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Abstrakt a kli¢ova slova

V predkladané dizertacni praci byla feSena problematika nedostate¢ného prostupu
antidot otrav organofosforovymi slouceninami. V rdmci prace byly vzijemné
porovnany nové metody pro hodnoceni schopnosti latek prostupovat do centralniho
nervového systému (CNS). Tyto metody byly nésledné vyuzity pro testovani
standardnich i nové syntetizovanych potencialnich 1é¢iv z této skupiny. Dale byly
zkoumany zpusoby, které by mohly prostup do CNS zlepsit.

Vysoce toxické organofosforové slouCeniny jsou povazovany za jedny
acetylcholinesterazu, ¢imz naruSuji cholinergni pfenos v zasazeném organizmu
a z tohoto diivodu jsou oznacovany jako nervové paralytické latky (NPL). Vysoka
nebezpecnost NPL spocivad v jejich relativné snadné dostupnosti, vysoké toxicité
a nedostatecné¢ UCinné terapii. Jednou z hlavnich piekazek 1é€by téchto otrav je
neschopnost reaktivatori acetylcholinesterazy obnovujicich ¢innost inhibovaného

enzymu prostoupit v terapeutické koncentraci do CNS.

Vyzkum a vyvoj nové syntetizovanych potencialnich 1é¢iv vyzaduje pro posouzeni
jejich biologickych vlastnosti vhodné in vitro metody. Prvni ¢ast experimentalni prace
byla vénovana vyvoji a validaci novych metod pro posouzeni penetrace latek
hematoencefalickou bariérou (HEB), vcetné jejich vzdjemného srovndni. Bariérovy
model PAMPA umoznuje hodnoceni prostupu latek pifes membranu simulujici HEB
pouze na zaklad¢ fyzikalné-chemickych vlastnosti jakozto urcujiciho ptredpokladu
k pasivni diftizi. Fosfolipidovd membrana metody PAMPA byla u dal§iho modelu
nahrazena monovrstvou bunécnych kultur, a tim byl model obohacen o aktivni dé&je
pfitomné v Zivych bunkach. Testovanim standardnich latek byl pii srovnani PAMPA
a bunéénych modeli zjiStén pozitivni posun v korelaci namétenych vysledk s redlnou
dostupnosti jednotlivych 1éciv v CNS. Nejlepsi korelaci poskytla metoda vyuZzivajici
hCMEC/D3 buné¢nou linii humanniho ptivodu, u které predikce prostupu latek HEB

na zakladé¢ zjisténych vysledkl plné€ odpovidala situaci in vivo.

Druhé ¢ast experimentalni prace se zabyvala zplisoby zvySeni prostupu reaktivatort
acetylcholinesterazy do CNS. Validita vybranych zpiisobli byla ovéfena metodami

in vitro a in vivo. Testovanim prostupu monokvartérnich a nekvartérnich reaktivatort



bylo potvrzeno, ze kvartérni dusik v jejich struktufe, dilezity z hlediska reaktivace
enzymu, je zaroven zasadni piekdzkou v prostupu HEB. Vyuziti diamantovych
nanocastic pozitivné ovlivnilo samotny prostup latek pies bunéfnou monovrstvu.
Cucurbit[7]urilové  nanocCastice navazané nareaktivator HI-6 zlepSily jeho
farmakokinetické vlastnosti, zejména celkovou dostupnost a prodlouzily polocas
eliminace z mozku u experimentdlnich zvifat. Pro posouzeni interakce standardnich
reaktivatorti s P-glykoproteinem byl aplikovan model vyuzivajici CACO-2 bunécnou
linii, ktera exprimuje tento transportér zodpoveédny za eflux fady 1é¢iv z HEB zpét do
krevniho ob&hu. Tato interakce nebyla, proti ofekavani, u standardnich reaktivatort

AChE uvedenou metodou potvrzena.

Zavedenim téchto bunéfnych metod pro hodnoceni prostupu latek HEB byl
vytvofen komplexni ndstroj, nejen pro testovadni nové syntetizovanych potencialnich
antidot otrav NPL, ale i dalSich latek interagujicich se strukturami v CNS. Selekce latek
pomoci in vitro metod redukuje vyuziti experimentalnich zvifat pouze pro latky

s nejlepsimi biologickymi vlastnostmi, coz vede také ke snizeni ndkladl na vyzkum.

Klicova slova: hematoencefalickd bariéra, bunécna linie, in vitro, dostupnost v mozku,

efluxni mechanismy



Abstract and keywords

The dissertation thesis deals with problem of insufficient penetration of antidotes
for treatment of organophosphorus poisonings. Methods for evaluating the ability
of compounds to penetrate the central nervous system (CNS) were developed
and compared to each other. These methods were subsequently used for the standard
and newly synthesized potential drugs from this group to evaluate their penetration
to the brain. Furthermore, the strategies that could improve CNS penetration were

investigated.

Highly toxic organophosphorus compounds represent a big threat due to possible
misuse in the military of for terrorist purposes. These compounds affecting cholinergic
neurotransmission by inhibition of the enzyme acetylcholinesterase (AChE). For this
reason, they are called nerve agents (NAs). NAs are extremely toxic, relatively easily
obtainable and the therapy of intoxication is insufficiently effective. One of the major
obstacles of AChE reactivators, causal antidote used in the treatment, is to overcome the
blood-brain barrier in therapeutic concentration and restore the function of AChE in the
CNS. Thus, research and development of new drug candidates for such antidotes
requires appropriate methods for evaluation of their biological properties even

in the in vitro stage.

Selection, validation and comparison of in vitro methods for evaluation
blood-brain barrier (BBB) penetration was the first part of the experimental part.
The PAMPA model predicts the permeation of compounds across the membrane and
thus simulates BBB only on the base of physicochemical properties of compounds
defining precondition to the passive diffusion. Next, the models in which the cellular
membrane replaced the phospholipid membrane of PAMPA were used and by that the
model was enriched with the activity of living cells. The standards drugs assesed
by cellular modelsshowed the better correlation between measured and real data of CNS
availability when compared with PAMPA. The best correlation was achieved
by a method using an hCMEC/D3 cell line of human origin, in which the prediction

of BBB permeation fully corresponded to in vivo situation

The second part of the experimental work dealt with the approaches to increase

the penetration of AChE reactivators into the CNS. The validity of the selected



approaches was verified by in vitro and in vivo methods. The evaluation
of the permeation of monoquaternary and nonquaternary reactivators confirmed
an important role of the quaternary nitrogen in their structure as a major obstacle
in the permeation through the BBB. The use of diamond nanoparticles increased
the permeation of compounds through the cell monolayer. HI-6 reactivator encapsulated
in cucurbit[7]uril nanoparticles showed an improved pharmacokinetic profile
by prolongation the elimination half-life from the brain in experimental animals, which
resulted in overall higher bioavalability. The CACO-2 cell line was applied to assess the
interaction of standard reactivators with P-glycoprotein. This model expresses this
transporter, responsible for the efflux of a number of drugs from BBB back into the
bloodstream. Such interaction was not confirmed for standard AChE reactivators by this

method on contrary to expectations.

Thus, a complex in vitro tool was created by using these cellular methods for
determination of the ability of newly synthesized potential antidotes for NA poisoning
and for other substances targeting structures in the CNS to penetrate the BBB. The use
of in vitro methods for the selection of hit compounds reduces the use of experimental

animals and the costs of the research and development processes.

