelial cells were severely damaged (Figure 2B). We
also found majority of lamellar bodies being ejected from alveolar type II cells into the alveolar airspaces
after 11-week Pb(NOs3), NP inhalation (Figure 2B). It seems plausible that abundant surfactant seen by
TEM may contribute to solubility of NPs in lower respiratory passages.

Collagen fibers were detected in the walls of blood vessels and bronchioles in the control animals.
After 11-week Pb(NOj3), NP inhalation, there were ectopic collagen fibers in the alveolar regions
of lungs (Figure 2C). TEM also confirmed the presence of higher amount of collagen fibrils in the
alveolar septa (Figure 2B). Augmented collagen production and induction of fibrosis can be associated
with activation of myofibroblasts [41,42] and their expression of a-smooth muscle actin (x-SMA) [43].
Previous studies have reported the upregulation of x-SMA expression as a progressive fibrosis marker
in the lungs after metal NP exposure [44,45]. We observed a-SMA-positive cells located in the walls of
larger bronchioles or blood vessels in the control animals and Pb(NO3), NP inhalation increased their
appearance in the walls of small bronchioles and aggregation in alveolar regions in the Pb(NO3), NP
and Pb/cl groups (Figure 2D,E). Therefore, interstitial fibrosis was induced after 6-week of Pb(NO3),
NP inhalation and was still active after a 5-week clearance period.

2.3. Inhalation of Pb(NO3), NPs Alters the Number of Lung Macrophages

Particles smaller than 0.5 pm can accumulate in the alveolar parts of the lung and induce an
inflammatory response [21]. Although inflammation is usually protective, it can cause serious injury
to the organ in the case of prolonged persistence. We found a reduced number of lung macrophages
(detected as CD68-positive cells) after 11-week Pb(NO3), NP inhalation (p < 0.01, compared with the
corresponding control group; Figure 3A,B, Figure S3, Table S2). A similar decrease of CD68-positive cells
was noticed in Pb/cl animals (p < 0.05) compared with the corresponding control animals (Figure 3A,B,
Table S2). Especially in lung infiltrates, the number of mastocytes (as visualized by Toluidine Blue)
and the presence of neutrophils (as visualized by immunolabeling of myeloperoxidase, MPO) was
increased (Figure 3, Figure S3). Taken together, soluble engineered Pb(NOj3), NPs used at a very low
concentration—corresponding to environmental levels of metal NPs—induced abnormalities in lung
morphology that persisted even after a 5-week clearance period.

Next, we quantified immune system response on mRNA level. NF-kB is a family of transcription
proteins that regulate genes involved in different processes of the immune responses [46]. NF-«B
belongs to the first responders to variable harmful stimuli or to cytokines, such as tumor necrosis factor
(TNF) or interleukin 1 (IL-1) [47]. Exposure to heavy metal compounds can inhibit binding of NF-«B
to DNA and block this signaling pathway. Here, both 3-day and 11-week exposure to Pb(NO3), NP
inhalation has led to significant downregulation of NF-xB in the lungs (Figure 3E) and the clearance
period enabled for return of its expression close to its normal level (Figure 3E).

TNF« and IL-6 are major proinflammatory cytokines, while the IL-1 family includes 11 members
expressed by numerous cell types, which comprises both proinflammatory and anti-inflammatory
responses [48]. Previously, the exposure to NPs was found to deregulate many cytokines, including
several IL family members or TNFa [49] and TNF signaling was previously linked to NF-kB
activation [48]. Here, we observed downregulation of TNFa in the lungs after the shortest (3 days)
and the longest (11 weeks) exposures (Figure 3E). Both IL-1a and IL-18 were downregulated in the
lungs after the longest (11 weeks) exposure to Pb(NO3); NPs (Figure 3E) with both IL-1 mRNA levels
becoming even lower after a 5-week clearance period (Figure 3E).

IL-6 is produced by a wide range of cells, including macrophages or hepatocytes in response to
tissue injuries [50]. While the IL-6 trans-signaling pathway is rather pro-inflammatory, the classic IL-6
signaling through the membrane-bound receptor is mainly involved in regenerative processes [51].
In the lungs, IL-6 was downregulated after the shortest (3 days) and the longest (11 weeks) (p < 0.01)
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exposures to Pb(NO3), NPs. A 5-week clearance then has led to upregulation of IL-6 mRNA in the
lungs (p < 0.05 compared with the 11-week exposure).

TGFf1 is an inflammatory cytokine secreted predominantly by leukocytes but also by other cell
types, including macrophages [48]. In some conditions, its effect may increase the risk of pathologic
fibrosis so that TGFf31 is considered to be a potent profibrotic mediator [41]. However, our study did
not confirm the increased level of this profibrotic cytokine after Pb(NOs), NP inhalation maybe due to
mild alteration of lung parenchyma.

Activated macrophages are divided into two subpopulations: Classical (M1, pro-inflammatory)
that predominantly produce IL-1§3, IL-5 and TNFw; and alternative (M2, anti-inflammatory) that
produce TGF(1, vascular endothelial growth factor (VEGF), IL-10 and IL-12 [52]. Thus, TNF«, and
TGFf are cytokines produced by different population of macrophages with distinct final effects. In
our experimental conditions, the shortest (3 days) and the longest (11 weeks) exposures to Pb(NO3),
NPs were here associated with significant downregulation in TGFS1 mRNA in the lungs (p < 0.05)
compared with the corresponding control animals (Figure 3E). The 5-week clearance allowed for some
return of the TGFB1 mRNA towards its original level, when compared to the corresponding Pb(NOs);
NP-exposed animals. Our findings on the effects of Pb(NO3); NPs on TNFa and TGFS mRNA levels
are similar to those seen in animals exposed to other metal NPs [53], which also revealed that M1 and
M2 populations of macrophages remained unaffected.

2.4. Concentration of Pb in Blood Decreased after a 5-Week Clearance Period

The blood Pb level is a sensitive indicator of whole-body Pb exposure as it distributes the lead
into secondary target tissues. Over recent decades, the United States Centers for Disease Control
and Prevention (USCDC) has gradually lowered the blood Pb level at which medical intervention is
necessary: From 60 pg/dL before 1975 to 10 pg/dL in 1991 [26]. The current limit recommended by the
WHO is 5 pg/dL. In our experimental animals, the blood Pb concentration continuously increased as
the exposure time to Pb(NO3), NPs increased (Figure 4, Table 3).

calcium phosphorus ALP

blood

dé\fs ‘p (c"-v.“t‘ 8 et o See® &\fgﬁ" &es';@"& S he® > ﬁ"d&:‘,ﬁ o5 v\e"“\:* $° cPé‘P g,*‘-c“ c\" ) R
lead calcium magnesium sodium

oy

bone

o
o ot
e

L AL

PEE

N R
L P S8 b

Figure 4. The concentrations of selected elements and alkaline phosphatase (ALP) in the blood and
bone after Pb(NOj3), NP inhalation. The graphs of selected elements (Pb, Ca, P, Mg, Na, K) and ALP
in the blood and/or in the bone tissue. The graphs values indicate average + SD for 5 mice/group;
*p <0.05, " p <0.01, *** p < 0.001 compared with the corresponding control group (ctr) or between
adjacent time points, and t p < 0.05, t1 p < 0.01, and tt+t p < 0.001 compared with the corresponding
Pb(NOj3), NP group by unpaired t-test. The concentrations of Pb in controls were below limit of
detection (LOD). LOD for Pb in the blood was 6, 11, 4 and 3 ng/g Pb at individual time points, for Pb in
the bone 21 ng/g Pb.