Keywords: blood-brain barrier, cell lines, in vitro, bioavailability in brain, drug, efflux

mechanisms
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Seznam pouzitych zkratek

2-PAM pralidoxim

AB apikalné-basolateralni

ACh acetylcholin

AChE acetylcholinesteraza

AUC Plocha pod kiivkou (Area Under the Curve)

BA basolateralné-apikalni

BMECs endotelialni buiiky mozkovych mikrokapilar (Brain Microvascular
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CNS centralni nervovy systém (Central Nervous Sysytem)

DAM diacetyl monooxim

DFP diisopropyl fluorofosfat

DMEM kultiva¢ni médium Dulbecco's Modified Eagle Medium

DMSO dimethyl sulfoxid
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ESC embryonalni kmenové buiky (Embryonic Stem Cells)
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FGF fibroblastovy rustovy faktor (Fibroblast Growth Factor)
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1. Uvod

Vysoce toxické organofosforové slouCeniny jsou na jedné strané hojné vyuzivany
v zemédelstvi  jako pesticidy, na stran¢ druhé jsou povazovany za jedny
Otravy témito slouceninami ovliviiujicimi cholinergni pienos inhibici enzymu
acetylcholinesterazy (AChE) zplsobuji statisice umrti ro¢n¢ (Robb a Baker 2020).
Jednou z nejvétsich prekazek 1éCby intoxikaci organofosfaty je nedostateCny ucinek
dostupnych antidot v centralnim nervovém systému (CNS). Zatimco lipofilni
organofosfaty ptfekonavaji hematoencefalickou bariéru snadno, oximové reaktivatory
acetylcholinesterazy obnovujici €innost tohoto enzymu prostupuji do mozku pouze
v minimalni mife (Lorke et al. 2008). I pfes dlouhotrvajici celosvétovy vyzkum
doposud nebylo nalezeno univerzalni antidotum s dostatecnou Uc¢innosti v CNS, které
by zvrétilo trvalé nasledky zplisobené poskozenim struktur v mozku, které mohou byt
i smrtelné. Z tohoto diivodu je vyzkum antidot stale aktudlni a jsou hledany nové
slouceniny schopné eliminovat nasledky otrav organofosfaty. Vzhledem k tomu, ze
dostupnost v CNS je validovana az na Urovni in vivo studii, které jsou provadény

v pokrocilé fazi vyzkumu, je nezbytné mit k dispozici metody, které dostupnost

ey e

1.1 Organofosforové inhibitory acetylcholinesterazy

K organofosforovym inhibitorim (organofosfaty, OFI) AChE tadime
organofosfaty, organofosfonaty a fosforamidaty. Organofosfaty jsou bézné vyuzivany
v primyslu, kde slouzi napf. jako zmékcovadla, aditiva a hydraulické kapaliny
¢i v mediciné jako veterinarni i huménni 1é¢iva. Své nejrozsahlejsi uplatnéni nalezly
slouceniny tohoto typu jako pesticidy v zemédélstvi (naptf. paraoxon, malathion,
dichlorvos). Diky svym vlastnostem, mezi néz patfi vysoka toxicita vuci cilovému
organismu, relativné nizka stabilita v Zivotnim prostfedi a v neposledni fad¢é finan¢ni
dostupnost, se staly velmi vyuzivanou skupinou nahrazujici diive pouzivané latky, napf.
DDT (King a Aaron 2015). Nasledkem otrav pesticidy na druhou stranu umira
kazdoro¢né kolem 300 000 lidi, pfedev§im v rozvojovych zemich (Robb a Baker 2020).
Diivodem je jejich Casté zneuzivani k sebevrazednym ucelim, ale i vysokd toxicita,

nedostatek ochrannych pomucek a nedostate¢né ti€inna terapie. Vysoce toxické derivaty
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fosforu se ftadi do skupiny nervové paralytickych latek (NPL). NPL jsou
chemické struktury jsou uvedeny na Obrazek 1. Svymi vlastnostmi idealné spliuji
pozadavky pro pouziti v chemickych zbranich, maji vysokou toxicitu vii¢i savcim,
rychly nastup ucinku a pronikaji do organismu prakticky v§emi branami vstupu. Navic
jejich syntéza je relativné snadnd a levnd, a proto jsou povazovany za nebezpecné a
snadno zneuzitelné v chemickych zbranich (Patocka 2004). Nebezpeci jejich zneuziti ve

valce nebo jako prostfedk terorizmu je celosvétove stale aktualni (King a Aaron 2015).
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Obrazek 1 — Nejvyznamnéjsi nervove paralytické latky

1.1.1 Vyvoj a historie zneuziti NPL

Vyvoj NPL odstartoval pifi vyzkumu novych potencidlnich organosfatovych
insekticidll jiz ve tricatych letech dvacatého stoleti, kdy némecky chemik Gerhard
Schrader popsal tabun (Holmstedt 1963). Nasledné¢ byly vyvinuty dalsi NPL
tzv. G-latky (sarin a soman) a po druhé svétové valce také latka VX, kterd se nyni fadi
mezi tzv. V-latky (Ghosh a Newman 1955). V poslednich letech velmi diskutovanou
skupinou NPL jsou tzv. novicoky, které byly syntetizovany v Rusku (Zoltani 2009).
Latky z této skupiny jsou povazovany za extrémné toxické, vysoce stabilni, Spatné

detekovatelné bézn€ pouzivanymi metodami a jimi inhibovana AChE pravdépodobné
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nereaktivovatelna dostupnymi antidoty. Byly navrzeny jako binarni smési, které

ziskavaji své toxické vlastnosti az po smiseni jejich prekurzort (Jeong a Choi 2019).

V historii je znamo mnoho piipadt zneuziti NPL jako chemickych zbrani
pii valeénych konfliktech ¢i teroristickych utocich. V 80. letech 20. stoleti byly NPL
pouzity v fransko-iracké valce proti iranskym vojsktim a kurdské populaci v severnim
fraku (Riley 2003). V roce 1995 byl sarin zneuZit Japonskym kultem Om $inrikjé ve
mést¢ Matsumuto a v Tokijském metru. Zemiely desitky lidi a dalsi tisice byly zasazeny
(Yanagisawa et al. 1995; Nagao et al. 1997). Jako reakce na Utoky byla ustanovena
vroce 1997 tzv. Chemical Weapons Convention, kterda zakazuje skladovani, uzivani
a vyvoj téchto latek (King a Aaron 2015; Worek et al. 2016). VétSina zemi tuto smlouvu
podepsala, nicméné je zde nckolik zemi, které tak neucinily, mezi n€z patii napft.
Palestina, Severni Korea, Egypt, Sudan (Hoog a Steinmetz 1993). I pies tuto
mezinarodni dohodu se dale objevovaly pfipady zneuziti NPL. Béhem valky v Syrii
v roce 2013 bylo, pravdépodobné sarinem, usmrceno vice nez 1400 lidi (King a Aaron
2015). V roce 2017 byl latkou VX zabit bratr korejského vidce Kim Jong-nam. V roce
2018 se odehral teroristicky utok v Salisbury ve Velké Britanii, se kterym se dava do

souvislosti latka ze skupiny novicok.
1.1.2 Mechanismus uc¢inku OFI

OFI ovliviyji pfenos nervového vzruchu interakei s cholinergni neurotransmisi.
Zpusobuji ireverzibilni inhibici eznymu AChE. Fyziologicka funkce tohoto enzymu
spo¢iva v degradaci neuromedidtoru acetylcholinu (ACh) na nervovych synapsich a
nervosvalovych ploténkach. Inhibice AChE se projevuje akutni cholinergni krizi v
disledku nahromadéného ACh, ktery trvale drazdi cholinergni receptory a narusuje tak
nervovy pienos (Maxwell et al., 2006). Inhibice se manifestuje nikotinovymi,
muskarinovymi a centralnimi pfiznaky dle lokalizace zasaZzeného enzymu, resp. dle
stimulovanych receptorii. Délka trvani 1 hloubka cholinergni krize zavisi na brané
vstupu do organismu, na délce expozice i na druhu OF]I, kterym byl organismus zasazen
(Sidell 1974; Abou-Donia 1981). Inhala¢ni podani letalni davky miZze zpusobit smrt
behem nékolika minut, zatimco absorpce stejné davky pres kiizi ji oddali o jednu az dvé
hodiny. Perkutanné ma nejvyssi toxicitu latka VX, coz je ddno jejim lipofilnim
charakterem. Sarin a soman maji v disledku své méné lipofilni povahy nékolikandsobné
niz§i LDso pfi inhalaénim podani v porovnani s perkutannim (Toxicology 1997). Mimo
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pfiznaky zplisobené zasazenim cholinergniho systému se objevuji u otrav OFI také
ptiznaky necholinergni. Po piekonani akutni fize otravy se mohou vyskytnout dalsi
zmény v organismu, které se projevuji s latenci par hodin az mésicti (He et al. 1998).
Podprahové davky OFI mohou také zptsobit chronické otravy, zplisobené akumulaci
OFI v organismu (Loh et al. 2010). Charakter chronické otravy se podoba obrazu
pozdnich neuropsychiatrickych potizi, vyskytujicich se u akutnich otrav (Etemad et al.

2014).

Aktivni misto AChE se sklad4d ze tfi aminokyselinovych zbytki (Ser-His-Glu)
znamych jako katalytickd tridda enzymu. Za fyziologickych podminek, kdy AChE
hydrolyzuje ACh, se nukleofilni serin AChE vaze na ACh a $tépi ho na acyl-serin
a cholin. Molekula vody aktivovand histidinem déle hydrolyzuje acyl-serin na acetat
a volny enzym (Quinn 1987). Mechanismus ucinku OFI (Obrazek 2) zac¢ind podobné
jako vazba na ACh interakci serinu AChE s OFI, na rozdil od interakce s ACh je vSak
tato vazba kovalentni. Spontanni hydrolyza vedouci k obnové Cinnosti enzymu je
extrémné pomala (hodiny az dny), avSak mulze byt vyrazn¢ urychlena reaktivatory
AChE, jez jsou zakladem kauzalni 1é€by (Masson a Lockridge 2010; Mercey et al.
2012). Pokud neprobiha hydrolyza komplexu OFI-AChE, dochazi u nékterych latek k
dealkylaci alkoxylovych skupin na atomu fosforu a tvorbé solnych mistkli mezi
fosfonovym anionem a protonizovanym histidinem. Timto procesem (tzv. aging) se
vznikly komplex stabilizuje a nasledné je jiz nemozné enzym reaktivovat. Casovy
odstup a rychlost, za ktery komplex dealkyluje se li$i pro rizné druhy OFI (od par
minut az po desitky hodin) (Worek et al. 2004).
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Obrazek 2 — Mechanismus inhibice, dealkylace a reaktivace AChE

1.1.3 Klinicka manifestace intoxikace OFI

Klinické ptiznaky akutni otravy se odviji od receptorii, které jsou nadmérné
draZzdény nadbytkem ACh. Podle druhu receptorli v periferii rozliSujeme muskarinové a
nikotinové piiznaky. Nadmérnym drazdénim muskarinovych receptor dochazi ke
zvySené cCinnosti exokrinnich Zzlaz, coz se projevuje slinénim, slzenim, zvySenim
Zaludec¢ni a bronchidlni sekrece, rozvojem plicniho edému a pocenim (Lee a Tai 2001).
Dale je typické zuzeni zornic, poruchy akomodace, bradykardie, hypotenze,
abdominalni kieCe, prijem a castéj$i moceni. Drazdéni nikotinovych receptor
na nervosvalové ploténce vede k samovolnym svalovym zaSkubtim, pti t€zSich otravach
k tonicko-klonickym kiecim, které prechdzi az v paralyzu (Wadia et al. 1974). OhroZeni

Zivota nastdvd na zakladé paralyzy dychacich svalli (mezizeberni svaly a branice)

v kombinaci se zvySenou bronchidlni sekreci a utlumem dechového centra v mozku.

Nadmeéma stimulace nikotinovych a muskarinovych receptori v mozku zahrnuje
cholinergni pfiznaky jako jsou kieCe, deprese dychaciho centra, neklid, uzkost,
zmatenost, poruchy koncentrace a paméti, poruchy spanku az koéma (Marrs 1993).
Jednotlivé piiznaky se odviji od mista, ve kterém dochazi ke zvySené stimulaci
cholinergnich neuronti. Cholinergni neurony se nachéazeji v oblasti mozkové kiry,
limbickém systému, pfednim mozku, mozkovém kmeni a hipokampu (Marrs 1993; He

et al. 1998). K rozvoji akutni cholinergni krize pfispiva i glutamatergni systém, ktery
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je drazdén v disledku nadmérného vyplavovéani glutamatu po intoxikaci OFI (Kaur et
al. 2014). Nadmérné drazdéni NMDA receptorii na glutamatergnich neuronech vede
k nahromadéni vapniku uvnitf neuronii a nasledné k bunécné smrti. Dochazi k celkové
nerovnovdaze 1 mezi dal§$imi neurotransmiterovymi syst¢tmy (GABAergni,
dopaminergni). Vznikaji tzv. excitacnich 1éze a dochazi k apoptdze hyperstimulovanych
neuroni (Aigner 1995). Bunécnd smrt, naruSeni cholinergnich i necholinergnich drah,
degenerace axonil vede k progresivnimu poskozeni, které se projevuje edémem mozku,
zvySenim propustnosti HEB, vznikem oxida¢niho stresu a zanétlivymi zménami
(Zdarova Karasova 2017). Klinické piiznaky tohoto patologického stavu CNS
se projevuji ~ viadech nékolika hodin az mésici (pozdni neurologické
a neuropsychiatrické potize) od intoxikace. Mimo neurologické ptiznaky popsané vySe
se mohou objevit idal$i necholinergni pfiznaky jako je metabolickd acidoza,
hyperglykémie a ovlivnéni imunity (Bajgar 2004). Pozdni neuropsychiatrické problémy
se mohou manifestovat jako poruchy paméti, agresivni chovani, stfidani nalad,
halucinace a problémy s propojovdnim informaci. Obraz chronické otravy OFI
se manifestuje jako pozdni neurologicky syndrom bez ptfedchozi akutni cholinergni

krize (Jokanovic 2012; Terry 2012).
1.1.4 Terapie otrav OFI

Standardni terapii vyuZivanou pro otravy OFI je kombinace podéani anticholinergné
pusobici latky (atropin), oximového reaktivatoru a antikonvulziva (diazepam) soubézné
s podporou dychani a zivotnich funkci (Antonijvic et al. 2002). Anticholinergné
pusobici atropin zmirfiuje pfiznaky plsobenim na postizenych muskarinovych
receptorech na periferii. Zmirfiuje dopad otravy na kardiopulmondlni ob&h. Neovlivituje
vSak nikotinové piiznaky a do CNS pronikd velmi pomalu (Kassa 2002). Podéani
antikonvulziv je zdsadni pro potlaceni zachvatovitych kieci, snizeni poskozeni mozku,
zabranéni respiraénimu selhani a smrti. Lékem volby je diazepam (Marrs 1993). Pro
odvraceni toxického uc€inku OFI jsou zdsadni kauzalni antidota, reaktivatory AChE.
Tato 1é¢iva urychluji proces reaktivace enzymu a navraceji ho znovu do funkéniho

stavu.
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1.1.4.1 Reaktivatory acetylcholinesterazy