The concentration of Pb in blood increased slightly from 31 ng/g (3.1 ng/dL) after 3-day Pb(NOj3),
NP exposure, to 47 ng/g (4.7 png/dL) after 6-week exposure, and to 85 ng/g (8.5 pug/dL) after 11-week
exposure. Following a 5-week clearance period, such Pb concentration decreased approximately
fivefold compared with the level in the 6-week Pb(NO3), NP exposure group (10 ng/g or 1 ng/dL).
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Moreover, the exposure to inhaled Pb(NO3), NPs did not influence the blood level of Ca at any
time point (Figure 4); however, the blood level of phosphorus (P) was affected (Figure 4). After 2 and
11 weeks of exposure to Pb(NO3), NP, the blood concentration of P was significantly decreased (p < 0.01)
compared with control animals. The blood level of P in Pb/cl mice was similar to control animals.

ALP is an enzyme required to generate free P for hydroxyapatite formation during bone
mineralization [54]. During hypophosphatemia (in our experiment, predominantly after 2 and
11 weeks of Pb(NOj3), NP exposure), ALP activity could increase in order to compensate mineral
dysregulation and to provide more phosphate to the bones [55]. However, the ALP level in mice
exposed to Pb(NO3), NPs was decreased compared with control animals at all analyzed time points;
this difference was only significant after 2 weeks of exposure due to high variability among animals.
Nevertheless, the biological significance and consequences of low P levels accompanied by low ALP
levels will require additional research.

2.5. A 5-Week Clearance Period Did Not Affect the Pb Level in Bones

Based on previous studies, the most of total body Pb burden occurs in the skeleton as the bone is the
major target tissue for Pb storage [56,57]. The affinity of Pb for bone has been described predominantly
after gastrointestinal exposure to Pb in solutions [58,59]. However, Pb can also persist for prolonged
periods in the atmosphere due to its nature, representing thus the exposure route for humans [56].
Here, we analyzed mouse femurs as models of the axial skeleton. Only a few studies have analyzed
the effect of inhaled Pb in the form of submicrometric particles on bone [60,61].

The concentration of Pb in femur was the highest among the studied organs (lung, liver, kidney
and spleen) at all designated Pb(NO3), NP exposure times except for 3 days (Figure 4, Table 2). At this
time, the Pb concentration was the highest in the kidney, followed by the femur (Table 2). The pattern
of bone Pb content contrasted with the blood Pb level during Pb(NO3), NP inhalation. The increase of
the Pb concentration in the inhaled air between 6 and 11 weeks corresponded with a rapid Pb increase
in the blood, lungs, liver and kidneys (Table 2), but not in the bones.

The femur concentrations of Ca (p < 0.01) and Mg (p < 0.001) were significantly reduced after
2-week Pb(NOj3), NP inhalation. Following 11-week Pb(NO3), NP inhalation, Ca (p < 0.01), Mg
(p <0.01) and K (p < 0.001) concentrations were significantly diminished in the femur compared with
control animals (Figure 4). On the other hand, the Na level significantly increased in bones after 2- and
11-week Pb(NO3); NP exposure. This finding is in agreement with our previous study [24], which
revealed the same trends in bone mineral content changes after inhalation of PbO NPs: Ca, Mg and
K concentrations were significantly decreased, while Na was increased (not significantly). A 5-week
clearance period increased the concentrations of Mg (not significantly), Ca (p < 0.01) and K (p < 0.001)
in the bone relative to the corresponding control animal values. The effect of Pb(NOj3), NP inhalation
on femur weight (Figure S1) was similar to their alteration after exposure to PbO NPs [24]. There was
only a small effect (slight reduction) in the Pb level in bones (femurs) after a 5-week clearance period
(Figure 4).

2.6. Lead Is Stored in lonic Forms in the Kidney Cortex after Pb(NO3), NP Exposure

Next, we studied the kidneys because Pb is primarily excreted by this organ [62,63]. The
concentration of Pb in kidneys continuously increased with the increasing length of exposure to
Pb(NO3), NP (p < 0.001 at all time points; Figure 5A, Table 2).
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Figure 5. The effect of Pb(NOj3), NP inhalation and its clearance on the kidney. (A) Distribution of Pb
in kidney samples using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
after Pb(NOj3), NP inhalation. The control kidney was without Pb positivity, Pb was detected in
kidney cortex (co) after Pb(NOj3), NP inhalation but not in the medulla (me). After a 5-week clearance
period, Pb was still present in kidney cortex. The graph of Pb level in the kidney at designated time
points. The graphs values denote average + SD for 5 mice/group, *** p < 0.001 compared with the
corresponding control group (or between adjacent time points), and 1t p < 0.001 compared with the
corresponding Pb(NOj3), NP group by unpaired f-test. Limit of detection (LOD) for Pb in the kidney
was 9 ng/g. Number in parentheses shows maximal value (ug/g) of Pb on a scale. (B) Distribution
of Ca in kidney samples using LA-ICP-MS after Pb(NO3), NP inhalation. The map of Ca exhibited
higher distribution in kidney in Pb/cl group compared with the control and Pb(NOs), NP group. The
graph of Ca level in the kidney at designated time points. Kidney Ca was significantly decreased
after 2-week Pb(NOg3); NP inhalation (* p < 0.05) compared with the corresponding control group (ctr)
and significantly increased in Pb/cl group (+ p < 0.05) compared with the corresponding Pb(NOj3),
NP group. Number in parentheses shows maximal value (ug/g) of Ca on a scale. Scale bar in panels
(A,B) =3 mm. (C) Analysis of kidney ultrastructure in the transmission electron microscope (TEM).
Proximal (pt) and distal tubules (dt) were without pathological changes up to 6-week Pb(NO3), NP
inhalation. After 11-week Pb(NOj3), NP inhalation, the proximal tubules of kidney exhibited changes
both in nuclear (n) and cytoplasmic (c) architecture. A 5-week clearance period conducted to rescue
of proximal tubule cells. The glomerular filtration membrane (GFM, arrowheads) was altered after
6-week Pb(NO3), NP inhalation. The nuclear alterations were observed also in nuclei (n) of podocyte
(po) after 11-week Pb(NOj3), NP inhalation. Scale bars are displayed individually for each picture.
(D) Time-resolved signal originated from kidney tissue exposed to Pb(NO3), NPs. (E) Gene expression
of NF-«B at selected time points after Pb(NO3), NP inhalation.
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As determined by both chemical and elemental analysis, upon 5-week clearance period, the level
of Pb in kidneys was much lower compared to the state after 6 weeks of inhalation of Pb(NO3), NPs
(p < 0.001, Figure 5A). Specifically, the level of Pb in kidneys decreased by about eightfold after 5-week
inhalation of clean air (Table 2).

Elemental imaging revealed high Pb concentrations in the kidney cortex at all analyzed time
points (Figure 5A). The kidney medulla exhibited no evident presence of Pb. A similar inhomogeneous
distribution of Pb has been previously found in the kidney; however, the area with the highest
Pb concentration was located more deeply in the kidney parenchyma (at the cortico-medullary
junction) [64]. The levels of Pb in kidneys were, however, much higher both in so-called low (about
eightfold) and high (fortyfold) conditions compared with our experiment, which could affect the Pb
distribution in kidney tissue [64].

As the kidney cortex is the part of the imaged organs with the highest concentration of lead, we
selected this area to confirm that Pb is present in the secondary target organ only in ionic form. For this
purpose, different imaging mode was used (laser beam diameter was diminished, the signal of lead
was monitored with the shortened integration time) and a small region of kidney cortex was analyzed
(1.4 X 1.0 mm). The lead in nanoparticle form can be identified in this analysis by the presence of a
high signal observed as yellow or red color in color-coded maps corresponding to sharp peaks on the
graph displaying time-resolved signal. However, there were no Pb(NOs3), NPs found in analyzed
kidney cortex (Figure 5D) and the lead was present only in the ionic form, which was different from
our previously published PbO NPs study, where distinct PbO NPs were identified [24].

The nephrotoxic effects of Pb are usually noted as high blood Pb concentrations > 50 ug/dL in
children and >40 ug/dL in adults. Here, the blood Pb concentration reached rather low level of 8.5 pug/dL
after 11-week Pb(NOs3), NP exposure but we still observed morphological changes in kidney tissue at
the ultrastructural level following the treatment. There were differences in the arrangement of filtration
barrier in glomeruli of animals exposed to Pb(NOj3), NPs (Figure 5C). The filtration membrane was
diffusely thickened with intramembranous electron-dense deposits. Both laminae rarae were filled by
electron-dense material, with a thicker lamina densa compared with controls. Pedicles (foot processes)
of podocytes were irregularly arranged or lost after 11-week Pb(NOj3), NP exposure.

Renal tubules (proximal and distal) displayed the typical physiological appearance even after
6-weeks of Pb(NOs), NP inhalation; however, after 11 weeks, there were obvious morphological
alterations of the epithelial cells in proximal tubules. These findings are consistent with previously
detected Pb nephrotoxicity that predominantly resulted in the damage of proximal renal tubules [62].
The apical parts of the epithelial cells were dilated, brush border was absent and cell organelles were
randomly dispersed in the cytoplasm of some proximal tubules (Figure 5C). The cell nuclei were
altered to euchromatin-rich structures, a change indicative of augmented transcriptional activity both
in glomerular and tubular parts of the kidney after 11-week Pb(NOs3), NP inhalation (Figure 5C). It is
of note that there was evident regeneration of glomerular and tubular kidney tissue after the 5-week
clearance period. Moreover, the level of NF-«xB in kidneys remained unaffected even after 11-week
exposure to Pb(NOs), NPs (Figure 5E).

The kidney participates in the maintenance of physiological homeostasis via regulation of the
extracellular fluid volume, acid-base balance and electrolyte blood concentrations. Especially sodium,
potassium and calcium regulation in the body relies on key physiological processes in the kidney. We
have not observed any alterations in blood concentrations of Na and K in animals that were exposed to
Pb(NO3); NPs (Table S3), the finding that documents the capability of kidney to maintain both the
blood and kidney levels of these fundamental minerals in the physiological limits even after Pb(NO3),
NP inhalation.

The sodium and potassium kidney concentrations determined by LA-ICP-MS were similar to
those determined by atomic absorption spectrometry (AAS) (Figure S4). Our results are consistent
with the previously published data on element distribution in mouse organs [65]. The potassium



Int. ]. Mol. Sci. 2020, 21, 8738 14 of 27

distribution was similar in the kidney parenchyma of the control, Pb(NOj3), NP-treated and Pb/cl
animals (Figure 54), with the strongest K positivity in the kidney medulla.

The blood level of Ca is typically maintained within a relatively narrow range. There are three main
processes involved in the control of its level: Intestinal absorption, renal reabsorption and/or excretion
and interchange between the bones and the blood [66]. Here, the blood levels of Ca were maintained
constant in all experimental groups at each time points (Table S3). This finding demonstrates the
ability of kidneys to maintain blood level of Ca level in physiological limits. Nevertheless, the levels of
Ca in kidneys were changed upon Pb(NOs3), NP inhalation. Previous studies have demonstrated an
elevated Ca concentration in the kidney after exposure to Pb and/or Cd [67,68]. On the other hand, we
previously reported decreased Ca levels after exposure to PbO NP [24]. In the present study, the Ca
concentrations in kidneys (Figure 5B) also significantly decreased in Pb(NO3), NP-exposed animals in
comparison to the controls, with a significant reduction after 2 weeks (p < 0.05). The lead may compete
with Ca in kidney tubules and impaired Ca reabsorption can decrease the kidney Ca level; however,
the precise mechanism that explains Ca behavior after metal exposure has not been uncovered yet.

2.7. Severe Pathological Changes Are Visible in Liver Even after a 5-Week Clearance Period

The liver represents the central organ involved in the metabolic processes leading to Pb intoxication.
Our previous analyses uncovered toxic effects of insoluble metal NPs on liver cells [19,69]. The
inhalation of highly soluble Pb(NO3), NPs caused serious remodeling of the liver parenchyma,
hydropic degeneration of some hepatocytes, focal necrosis, hemostasis in small veins and liver
sinusoids, and resulted in fewer small vessels (Figure 6A).