Kauzalni 1éCba, ktera obnovuje funkci inhibovaného enzymu je zastoupena
reaktivatory AChE. Typickou skupinou latek reaktivujicich tento enzym jsou oximové
reaktivatory. Oximovy reaktivator je schopen reagovat svou oximovou skupinou
s atomem fosforu, ktery je vazan do aktivniho mista AChE. Touto reakci urychluje
spontanni proces reaktivace, ktery jinak probiha velmi pomalu (Eddleston et al. 2008).
V klinické praxi jsou vyuzivany latky pralidoxim a obidoxim. Dalsi tii z péti
standardnich reaktivatorti, trimedoxim, methoxim a asoxim (HI-6) jsou vyuzivany
specificky v rtiznych zemich ptedev§im pro prvni pomoc a odbornou 1élatskou pomoc
v bojovych podminkéch. I ptes dlouholety vyzkum s sebou reaktivace AChE nese fadu
problémti. Nejzasadngjs$i nedostatky dostupnych standardnich oximovych reaktivatort

jsou uvedeny nize:

* Oximové reaktivatory pusobi selektivn€é s riznou uGcinnosti pro odlisné druhy
OFIL. Vznikl¢ komplexy OFI-AChE se li§i svou strukturou a ucinnost jednotlivych
reaktivatorii je odliSna pro rizné OFI (Shih et al. 2012; Mercey et al. 2012; Korabecny
etal. 2014).

* Dealkylovana forma AChE je oximovymi reaktivatory nereaktivovatelna.

* U nékterych oximi se vyskytuje problém s op&tovnou inhibici (reinhibici) AChE

fosfylovanym oximem (Maxwell et al. 2013).

* Oximové reaktivatory nesou minimalng jeden kladné nabity atom dusiku ve své
struktufe (zajiStuje vazbu do anionického mista AChE), ktery brani prostupu
reaktivatoru do CNS. Reaktivace AChE tedy probihd prakticky pouze na periferii

a ¢innost AChE v CNS zlstava neobnovena, ¢i je obnovena nedostatecné.
1.2 Hematoencefalicka bariéra a prostup reaktivatori do CNS

Funkce hematoencefalick¢ bariéry (HEB) spo¢ivd v ochran¢ mozku
pted potencidln¢ Skodlivymi latkami. Oddéluje krevni obéh od mozkové tkdné a tvori
rozhrani, které selektivné propousti latky. Pouze na nckolika mistech neni HEB
vytvofena, jedna se napf. o area postrema a subfornikularni orgédn, kde jsou kapilary
fenestrované a prostup latek do mozku je méné selektivni. Povrch téchto kapilar je vSak

vzhledem k celkové ploSe HEB zanedbatelny a eventudlni prostup skrz tato mista ma
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omezeny vyznam. HEB zajiStuje jak ochranu, tak pienos latek do CNS. Sklada se
z ploché vrstvy endotelidlnich bun¢k (BMECs z angl. Brain Microvascular Endothelial
Cells) které jsou hlavni jednotkou HEB. Pfiléhaji na bazalni membranu ve sténach
mozkovych kapilar. BMECs jsou v kontaktu s dalSimi buiitkami, které tvofi
mikroprostiedi HEB. Jsou to gliové bunky (astrocyty a mikroglie) a pericyty, které
zajistuji vyzivu a imunitni ochranu. BMECs v cévach mozku jsou v tésném kontaktu,
tvofi tzv. té€snd spojeni (TJs z ang. Tight Junctions) a neobsahuji fenestrace, které jsou
v jinych tkanich bézné ptritomny. Tim zabranuji paracelularnimu transportu latek. Latky
tedy prostupuji vyhradné transcelularné skrze dvé membrany a tento proces je vysoce
selektivni. Pasivni diftzi pfes fosfolipidové membrany BMECs pronikaji pouze malé
lipofilni slouc¢eniny a plynné molekuly. Pfenos vétSich molekul mize byt zajistén

transportéry ¢i transcytdzou (Alavijeh et al. 2005).

Velikost molekuly, stupen ionizace, lipofilita, prostorova konformace sloucenin
a pocet donorovych a akceptorovych vazeb jsou zasadnimi faktory pro ptekonani HEB
pasivni difuzi (Abbott et al. 2006; Wilhelm et al. 2014). S rostoucim ndbojem
a velikosti molekuly se sniZuje Sance na proniknuti. V HEB se déle nachézi Siroka Skéla
transportéri, které mohou usnadnit ¢i znesnadnit prostup jejich substrati do mozku.
Bylo zjisténo, ze az 98 % malych a 100 % velkych molekul nedosdahne CNS, at’ jiz
z ditvodu neptekonani HEB ¢i diky efluxnim mechanismt (Pardridge 2005). Pro 1é¢iva
pusobici mimo CNS je to pozadovana vlastnost, pro 1é¢iva interagujici se strukturami

v CNS je to naopak zasadni nedostatek.

Jak bylo jiz feceno, OFI jako lipofilni latky rychle a snadno pronikaji do CNS,
zatimco reaktivatory AChE s nabitym dusikem ve své molekule CNS nedosahnou, nebo
jen v omezeném mnozstvi. Lorke a spol. ve své studii uvadi, Ze CNS dosahnou
standardni oximové reaktivatory pouze ze 4—10 % své plazmatické koncentrace (Lorke
et al. 2008). Jiné studie uvadi jesté mensi procenta, Zd'arova Karasova uvadi ve své

studii pouze 0-3 % (Zd’arova Karasova et al. 2014).
ProtoZe ochrana mozku pted uc¢inky NPL je pfi 1écbé€ otravy zasadni, hledani feseni,
jak ji docilit je dilezitym aspektem ve vyzkumu terapie otrav OFI. PiestoZe zpisoby,

jak zlepsit prostup reaktivatort ptes HEB byly a jsou intenzivné studovéany, doposud

nebylo nalezeno univerzalni feSeni aplikovatelné v praxi. NiZe jsou znazornény obecné

26



strategie pro zvyseni dostupnosti latek v CNS (Obrazek 3), a popsany strategie pro

zlepseni dostupnosti reaktivatort AChE v mozku.
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Obrazek 3 — Strategie pro prekonani HEB. Mezi vybrané strategie pro piekonani
HEB patii zvySeni paracelularniho transportu, které zahrnuje osmotickou, chemickou,
fyzikalni ¢i ultrazvukovou disrupci. Transcelularni prostup mize byt usnadnén
receptorem ¢i bunkami zprostfedkovanou transcytdozou ¢i vazbou na nanocastice.
Mezi strategie, které se snazi HEB obejit se fadi katetry zprostiedkované podéani (CED)
a vyuziti mikro€ipii. Adaptovano dle (Hersh et al. 2016).