We observed megakaryoblasts and megakaryocytes in the liver parenchyma. There were large
inflammatory infiltrates in the parenchyma and the portal areas. There were also more hypertrophic
hepatocytes and binucleated and polynucleated hepatocytes (up to seven nuclei) after Pb(NO3), NP
inhalation; some hepatocyte nuclei contained large vacuoles. These histopathological changes in liver
were statistically significant after 6 (p < 0.05) and 11 weeks (p < 0.05) of inhalation. There were also
pathological changes in liver parenchyma after a 5-week clearance period; their number and extent
were significantly greater in Pb/cl animals compared with control animals (p < 0.05). Interestingly,
some Pb/cl animals displayed even more serious alterations than animals after 11 weeks of Pb(NO3),
NP inhalation (Figure 6A, Table S4), although AAS analysis determined a marked decrease in the liver
Pb after the clearance period (Figure 7A, Table 2).

Ultramicroscopic analyses uncovered the presence of numerous erythrocytes inside hepatocyte
cytoplasm, alteration of hepatocyte nuclei to euchromatin rich, indicating increased transcriptional
activity, and randomly dispersed cell organelles in the cytoplasm after 11 weeks of Pb(NOj3); NP
inhalation (Figure 6B). There was microvesicular steatosis in the Pb(NO3), NP-exposed and Pb/cl
mice. Perisinusoidal fibroblasts exhibited high protein synthesis activity, and perisinusoidal space (of
Disse) contained accumulated collagen fibrils (Figure 6B). Sirius Red staining revealed the presence
of scattered collagen fibers in liver parenchyma (Figure 6D), predominantly after 6 and 11 weeks of
Pb(NO3), NP exposure as well as in the clearance animals.

There were x-SMA-positive cells (Figure 7C) in the walls of hepatic blood vessels in the controls.
In Pb(NO3), NP-exposed and Pb/cl mice, x-SMA-positive cells were also scattered in parenchyma
or they were associated with cellular infiltrates. The number of hepatic macrophages (detected as
CD-68-positive cells) was significantly decreased (p < 0.001) compared with the corresponding control
animals after 11 weeks of Pb(NOs3); NP inhalation (Figure 7D,E; Table S5). By contrast, there were
more (p < 0.05) hepatic macrophages in Pb/cl animals compared with the corresponding Pb(NO3),
NP animals.
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Figure 6. The effect of Pb(NOj3), NP inhalation and its clearance on the liver. (A) The liver in control
animals was without serious pathological changes (HE staining). The liver after 2, 6, and 11-weeks of
Pb(NOs3), NP inhalation exhibited hepatocyte dystrophy (dy), remodeling in liver parenchyma (re) and
expressive hemostasis (he). We observed infiltrates (in) and megakaryocytes (me) in liver. Statistical
evaluation of the histopathological changes in both control and Pb(NO3), NP-exposed groups in the
experiments delineated according to Table S4. The graphs values denote average + SD; * p < 0.05
compared with the corresponding control group (ctr) by unpaired ¢-test. (B) Ultrastructure of liver in
TEM. Binucleated hepatocyte with regularly distributed organelles (mitochondria, mi) and glycogen
(gl) in a 3-day Pb(NO3),NP group. Enlarged binucleated hepatocyte with altered nuclei (nu), randomly
distributed organelles, and free erythrocytes (arrows) in cytoplasm in an 11-week Pb(NO3),NP group.
Hepatocyte with physiological morphology of nucleus and regularly arranged organelles in Pb/cl;
however, lipid droplets (li) present in increased number. Perisinusoidal fibroblast (fi) and accumulated
collagen fibrils (arrowhead) in space of Disse in a Pb/cl group. Scale bars are displayed individually
for each picture. (C) The blood levels of albumin, total protein, cholesterol, and triacylglycerols after
Pb(NOs3), NP inhalation. The graphs values denote average + SD for 5 mice/group; * p < 0.05 compared
with the corresponding control group (ctr), t p < 0.05 compared with the corresponding Pb(NO3),
NP group by unpaired t-test. (D) Sirius Red staining of liver samples to detect collagen fibrils. After
11-week Pb(NOs3),; NP inhalation and in Pb/cl group, the collagen fibrils were observed around small
blood vessels and inside liver parenchyma (arrowheads). Polynucleated hepatocytes were observed in
Pb/cl group (inbox, arrows). Scale bar in panels (A,D) = 100 pum.
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Figure 7. The distribution of selected metals at designated time points after Pb(NOj3), NP inhalation in
the liver, and immunohistochemical analyses of liver. (A) Distribution of Pb in liver samples using laser
ablation and inductively coupled plasma mass spectrometry (LA-ICP-MS). The graph of Pb level in the
liver at designated time points. (B) Distribution of Ca in liver samples using LA-ICP-MS. The graph of
Ca level in the liver at designated time points. The graphs values denote average + SD for 5 mice/group,
*p < 0.05, ** p < 0.001 compared with the corresponding control group (or between adjacent time
points), and ttt p < 0.001 compared with the corresponding Pb(NO3)2 NP group by unpaired ¢-test.
LOD for Pb in the liver was 3 ng/g. Numbers in parentheses show maximal value (ug/g) of elements on
a scale. Scale bar in panels (A,B) = 4 mm. (C) Immunohistochemical detection of alpha-smooth muscle
actin (x-SMA) signal was located in the walls of blood vessels in control (arrowhead), and additionally
a-SMA-positive cells were observed in liver parenchyma after Pb(NO3), NP inhalation (arrowheads),
megakaryocyte (m) and focal infiltrate (in). (D) Statistical evaluation of the number of CD68-positive
cells after Pb(NOj3), NP inhalation. The graphs values denote average + SD; *** p < 0.001 compared
with the corresponding controls, and 1 p < 0.05 compared with the Pb(NOg3), NP group by unpaired
t-test. (E) Detection of CD68-positive cells (marker of macrophages) in liver (arrowheads). Scale bar
in panels (C,E) = 100 um. (F) Gene expression of nuclear factor kB (NF-xB) and cytokines at selected
time points after Pb(NO3), NP inhalation. The graphs values denote average + SD for 4-5 mice/group,
*p <0.05, ** p < 0.01 compared with the corresponding control group; t p < 0.05, t1 p < 0.01 compared
with the corresponding Pb(NO3), NP group by unpaired ¢-test.
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Moreover, we observed some expression changes in liver on mRNA level. Downregulation of
NF-xB was detectable already after 2 and 6 weeks and became statistically significant after 11-week
exposure to Pb(NOj3), NPs and the clearance period enabled for return of NF-kB expression close to
its normal level (Figure 7F). Downregulation of TNFa occurred in the liver already after the shortest
(3 days) as well as the longest (11 weeks) exposures (Figure 7F). Interestingly, the level of TNFa further
decreased after a 5-week clearance period below its level at 11-week Pb(NO3), NP exposure (p < 0.01).

Also, IL-1a and IL-18 mRNA expressions were significantly downregulated after 3-day (p < 0.01
for IL-1B) and 11-week (p < 0.05 for both) exposures to Pb(NO3), NPs. The levels of IL-1a and IL-18
increased upon the 5-week clearance. The changes in the level of IL-6 in the liver upon exposure to
Pb(NO3), NPs were minimal and statistically insignificant.

The shortest (3 days) and the longest (11 weeks) exposures to Pb(NO3), NPs were also associated
with significant downregulation in TGFS1 mRNA in the liver (p < 0.05) compared with the corresponding
control animals (Figure 7F). The 5-week clearance did not cause any return of the TGFf1 mRNA
towards its original level.

Pb(NO3), NP inhalation also caused expressive changes in blood biochemical parameters that
manifested mainly as altered hepatic function (Table 4, Figure 6C). The level of total protein was
significantly decreased after 2 (p < 0.05) and 11 (p < 0.05) weeks of Pb(NOs3), NP inhalation. The albumin
blood level, which also reflects liver function, was not significantly altered during the inhalation
experiment (Table 4, Figure 6C). The association of the liver as the main organ involved in lipid
metabolism was manifested in altered blood lipid levels. Total cholesterol (TCH) was significantly
reduced (p < 0.05) in blood after 11 weeks of Pb(NOj3), NP inhalation. Blood triacylglycerols (TAG)
levels were increased after 6 and 11 weeks of Pb(NO3); NP inhalation compared with control animals.
The TAG decrease was significant even after the clearance period (p < 0.05). Consistently, increased
TAG levels after Pb exposure have been reported in rats that received Pb intragastrically [70] and
in mice that received Pb orally [71]. However, not all reports have demonstrated the same trend in
blood levels of TCH after Pb exposure [72]. One previous study described reduced TCH [70] similar to
our findings, while another study described increased TCH levels [71]. Based on these findings, we
conclude that sub-chronic exposure to a low level of Pb alters lipid homeostasis and affects thus blood
lipid levels. This phenomenon, in turn, may disturb other tissues/organs in the organism.

The values of bilirubin and specific hepatic enzymes such as alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and gamma-glutamyl transferase (GGT) were in the physiological
range after exposure to Pb (Table S3). Taken together, these data indicate that engineered highly soluble
Pb(NO3); NPs used at a very low concentration cause persistent inflammatory changes in liver with
impaired hepatic function.

The contents of Na and K in liver, as determined by AAS, were not altered at the analyzed time
points (Figure S5). Interestingly, the Ca level after 11 weeks of Pb(NO3), NP inhalation was significantly
increased (p < 0.05) compared with the corresponding control animals, while there was only a small
difference in the Pb/cl animals (p < 0.05). We previously found a similar increase in Ca after 11 weeks of
PbO NP inhalation [24]. Elemental imaging of liver samples revealed elevated Ca levels in Pb(NOj3),
NP-exposed and Pb/cl animals correspondingly to the quantitative AAS data (Figure 7B).
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Table 4. Blood biochemical analysis following Pb(NOj3), NP inhalation.

ctr/2w Pb/2w ctr/éw Pb/6w ctr/l1lw  Pb/11w Pb/cl ((I:CDl-{l)

Range  56-66  46-59  58-67 6369  57-62 5458  56-60  53-60
TP (g/L) Mean 61 53 * 63 66 60 56 * 59
SD 5 5 4 3 3 2 2

A, Range 29-32  25-31 3234 3234 3135 2933 3133 3643
@) ~Mean 31 29 33 33 33 31 32
SD 1 2 1 1 2 2 1

Ca Range 244274 235256 230-247 231-2.59 250-2.80 251-2.68 2.54-2.67 2.48-2.88
(mmoy1) Mean 256 2.46 2.39 248 2.68 2.58 261
SD 0.14 0.08 0.06 0.11 0.13 0.06 0.06

P Range 2.31-296 174213 175-2.66 173-2.61 1.82-2.95 1.00-140 1.37-2.25 2.30-4.52
(mmoy1) Mean 256 1.92 % 2.16 2.10 2.40 118* 174+
SD 0.28 0.15 0.40 0.37 0.62 0.17 0.35

ALp Range 1829 11-18 0627 0820 117227 07-14 10-11 0822
(wkay)  Mean 21 14* 1.6 15 15 1.1 1.0
K SD 05 03 08 05 05 02 0.1

U Range 69-85 5877 62-7.7 61-130 7.6-100 4.0-75 6686 46-75
(mI;er/L) Mean 7.8 6.9 72 9.2 8.6 59% 75+
SD 0.7 08 06 3.0 1.0 13 08

Crea  Range 337-403 351404 295365 319-329 335-39.5 288-354 33.1-348 265-354
(mmoy) Mean 367 36.2 322 325 37.0 324% 34.1 %
SD 28 38 2.8 0.4 25 28 06

Choy  Range 176276 187-226 183254 192254 1.88-339 175-193 148-235 184-3.81
(mmgl/L) Mean 227 2.07 223 216 2.66 1.94% 2.00
SD 0.42 0.16 0.27 0.26 0.62 0.19 0.34

Tac  Range 155-318 148-209 141-1.99 173-311 105238 114249 094134 027-244
(mmoy) Mean 207 1.82 1.72 224 1.67 1.84 118+
SD 0.77 0.24 021 0.51 0.64 0.52 0.16

Data were obtained from five animals per every group. As reference values were used values of female mice crl:CD-1
(ICR) BR according to previously published data [73]. Reference biochemical values were converted to our used
units. * p < 0.05, ** p < 0.01 compared with the corresponding control group (ctr) by unpaired t-test, + p < 0.05
compared with the corresponding Pb(NOg3), NP group by unpaired t-test.

2.8. Comparison of Effects of Pb(NO3)y NP and PbO NP Inhalation on Liver Parenchyma

The concentration of Pb in liver parenchyma continuously increased in parallel with lengthening
of Pb(NOj3), NP inhalation (p < 0.001, Figure 7, Table 2) and then decreased practically to the LOD
after a 5-week clearance period (3 ng/g). The distribution of Pb in the liver parenchyma was practically
homogeneous (Figure 7A).

When we compared the effects of highly soluble Pb(NOj3), NPs applied in this study with the
analogous effects observed previously upon application of less soluble PbO NPs [24] we came to
the following conclusions: (1) While the total Pb concentrations in analyzed secondary organs in
animals exposed to Pb(NOj3), NPs were almost twofold lower compared with less soluble PbO NPs,
the histopathological changes in liver were more serious than those caused by PbO NP inhalation. (2)
A 5-week clearance period following Pb(NO3); NP exposure hardly promoted a positive effect on
reparative processes in liver, although there was significant improvement and enhanced regeneration
for a clearance period after PbO NP exposure. Obviously, higher solubility of Pb(NO3), NPs results in
additional serious alteration of liver parenchyma compared to less soluble PbO NPs.