1.2.1 Vyuziti nanocastic

Nanoéastice (NC) jsou nosice, jejichZ velikost neptesahuje 100 nm. Mohou byt
syntetického ¢i pfirodniho plvodu a jejich vyuziti v mediciné a biologii méa velky
potencidl. Jsou pfedmétem vyzkumu v oblastech, jako je studium biologickych struktur,
mapovani biologicky procesti, ale také v transportu 1é¢iv na misto pozadovaného
uginku. Castice po i.v. podani migruji krevnim fe¢istém k HEB, kterou piekonavaji
riznymi zpusoby. To zalezi na jejich fyzikaln&-chemickych vlastnostech a povaze
ligandd, které na sviij povrch vazi. V obecné roving, NC mohou zlep3ovat vlastnosti
navazaného léciva, mohou ho chrénit pted biodegradaci ¢i fizen€ uvoliovat v miste jeho
Gginku. Rizné druhy NC vyuzivaji rizné zptsoby, jak piekonat HEB, od pasivni diftize
po transport zprostiedkovany receptorem (Wang a Wang 2014; Kreuter et al. 1995;
Saraiva et al. 2016).

NC ptipravené z lidského sérového albuminu (HSA NC) vykazuji minimum

nezadoucich u¢inkd. V oblasti reaktivatord AChE byly piipraveny HSA NC vazané
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na oximovy reaktivator HI-6. Bylo pozorovano, Ze reaktivator prostoupil
skrz endotelidlni bunéény model HEB (Dadparvar et al. 2011) a reaktivoval mozkovou
AChE s dvojnasobnym tc¢inkem v porovnani s nevazanou HI-6 (Dadparvar et al. 2014).
Jina studie popisuje vy$§i schopnost HI-6 i obidoximu navdzaného na HSA NC
reaktivovat AChE inhibovanou OFI po piekondni bunéné monovrstvy simulujici HEB
(pBCEC — primarni endotelialni buiiky izolované z prase¢i mozkové kapilary z ang.
Primary Porcine Brain Capillary Endothelial Cells). Pfesny mechanismus prostupu HSA
NC vsak nebyl doposud objasnén. Piedpokladd se interakce s apolipoproteiny
v krevnim fecisti, pomoci nichz se transportnim systémem pro lipoproteiny dostane cely

komplex do CNS (Wagner et al. 2010).

Pevné lipidové NC s enkapsulovanym 2-PAM byly vyuzity k profylaktické ochrané
a post-expozi¢ni 16¢bé potkanii otravenych paraoxonem (POX). 2-PAM vézany na NC
reaktivoval AChE v mozku z 15 % v porovnani s nulovou reaktivaci nevazaného.
Polocas eliminace enkapsulovaného 2-PAM byl 6krat delsi v plazmé a 2krat delsi
v mozku nez u volného 2-PAM. Nejvyssi koncentrace 2-PAM v mozku byla dosazena
po 45 min od aplikace, kdy po intoxikaci 2 x LDso POX ptezilo 50 % potkani
v porovnani s 10 % u volného 2-PAM. Ug¢innost této slouéeniny by tedy mohla byt
vyuZita v profylaxi (Pashirova et al. 2017).

NC z mezoporézniho oxidu kfemi¢itého obalené transferinem (TF NC) vyuzivaji
tranferinového transportéru v HEB pro sviij prostup do CNS. TF NC byly konjugovany
s HI-6 a po intoxikaci somanem obnovily ¢innost mozkové AChE z 20 % (Yang et al.

2016).

Piistup vyuzivajici NC viak s sebou nese také fadu omezeni. Nezadouci ug¢inky NC
vyplyvaji z jejich nespecifickych vazeb na struktury v organismu a akumulaci, coz
zpiisobuje alergické a toxické reakce. Navic navrh a produkce NC je velmi nakladnym
a komplikovanym procesem, pro ktery je Casto charakteristicka rozdilna wc¢innost

enkapsulace 1é¢iva, coZ vede k nekonzistentnimu davkovani (Wilczewska et al. 2012).
1.2.2 Inhibice P-glykoproteinu

Tento pfistup je zaloZen na hypotéze, Ze oximové reaktivatory jsou substraty
efluxniho transportéru P-glykoproteinu (Pgp). Pgp je aktivni efluxni transportér

lokalizovany na lumindlni membrané BMECs v HEB, ktery patfi do transportérové
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rodiny ABC transportérii. Az 60 % 1é¢iv uvedenych na trh interaguje s transportéry této
rodiny (Hersh et al. 2016). Pgp vraci své substraty zpét z BMECs do krve a tim jim
brani prekonat HEB. Jeho funkci je ochranit mozek pied potencidlné Skodlivymi
cizorodymi latkami. Nachazi se v mnoha tkdnich organismu (napi. v tenkém stieve,
jatrech, ledvindch, HEB). Inhibici Pgp dochazi ke zvySeni prostupu jeho substratl
ptes bariéru, kde je lokalizovan. Jeho substratova specifita je Sirokd, mnoho chemicky
1 funkéné rozlicnych latek s nim interaguje (Demeule et al. 2002). Typické substraty
mivaji molekulovou hmotnost >400 Da, jsou hydrofobni ¢i amfifilni povahy a Casto
mivaji za fyziologického pH kladny naboj. Nékteré substraty maji planarni usporadani

molekuly a nesou NH> skupinu v postrannim fetézci (Hooiveld et al. 2001).

Interakci 2-PAM s Pgp studoval Gallagher a spol. na bun&tné linii
MDCKII a BCI-hBMEC, které tento transportér exprimuji. Po  prichodu
skrz monovrstvu bunék navazovala reaktivacni esej s AChE inhibovanou POX. Avsak,
pfidany inhibitor Pgp nemél zadny vliv na reaktivaci ani na prostup skrz monovrstvu

(Gallagher et al. 2016).

Bylo pozorovano, ze aplikace HI-6 se soucasnym poddnim tariquidaru (inhibitor
Pgp) ukazala 2krat vyssi hladinu HI-6 v mozku potkanti (Joosen et al. 2011). Navic,
navazujici studie prokazala vysSi terapeutickou ucinnost kombinace HI-6 a atropinu
s tariquidarem neZ bez néj, u potkanl otravenych somanem. V pilotnim experimentu,
vSak nebyla prokézana piima souvislost inhibice Pgp a zvySeni u¢innosti HI-6. Vliv
na lepsi terapeutickou ucinnost této kombinace mohl mit 1 atropin, ktery v jiné studii
na MDCK bunécéné linii s Pgp interagoval, ¢i samotny neuroprotektivni uCinek

tariquidaru (Joosen et al. 2011; 2016; Gallagher et al. 2016).
1.2.3  ZvySeni lipofility

ZvysSovanim lipofility se zvySuje prostupnost pies biologické membrany, tedy
1 ptes HEB. Syntéza analogli 2-PAM s del§im fetézcem navazanym na dusiku zvySuje
lipofilitu, coz by mélo vést ke zlepSeni prostupu do CNS. Lipofilngjsi analog 2-PAM
sice zvysil prostup do mozku potkanti na 30 %, nicméné reaktivacni ucinnost
lipofilnéjSich analogl byla dvakrat niz8i nez u 2-PAM a toxicita vyrazné vyssi (Okuno
et al. 2008). Inkorporace atomu fluoru do heterocyklického kruhu pyridinovych oximi

zvysila jejich lipofilitu. ZlepSeni prostupu téchto analogi do CNS bylo predikovéano in
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vitro metodou PAMPA a vysledky odpovidaly standardnim latkdm bézné dostupnym
v CNS stim, Ze vys$i dostupnost korelovala s narGstajicim poctem atomu floru
v molekule (Jeong et al. 2009). Nicméné fluorovany oxim K203 neprokazal lepsi
prostupnost do CNS in vivo a jeho reaktiva¢ni G¢innost u AChE inhibované tabunem

byla srovnatelnd s nemodifikovanou K203 (Kassa et al. 2010).