While the total Pb concentrations in lungs, kidneys and spleen in animals exposed to Pb(NO3),
NPs (Table 2, Figure 5, Figure S6) was nearly twofold lower (corresponding with the inhaled mass
concentration of Pb NPs) compared with less soluble PbO NPs [24], the liver Pb concentration was
nearly fivefold lower compared with less soluble PbO NPs. Thus, the lead from inhaled Pb(NOj3), NPs
exhibited much lower propensity for liver accumulation than Pb contained in PbO NPs. This effect
indeed requires further investigation since it could shed light on molecular processes involved in the
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initiation of reparative processes by more stable PbO NPs and/or their inhibition in the case of more
soluble Pb particles.

3. Materials and Methods

3.1. Animals

Adult female mice (CD-1(ICR) BR strain) were obtained from the Animal Facility of the Masaryk
University (Brno, Czech Republic). Females of ICR line were selected as they can be kept in larger
groups and they are not aggressive. Animals were allowed to acclimatize to laboratory conditions for
at least one week before the inhalation experiments. Commercial feeding and drinking water were
provided ad libitum. The experiment was approved by the Ethical Board of the Institute of Analytical
Chemistry, v.v.i., Czech Academy of Sciences, Brno (Approval No. 64/2016, 15 August 2016).

3.2. Generation of Pb(NO3), Nanoparticles

Lead(Il) nitrate nanoparticles, (Pb(NOj3), NPs), were generated continuously in situ in a
home-made generator [74] by pneumatic atomization of 4 mM lead(II) nitrate solution (Lach_Ner,
Neratovice, Czech Republic) in a nebulizer. The nebulizer was screwed in the wall of the atomizer
(stainless steel tube, ID 14 mm, length 65 mm), which was oriented vertically. The solution was
delivered to the nebulizer by means of a peristaltic pump (Ismatec, Glattbrugg-Ziirich, Switzerland;
type ISM 852; the flow rate 0.5 mL/min) was atomized at the nebulizer by the high-speed air jet (the
flow rate of 12 L/min). The produced droplets were rapidly accelerated to the speed of the airstream
and coarse droplets in the produced spray impacted the opposite wall of the atomizer and the formed
liquid flows down due to gravity to the bottom from which it was continuously removed. The fine
aerosol spray left the atomizer at the top and passed through a water trap, where large droplets were
collected. The spray was then mixed in a drying chamber with dry filtered air (the flow rate of 3 L/min).
Finally, Pb(NO3), NPs were diluted in the second step by a stream of air (20 L/min) and used for
whole-body inhalation experiments.

3.3. Exposure to Pb(NO3), Nanoparticles

Mice treatment was performed in same inhalation chambers, the main characteristics of which we
have been described previously [75]. Adult female mice with an average weight of approximately
24 g (about 6-8 weeks old) at the beginning of the inhalation experiment were continuously exposed
to Pb(NO3), nanoparticles for 11 weeks (24/7). The food was sealed in a special box protected from
deposition of nanoparticles from air. Control animals were exposed to the same air as treated animals
without the addition of nanoparticles.

The samples from the controls and the Pb(NOj3), NPs inhaled group of mice were collected at
the designated time points of the inhalation period (three days, two weeks, six weeks). Ten biological
replicates were harvested from the control (ctr/3d, ctr/2w, ctr/6w) and inhaling groups for each organ
(Pb/3d, Pb/2w, Pb/6w). The lung, liver, kidney, spleen, femur and blood were collected and processed for
chemical, biochemical, histopathological, ultramicroscopic, immunohistochemical, histochemical and
immunofluorescent analyses, elemental imaging and to study the gene expression of selected markers.

Additionally, one group of mice inhaled air with Pb(INO3), NPs for six weeks (24/7) and then
inhaled clean air for the next five weeks (this group is annotated as the clearance group Pb/cl). The
5-week clearance time point was selected to mirror our previous experiment with less soluble PbO
nanoparticles [24]. This period was shown by us to be sufficient for reparation processes to be initiated
at the end of the inhalation period (11 weeks). Ten biological replicates were harvested from the control
(ctr/11w), Pb(NO3), NPs exposed (Pb/11w) and the clearance groups (Pb/cl), and selected organs were
examined in the same way as previously collected samples of shorter time points.
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3.4. Characterization of Generated Pb(NO3), Nanoparticles

Generated Pb(NO3), NPs were first characterized to obtain information about total future mice
exposure (Table 1).

The size distribution of NP concerning particle count concentration was continuously measured
directly inside the exposure cages using a Scanning Mobility Particle Sizer (SMPS; model 3936L72, TSI
Inc., Shoreview, MN, USA). The average mass concentration of Pb(NO3), NPs was 68.6 g Pb(NO3),/m>
(i.e., 429 ug Pb/m?) during the inhalation experiment. Mass concentration of generated Pb(NO3), NPs
was calculated by dividing the mass of Pb(NOs3), NPs collected on the filter by the volume of the air
sample that passed through the filter. Generated Pb(NO3), NPs were sampled on nitrocellulose filters
(pore size 0.45 um, diameter 25 mm, Millipore, Bedford, MA, USA) for 24 h, one filter per day. Filters
were dissolved in HNOj using a UniClever microwave mineralizer (Plazmatronika, Wroclaw, Poland)
and Pb content in the sample was determined using AAS (AAnalyst 600, PerkinElmer Inc., Shelton,
CT, USA).

Size and shape of the generated Pb(NOs3); NPs were characterized by electron microscopy (EM).
Immediately after generation at the generator output, Pb(NO3), NPs were collected by electrostatic
precipitation using a Nanometer aerosol sampler (model 3089, TSI) on EM grids (copper S160-4, 3 mm
in diameter, 400 mesh grids, Agar Scientific, Electron Technology, Stansted, Essex, UK). The samples
were analyzed using a Magellan 400 L XHR microscope (FEI Company, Hillsboro, OR, USA), operating
in the scanning transmission electron microscope (STEM) mode. The STEM analyses revealed that the
Pb(NO3), NPs consist of spherical and irregular shaped bean-like formations without clear internal
structure whose size correlates with the size obtained by SMPS.

The estimated deposited dose was calculated for pulmonary deposition fraction of 10% [76]. It
corresponded to 0.774 ug of Pb(NOjz), NPs (or 0.484 ug Pb) per gram of mouse body weight over
the 11-week inhalation period, and 0.422 pg of Pb(NOs3), NPs (or 0.264 ug Pb) per gram of mouse
body weight for the clearance group over the 6-week inhalation period. Data used for calculation
are shown in Supplementary Materials. The pulmonary deposition fraction calculated using the
MPPD model [33-35] for the generated Pb(NOs3), NPs (geometric mean diameter of 31.3 nm, mass
concentration of 68.6 ug/m3, BALB/c strain, FRC of 0.30 mL, breathing frequency of 300 min~!, tidal
volume of 0.2 mL, inspiratory fraction of 0.4) was 12.8%. This value is slightly higher than the value
from the literature [76]. The corresponding deposition dose of Pb(NO3); calculated for DF = 0.128 was
0.991 pg of Pb(NO3); NPs (or 0.620 ug Pb) per gram of mouse body weight for 11 weeks and 0.540 ug
of Pb(NOg3), NPs (or 0.338 ng Pb) per gram of mouse body weight for 6-week inhalation period.

3.5. Histological Analysis

Samples of organs (lung, liver, kidney and spleen) designated for histological analyses were
fixed overnight in 10% buffered neutral formaldehyde in a fridge and after that immersed in series
of increasing concentrations of ethanol, xylene and paraffin wax. Serial histological sections of 5 um
thickness were prepared, and selected slices were stained by Hematoxylin—Eosin, and Sirius Red—Alcian
Blue for analysis of collagen fibers. Toluidine Blue was used to detect mastocytes. The sections were
examined by light microscopy in a blinded fashion by two histologists. We evaluated at least 8-10 slides
per organ in 5 animals from the control group and 5 animals from the Pb-treated group after 2-week,
6-week and 11-week Pb(NOj3), NP inhalation and assessed alterations in histopathological changes in
whole sections (Tables S1 and S4).

Selected samples of lungs, liver, and kidneys were also immersed in 10% sucrose in PBS in a fridge
overnight. Next day, samples were embedded into O.C.T. Compound (Agar Scientific Gardena, CA,
USA), and stored at —25 °C for subsequent analysis. Further, the cryosections of 20 um thickness of the
lung, liver, and kidney samples were prepared, and used for LA-ICP-MS imaging.

Photos of the slices were taken by light microscope (Leica DM5000 B, Leica Microsystem GmbH,
Vienna, Austria) and a digital color camera (Leica DFC480, Leica Microsystem GmbH, Vienna, Austria).
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3.6. Immunohistochemistry

After deparaffinization and rehydration of the sections, citrate buffer (pH = 6) was used as
a pre-treatment in a 97 °C water bath. For inhibition of non-specific secondary antibody binding,
sections were incubated with a blocking serum (VECTASTAIN ABC Kit, Rabbit IgG, PK-4001, Vector
Laboratories, USA; VECTASTAIN ABC Kit, Mouse IgG, PK-4002, Vector Laboratories, USA) for at least
20 min at room temperature (RT) and then, they were incubated with the primary antibody (x-SMA,
CD68, MPO; detailed information Table S6).

After application of biotinylated secondary antibody (VECTASTAIN ABC Kit, Rabbit IgG,
PK-4001, Vector Laboratories, Burlingame, CA, USA; VECTASTAIN ABC Kit, Mouse IgG, PK-4002,
Vector Laboratories, Burlingame, CA, USA) for 40 min at RT, slices were incubated with the
peroxidase-conjugated avidin-biotin complex (VECTASTAIN ABC Kit, Rabbit IgG, PK-4001, Vector
Laboratories, Burlingame, CA, USA; VECTASTAIN ABC Kit, Mouse IgG, PK-4002, Vector Laboratories,
Burlingame, CA, USA) for 30 min at RT. Chromogen substrate diaminobenzidine (Liquid DAB+
Substrate Chromogen System, K3468, DAKO, Carpinteria, CA, USA) was used for visualization of
positive cells. Counterstaining of slices was performed by Hematoxylin. A negative control of the
sample was obtained by omitting the primary antibody from the labeling protocol.

Photos were taken by light microscope (Leica DM5000 B, Leica Microsystem GmbH, Vienna,
Austria) and a digital color camera (Leica DFC480, Leica Microsystem GmbH, Vienna, Austria).
Number of macrophages in lungs and liver is presented as the mean + SD. Analyses were performed on
five mice per each group after 11-week inhalation (control group, Pb(NO3), NP group and Pb/cl group;
Tables S2 and S5). The values of CD68+ macrophages were counted per square millimeter. Number of
CD68+ macrophages was evaluated from two (liver) slides or four (lungs) slides (10 images/slide) in
each animal. The total area of analyzed lungs was 3.346 mm? per each animal and in case of liver it
was 1.673 mm? per each animal.

3.7. Immunofluorescence

After deparaffinization and rehydration, samples were pre-treated in citrate buffer (pH = 6) in a
97 °C water bath. Blocking serum (VECTASTAIN ABC Kit, Rabbit IgG, PK-4001, Vector Laboratories,
Burlingame, CA, USA) was applied for at least 20 min at RT to inhibit non-specific secondary
antibody bindings.

Then, samples were incubated with primary antibody for 1 h at RT («-SMA; detailed information
Table S6). Secondary antibody (Goat anti-Rabbit IgG (H+L), Alexa Fluor 488, R37116, Invitrogen, USA)
was applied for 40 min at RT. Sections were covered with a coverslip in reagent containing DAPI
(Fluoroshield with DAPI, D9564, Sigma-Aldrich, St. Louis, MI, USA). Photos were taken under a
fluorescence microscope (Leica DM LB2, Leica Microsystems GmbH, Vienna, Austria) and a digital
color camera (Leica DFC480, Leica Microsystems GmbH, Vienna, Austria).

3.8. Transmission Electron Microscopy (TEM)

Samples of lungs, livers and kidneys were fixed in 3% glutaraldehyde for 24 h, washed three times
in 0.1 M cacodylate buffer and post-fixed in 1% OsOy solution for 1.5 h. After washing in cacodylate
buffer, all samples were dehydrated in a series of increasing concentrations of ethanol, followed by
acetone and embedded in the epoxy resin Durcupan ACM followed by 3 days of polymerization.
The ultrathin sections (about 60 nm thick) were prepared for TEM analysis. The sections were cut
using an ultramicrotome Leica EM UC6 (Leica Microsystem GmbH, Vienna, Austria) and placed
on formvar-coated nickel grids. Some sections were without further contrasting for analysis of
nanoparticles in electron microscope, the others were contrasted with uranyl citrate and lead acetate.
Minimally four electron microscopy grids with 3-5 sections on each were analyzed for all organ samples
at designated time points. All sections were observed using Morgagni™ 268 TEM (FEI Company,
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Eindhoven, Netherlands) working at 80 kV, designated structures were measured using iTEM software.
The photographs were taken using a Veleta CCD camera (Olympus, Miinster, Germany).

3.9. Biochemical Analysis of Blood

Blood samples (5 animals for each group: The control group, the experimental group exposed
to the Pb(NOs3); NPs and the clearance group at each selected time points) were collected by cardiac
puncture into 1 mL lithium heparin tubes (TAPVAL, Dispolab, Czech Republic). The blood samples
were centrifuged at 1000x g for 15 min. Biochemical parameters were determined using a clinical
chemistry analyzer, Abbott Architect c4000 (Abbott Laboratories, IL, USA), wet chemistry system.