Jako uspésné lze povazovat studie, kde lipofilni analogy fenoxyalkyl pyridiniovych
oximil prokazaly ve srovnani s 2-PAM u potkanti lepSi ucinnost u zachvatt kieci

navozenych sarinem a latkou VX (Chambers et al. 2016; Zorbaz et al. 2018).

Na druhou stranu, obecné zvySovani lipofility zlepsSuje prostup do CNS a zaroven
zvysuje riziko neurotoxicity, Spatné rozpustnosti ve vodném prostiedi a off-target reakci

(Arnott a Planey 2012; Voicu et al. 2016).
1.2.4 Konjugace s cukry

Tato hypotéza predpokladd, Zze oxim navdzany na cukernou slozku by mohl byt
transportovan pies HEB pomoci glukdézového transportéru, ktery rozpoznd navézanou
cukernou ¢ast. Transportér GLUTI, zajiStujici transport D-glukézy udrzuje glykémii
vmozku tim, Ze vaze hexdzy na obou stranidch endotelovych bunék (lumindlni
i abluminélni) (Cornford a Hyman 2005). 2-PAM a TMB-4 byly konjugovany
s glukozou a galaktdozou. V in vivo experimentech tyto slouceniny snizily hypotermii
vyvolanou POX u potkanti, ¢imz prokazaly svou piitomnosz v CNS. Mechanismus
ucinku nebyl objasnén, pravdépodobné byl centralni efekt disledkem vyssi biologické
dostupnosti reaktivatorl. Pfima interakce slouc¢enin s GLUT1 vSak prokdzana nebyla
(Rachaman et al. 1979; Heldman et al. 1986). Toxicita téchto konjugovanych slou€enin
je sice nizsi nez u standardnich oximi, ale stejné tak je jejich reaktiva¢ni G€innost nizsi
nez u 2-PAM, jak bylo zjist€no na lidské AChE inhibované POX, DFP a latkou VX
(Garcia et al. 2010). U enzymu inhibovaného tabunem, sarinem a somanem tyto
sloueniny zadny reaktivaéni U€inek neprokazaly. DalSim omezenim konjugace
reaktivatorti s cukry je reaktivita cukerné slozky s riznymi strukturami v organismu,

tyto cukry vyuzivajicimi (napf. s erytrocyty a komponenty krevni plazmy).
1.2.5 Proléciva

Koncept vytvoteni proléfiva modifikaci struktury oximového reaktivatoru je
zalozen na zlepSeni prostupnosti navazanim nenabitého fetézce. Po prostupu je
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prolécivo oxidovano a je odStépen ucinny samotny reaktivator, ktery by mél reaktivovat
mozkovou AChE. Bylo popsano, ze ucinnost proléciva 2-PAM (pro-2-PAM)
eliminovala zachvaty kieci u zvifat, navozené podanin DFP (Gordon et al. 2008). Po
intoxikaci sarinem, somanem a latkou VX byla reaktiva¢ni u¢innost srovnatelna az nizsi
v porovnani s nemodifikovanymi reaktivatory (Shih et al. 2011). Potencial praktického
vyuziti je navic komplikovan obtiznou syntézou a nizkou stabilitou latky z diivodu

autooxidace (DeMar et al. 2010).
1.2.6 Nekvartérni reaktivatory

Standardni reaktivatory nesou ve své struktutfe kvartérni dusik, coz velmi omezuje
jejich prostup do CNS. Prvni prace zabyvajici se nekvartérnimi (nenabitymi)
reaktivatory popisuje testovani oximi MINA a DAM, coZ jsou neutrdlni terciarni
reaktivatory, které¢ pres HEB prostupuji velmi dobie. Jejich reaktivaéni potencial vSak
nebyl dostate¢ny, ve vysSich davkach navic vykazuji zvySenou toxicitu (Askew 1956;
Shih et al. 2012). Dalsi nenabité reaktivatory jiz vyuZivaji tzv. dudlni vazebné strategie,
kterd je zalozena na interakci ligandu s perifernim anionickym mistem AChE, zatimco
(oximova) ¢ast zodpoveédna za reaktivaci se vdze do mista aktivniho (Mercey et al.

2011; Gorecki et al. 2016).

Ptipojeni fenyltetrahydroizochinolinu k piridyn-aldoximové struktufe vedlo
k dostatené reaktivaci AChE inhibované tabunem a VX in vitro (Mercey et al. 2011;
Renou et al. 2013; 2014; Kliachyna et al. 2014). In vivo experiment na mySim modelu
vSak nepotvrdil nad&né vysledky a v porovnani s latkou HI-6 byla UC€innost
nesrovnatelnd (Calas et al. 2017). Po pfipojeni stejného substituentu na imidazolovy
aldoxim reaktivovala vyslednd latka v porovnani se standardnimi reaktivatory lépe,
potvrzeni in vivo vSak chybi (Wei et al. 2014). Priilomovymi molekulami tohoto typu se
d4 nazvat nova série dipolarnich reaktivatori zaloZend na rovnovaze mezi nabitym a
nenabitym stavem molekuly, jez prokazala dobrou dostupnost v CNS 1 dostate¢nou

reaktivacni GCinnost in vitro (Radi¢ et al. 2012; Kovarik etal. 2013), ktera byla

RS194b byla testovana na opicich rodu makak po intoxikaci POX a sarinem, kdy po
jejim podanim byly eliminovany cholinergni pfiznaky otravy (Rosenberg et al. 2017;
2018). Tato latka je momentalné ve stadiu klinického hodnoceni. Nenabité reaktivatory
sice prokazaly vyssi potencidl prostupu do CNS, nicméné obecné je jejich reaktivacni
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ucinnost ve srovnani se standardnimi latkami niz§i. Navic s pfipojenim nenabitého
fetézce se zvysuje toxicita i riziko re-inhibice AChE v dusledku vyssi afinity sloucenin
k enzymu. Latky jsou také hiife rozpustné ve vodnych roztocich, coz brani parenteralni
aplikaci, ktera je vétSinou vyzadovana u latek typu antidot, kdy jejich podéani a ucinek

musi byt co nejrychlejsi (Soukup et al. 2018).
1.2.7 Intranasalni podani

Podani léCiva skrz nosni dutinu vyuziva specidlniho prostfedi, kde se na transportu
podileji nervova zakonceni, lymfaticky systém, mozkomi$ni mok icévni systém
(Dhuria et al. 2010; Hanson a Frey 2008). Bylo pozorovano, Ze podani obidoximu
intranasalné zabrdnilo smrti a redukovalo ptfiznaky u potkanii otravenych somanem
(Krishnan et al. 2016). RGzné studie uvadéji pozitivni 1 negativni vysledky, kdy nékteré
latky pronikaji do CNS pii intranasalnim podani snadno (napft. inzulin, kokain, morfin)
a jiné vibec (estrogen, vitamin B1, melatonin). Tento zptisob podani se jevi jako velice
nadéjny, nese s sebou vSak stile velké piekdzky pro praktické vyuziti. Je naroc¢né
kontrolovat hladinu podaného 1é¢iva, nebot’ aplikace 1é¢iva do nosni dutiny je mistné
velmi specifickd a vyzaduje spravnou formulaci ucinné latky, kterd zabrani eliminaci z
¢ichové sliznice mukociliarnim systémem. Techniky podani jsou tedy pomérné slozité a
musi byt uzplsobeny i variabilit¢ ve stavbé nosni dutiny jedince (Ganger a Schindowski

2018).

Miuizeme tedy shrnout, Ze hledani zpisobli jak zvysit terapeutickou hladinu
reaktivatorit AChE v mozkové tkani je i pfes dlouhotrvajici vyzkum stale aktudlnim a
nedofesenym tématem. Zadny z vyse popsanych piistupti nedosahuje z terapeutického
pohledu uspokojivych vysledkii. Lécba otrav NPL je komplikovanéjsi i proto, ze je
zapotiebi dodhnou rychlého nastupu ucinku a jednoduché manipulace s aplikacnim
prostiedkem z divodu potiteby podéani antidot v bojovych podminkach v poli. Vyvoj
novych chemickych entit jakoZto potencialnich 1éCiv, které by mély potencial prostoupit
do CNS tedy vyZaduje metody, kterymi je mozné tuto vlastnost posoudit jiz v rané fazi

vyzkumu.

Pozn. Kapitola 1.1, 1.2 a 1.3 vychazi z publikovaného piehledového ¢lanku (Publikace
2).

32



1.3 Metody pro posouzeni CNS dostupnosti

Existuje nékolik zpusobtli, jak dostupnost latek v CNS testovat. Obecné¢ se daji
rozd¢€lit na in vivo, in silico a in vitro metody. In vivo metody vyuzivaji testovani s
vyuzitim zvifecich modeli. Vyhodou in vivo metod je komplexnost testovaného
systému, zachovani vaskularizace a interakci mezi jednotlivymi soucastmi HEB za
fyziologického stavu. Mezi nejvyuzivanéj$i patii  histochemické metody,
farmakokinetické studie, kvantitativni autoradiografie, pozitivni emisni tomografie,
magnetickd rezonance a mikrodialyza (Mensch et al. 2009). In vivo metody poskytuji

spolehlivé a reprodukovatelné vysledky a jsou dtlezité i pro validaci in vitro metod.

V pocate¢nich fazich vyzkumu je tendence vyuZzivat metody, kde je uplatnén piistup
3R, ktery minimalizuje pouzivani a utrpeni laboratornich zvifat pfi zachovani vysoké
urovné vyzkumné prace (Kendall et al. 2018). Patii sem in silico metody vyuzivajici
matematické a vypocetni modely pro predikci vlastnosti noveé syntetizovanych latek
(napt. Lipinského pravidlo, HEB skore, MPO model). Pro praktické potvrzeni
predikovanych vlastnosti slouzi in vitro metody, které jsou vhodné zejména pro
screening nove syntetizovanych latek ve vétsi kvantité. In vitro metody probihaji zcela
mimo zivy organismus. V porovnani s in vivo metodami jsou jednodussi, levnéjsi,
rychlej§i a eticky pfijatelngj$i, na druhou stranu jsou vzdy zatiZeny jistou mirou

nejistoty oproti in vivo metodam.
1.3.1 In vitro metody pro posouzeni CNS dostupnosti

In vitro metody pro testovani CNS dostupnosti miizeme rozdélit na bunécné
anebunécné. Nebunéné metody vyuzivaji k rozdéleni latek, na potencidlné
CNS dostupné a nedostupné, posouzeni jejich fyzikalné-chemickych vlastnosti. Patii
sem napi. JAM chromatografie, kterd hodnoti interakci latek s imobilizovanou umélou
membranou tvofenou fosfatidylcholinem (Dash a Elmquist 2003). Zkouska paralelniho
umélého membranového pronikani (PAMPA zang. Parallel Artificial Membrane
Permeability Assay) hodnoti pasivni transport latky skrz membranu tvofenou
fosfolipidem izolovanym z mozku prasete (Di et al. 2003). Pro komplexnéjsi testovani
zahrnujici d€je pfitomné v zivém organismu byly vyvinuty metody vyuzivajici bunécné

kultury.
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1.3.1.1 Metody vyuZivajici bunééné kultury

Bunééné modely HEB se daji rozdélit na statické a dynamické dle toho,
zdanabuilky v modelu plisobi smykové napéti (SS z ang. Shear Stress).
Ve fyziologickych podminkach toto napéti vznika tokem krve a ptsobi na endotelové
buniky v cerebralnich kapildrach (He et al. 2014). Idealni bunéény model pro studium
penetrace pres HEB by mél spliiovat co nejvice z nasledujicich charakteristik (Naik

a Cucullo 2012):
» exprese tésnych spojeni, enzymd, transportérti a efluxnich systému
» zanedbatelny paracelularni transport
 selektivni a asymetrickd permeabilita pro ionty
* pfitomnost laminarniho SS
* mezibunécna komunikace a interakce
+ reprodukovatelnost

* finanéni efektivita

1.3.1.1.1 Statické modely

Statické modely jsou jednodus$s$i a nezahrnuji vliv SS. Dale se d¢li dle toho,

zda vyuzivaji monovrstvu ¢i ko-kulturu vice bunéénych typt.

1.3.1.1.1.1 Modely vyuZivajici bunéénou monovrstvu

Monovrstevné modely vyuZivaji bunéfnou linii nasazenou na vhodnou
mikroporézni membranu. Tato membrana je umisténa ve vicetroviiové desticce
(v insertoveé vloZce) a vytvari tak vertikdlni oboustranny systém (transwell), ve kterém
je mozné sledovat prostup latek skrz monovrstvu v obou smeérech (Obrazek 4).
Membréana je semipermeabilni, jeji pory umoziuji volnou difizi Zivindm a ristovym
faktoriim, ale zaroven brani migraci bun¢k mezi kompartmenty pii procesu bunécné
proliferace a rastu (Naik a Cucullo 2012). Insertova vlozka imituje lumindlni stranu
(krev), a spodni jamka ablumindlni stranu (mozkova tkan). Bunéénd monovrstva
by tedy m¢la piedstavovat BMECs mozkovych kapilar, tedy hlavni buiky tvotici HEB.

Monovrstva miize byt tvofena primarni nebo imortalizovanou bunécnou linii. Primarni
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linie jsou nejcastéji izolované z mozkovych kapilar hlodavcl. Nevyhodou primérnich
linii je ndro¢ny proces izolace. BMECs tvofi jen malé procento mozkové tkdné, a proto
je nutné k ziskdni pouzitelného mnozstvi BMECs velké mnozstvi hlodavct. Vyuziti
vétSich zvifat (napf. nelidSti priméati) je feSenim k ziskani vétsiho poctu BMECs,
nicméné experimenty s primarnimi builkami jsou viceméné jednorazova zalezitost
(buiiky nemaji schopnost dal neomezené proliferovat) a spotfeba zvifat je proto vysoka
(Nakagawa et al. 2009). Izolované primarni bunky je mozné imortalizovat, ¢imz
je eliminovana spotieba zvirat. Imortalizace buniky je proces vedouci k nekonecné
proliferaci. Provadi se chemickou ¢i virovou transformaci. Nevyhody téchto modeli
spojené s kultivaci bez pritomnosti dalsich bunék tvoricich HEB in vivo a nepfitomnost
SS zGstavaji 1 po imortalizaci. Navic imortalizaci dochézi ke ztraté vlastnosti priméarnich
kultur jako je exprese enzymd, transportér a snizend tvorba TJs (Daniels et al. 2013).
Opakovana pasaz muze zpusobit postupnou dediferenciaci a ztratu charakteristik
typickych pro BMECs. Imortalizované linie jsou vSak vhodné pro studium transportéra
a pro high-throughput screening (Bagchi et al. 2019). Vybrané imortalizované bunééné

linie jsou popsany v kapitole 1.3.1.1.4.1.