3.10. Determination of Lead in Mouse Blood and Organs

Blood samples (5 animals from each analyzed group at each time point) were collected by cardiac
puncture into 1 mL plastic Eppendorf tubes containing a small amount of heparin. Whole-blood
(0.3-0.8 g) was divided by centrifugation into erythrocytes, white blood cells and plasma. After
centrifugation, 300 uL of methanol was added to the fraction of white blood cells and the plasma (55%
of mass of whole blood) and formed precipitate (plasma proteins, white blood cells etc.) was separated
by another centrifugation from remaining supernatant. The separated samples were stored at 5 °C for
subsequent analysis.

The weights of individual organs were determined, and the values were recorded for later
quantitative evaluation.

The individual organs and blood fractions were decomposed by microwave (MW) assisted
digestion in concentrated subboil grade (quartz distillation system model MSBQ 2, Maasen, Eningen,
Germany) nitric acid, i.e., liver in 5 mL, lungs, spleen and kidneys in 3 mL, blood cells in 2 mL, femur
and other blood fractions in 1 mL of acid. The samples were treated in pre-cleaned quartz tubes of a
closed pressurized autoclave system (UltraWave, Milestone s.r.1., Sorisole, Italy). The decomposition
program consisted of four steps: 1st step—10 min with temperature ramp between 100 and 120 °C; 2nd
step—b5 min with temperature ramp between 120 and 200 °C; 3rd step—3 min with temperature ramp
between 200 and 250 °C; 4th step—>5 min at 250 °C. After cooling down (a duration of approx. 10 min),
digests were quantitatively transferred to high-density polyethylene vials, diluted and adjusted with
ultrapure water (Ultra Clear system-Evoqua Water Technologies, Barsbiittel, Germany) to the final
mass of 10 g for organs, 4 g for blood cells and 3 g for femur and other blood components, respectively.
Simultaneously, blank samples (typically n = 30 per sampling series) were processed analogously. The
detection limit (LOD) of the method was calculated as three times the standard deviation of process
blanks. All samples as well as blanks were processed in a clean laboratory with flowboxes.

The content of lead in the digests was determined by electrothermal atomic absorption spectrometry
(ET AAS) employing AAnalyst 600 PerkinElmer (Waltham, MA, USA) instrumentation under
recommended conditions. A mixture of ammonium phosphate and magnesium nitrate was used as a
combined chemical modifier. The method of standard addition calibration was applied for quantitation.

In determination of lead in blood and organ samples, QA/QC (quality assurance/quality control)
was performed on the day to day basis by recovery tests, and on the long-term basis by running
CRM (certified reference material) along with samples. CRM of Lead Standard for AAS (TraceCERT®,
1000 mg/L Pb in nitric acid, Sigma-Aldrich) was used for the calibration and standard additions to
the samples.

3.11. Determination of Element Content (Na, K, Mg, Ca) in Mouse Organs

The content of basic element components (Na, K, and Ca) in mouse organs was determined
in the same sample solution prepared for determination of lead concentration. After dilution of
samples, the concentrations of Na, K, Mg and Ca were determined by flame atomic absorption
spectrometry, employing ContrAA 300 Analytik Jena (Germany) High Resolution Continuum Source
AAS instrumentation under recommended conditions, using acetylene-air flame (Na, K, Mg) and
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acetylene-nitrous oxide flame (Ca), respectively. Measurement was performed at prominent analytical
lines (Na 589.0 nm, K 766.5 nm, Mg 285.2 nm and Ca 422.7 nm). Calibration was based on certified
analyte standard solutions Astasol® (1 + 0.002 g/L) (Analytika Ltd. Prague, Czech Republic).

3.12. LA-ICP-MS Analysis

The cryosections of lungs, kidneys and livers were analyzed by Laser ablation with Mass
spectrometry of inductively coupled plasma (LA-ICP-MS) to obtain elemental distribution in these
sections. The LA-ICP-MS setup consists of a laser ablation system UP213 (NewWave Research, USA),
and ICP-MS Agilent 7500ce (Agilent Technologies, Japan). The laser ablation of the samples was done
with a laser spot diameter of 100 um, scan speed of 200 um/s, repetition rate of 10 Hz and a laser beam
fluence of 3 J/em?. The content of lead (Pb), sodium (Na), potassium (K), calcium (Ca), iron (Fe) and
zinc (Zn) was quantified using a series of agarose gels doped with a known amount of Pb, Na, K, Ca,
Fe and Zn.

Imaging of Pb in kidney tissue sections was performed under different LA-ICP-MS parameters
than elemental imaging of tissues. For this purpose, the laser beam diameter was diminished to 20 pm
and the scan speed was 200 pum/s. During this imaging, isotope 2°®Pb with the integration time of 1 ms
was measured. The size of exposed kidney tissue samples was 1.0 X 1.4 mm.

3.13. qRT-PCR Analysis

Total RNA was extracted using the RNeasy Plus Mini Kit (Cat. No. 74136, Qiagen, Germantown,
MD, USA). Complementary DNA was synthesized according to the manufacturer’s instructions using
a gb Elite Reverse Transcription Kit (cat. No. 3012, Generi Biotech, CR). qRT-PCR was analyzed with a
LightCycler® 480 (Roche). The number of analyzed cDNA samples was n = 3-5 for each group.

TagMan Gene Expression Assay (cat. No. 4351372, Applied Biosystems, USA) for Nf-kB1 (ID:
MmO00476361_m1), Tgfp1(ID: Mm03024053_m1), [I-6 (ID: Mm99999064_m1), [I-1a(ID: Mm00439620_m1),
1I-18(ID: Mm01336189_m1) and Tnfa(Mm_00443258_m1) were used and gene expression was analyzed
with the following program: Initial activation step at 95 °C for 10 min, followed by 45 cycles at 95 °C for
1555, annealing temperature at 62 °C for 60s. Gene expression values for each sample were expressed in
terms of the threshold cycle normalized to beta-actin (Actb; ID: Mm00607939_s1) expression.

3.14. Statistical Analysis

Statistical analyses were performed with GraphPad Prism 5 (GraphPad Software, Inc., La Jolla,
CA, USA). Unpaired student ¢-test was used to determine differences between experimental and control
groups. Results were reported as the mean value + standard deviation. The values of p < 0.05 were
considered to be statistically significant.

4. Conclusions

In summary, by combining the current data with previously published findings, we demonstrate
that form (solubility) of metal nanoparticles determines on the final effects on the individual organs.
Furthermore, we also demonstrated that the exposure to soluble Pb(NO3); NPs impairs functionality
of immune system in both lungs and liver, and that many aspects of this loss prevent tissue recovery
even after 5 weeks long clearance.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/22/
8738/s1.
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