Obrazek 4 — Transwell s detailem jamky z vertikalniho pohledu
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1.3.1.1.1.2 Modely vyuZivajici ko-kultury

Pritomnost vice bunéénych typd v jednom modelu zahrnuji, tzv. ko-kulturni
modely. Ko-kulturni model HEB je pro studium prostupnosti vhodny pro svou
vybornou integritu. Pfitomnost dalSich bun¢k ptispiva k tvorbé vérného fenotypu HEB
piredevsim z pohledu bariérovych vlastnosti. Bunky v ko-kultufe dosahuji vysokych
hodnot transendotelidlniho odporu (TEER), ktery je specificky pro nepropustnou
bariéru stejnou jakou je fyziologicka HEB (Nakagawa et al. 2009). U dvou-bunééného
modelu jsou BMECs nasazeny na insertovou membranu, zatimco na dno jamky
¢1 na spodni stranu insertu je nasazena dalsi bunécna linie. Jednotlivé typy ko-kultivaci
jsou znazornény na Obrazek 5. Interakce mezi BMECs a dal§imi bunécnymi liniemi
(astrocyty, pericyty) utvaii fenotyp BMECs podobnéjsi tomu in vivo. Je zde indukovana
polarizovana exprese transportérd, receptord, enzymi a TJs, ¢imz se zlepSuje celkova
reprodukovatelnost modelu HEB (Nakagawa et al. 2007). Pro dalsi vylepSeni
pozadovanych vlastnosti byl testovan model slozeny ze tfi bunéénych kultur — BMECs,
astrocyti a pericyti. Ko-kultivace tfi bunéfnych linii ukdzala vyznamné zlepSeni
bariérovych vlastnosti v porovnani s monokulturami i s dvou-bunéénymi ko-kulturami
(Nakagawa et al. 2009). Ko-kultivace s neurony ukazala, Ze neurony také nepiimo
modifikuji permeabilitu a ovliviiuji expresi transportéri a enzymi (He et al. 2014).
a ndkladnéjsi kultivace, kterd €ini tyto modely méné vhodnymi pro screemingové

testovani (Siddharthan et al. 2007).
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Obrazek 5 — Ko-kultivace dvou (A) a tfi (B) bunéénych typt v transwellovém
uspotradani. Adaptovano dle (Kaisar et al. 2017).

1.3.1.1.2 Dynamické modely

Pro zvySeni reprodukovatelnosti modelu by mélo na bunky ptlisobit SS, které
je ve fyziologickych podminkach generovano tokem krve. Ovliviiuje expresi a funkci
transportérti, enzymu, iontovych kandld, tvorbu TJs a tim i bariérové funkce.
Nejznaméjsi  jsou tfi  druhy dynamickych modelii: Cone-Plate, dynamicky

a mikrofluidni.

Z historického hlediska byl Cone-Plate model prvnim modelem, kdy byla bunééna
monovrstva vystavena toku kapaliny. Vyuziva kuzelu generujiciho SS, které piisobi
na desticku umisténou pod nim prostiednictvim media. Nevyhodou tohoto modelu
je nerovnomérné rozmisténé SS plisobici na bunéénou monovrstvu a odlisné vlastnosti
turbulentniho SS tvofeného kuZelem a laminarniho SS tvofeného proudem tekutiny.
Tento model navic nezahrnuje dal§i bunécné typy a tak vyzkum vedl k vyvoji dalSich

generaci dynamickych modelt (Naik a Cucullo 2012; Bussolari et al. 1982).

Dynamicky model imitujici cévy je sestaven z dutych vladken, na kterych jsou
nasazeny bunécné kultury. Pumpa vstiikuje do systému médium, ¢imz je dosazeno toku
tekutiny celym systémem. Rychlosti toku lze kontrolovat velikost SS. Vyuziti tohoto
systému je omezené z diivodu Spatné kontrolovatelnosti morfologie bun¢k na luminalni

stran€ vlakna, spotiebé velkého poctu bunék (pfedevsim pii vyuziti primarnich kultur)
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pro udrzeni monovrstvy a relativné dlouhého ¢asu do ustdleni integrity monovrstvy

(Naik a Cucullo 2012).

Mikrofluidni modely byly navrzeny pro vylepsSeni vlastnosti dynamickych modelt.
Vyuzivaji dvou kolmych kanali. Imobilizované buiiky jsou umistény v mikrofluidnim
kanalu a jsou stabilizovany podplrnymi 3D matricemi, druhy kanal vytvaii SS.
Membrany jsou dostate¢né tenké, transparentni, pozorovatelné mikroskopem. Potiebné
mnozstvi bunék je mnohondsobné¢ niz§i nez u dynamickych modelti a doba ristu
pro ustaleni integrity je krat$i, coz je vyhodou oproti dynamickym modelim (Booth

a Kim 2012).

Ani zadny z dynamickych modelti neni idealni, navic instrumentalni naro¢nost

wewvr

1.3.1.1.3 Modely zaloZené na kmenovych buiikdach

Modely zalozené na kultivaci a diferenciaci pluripotentnich kmenovych (PSC),
embryonalnich (ESC) ¢i indukovanych kmenovych bunkach (iPSC) jsou velkym
pokrokem smérem k dokonalému napodobeni HEB in vivo. BMECs diferencované
z1PSC prokazaly podobné vlastnosti jako primarni BMECs (Kokubu et al. 2017).
Model disponuje vysokymi hodnotami TEER, expresi transportéri a enzymu
specifickych pro HEB (Li et al. 2019). Diferenciace BMECs a dalSich bunék HEB
z lidskych somatickych bun¢k vede k personifikaci a individualizaci vyzkumu
fyziologie 1 patologie HEB ¢i interakci novych latek s jejimi strukturami. Je dokonce
mozné vytvoiit specifické modely riznych neurologickych onemocnéni a zkoumat
jejich vliv na integritu HEB (Page et al. 2020). Proces diferenciace kmenovych bunék
je slozity a zahrnuje fadu proménnych, nehled€ na instrumentélni i financni naro¢nost
celého procesu. Dalsi prekazkou jsou omezené zdroje iPSC linii a geneticka variabilita
jedince. Integrace iPSC derivovanych kultur do dynamického modelu, ktery zahrnuje
SS je velké pfiblizeni situaci in vivo a nadény smér pro vyvoj vérohodného modelu

lidské HEB (Vatine et al. 2019).

1.3.1.1.4 Vybrané in vitro metody pro posouzeni CNS dostupnosti

Principem vybranych in vitro metod je sledovani prostupu latky ptes specifickou

membranu (Obrazek 6).
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Obrazek 6 — Znazornéni prostupu latek pres specifickou membranu v Case

PAMPA

Zkouska paralelniho umélého membranového pronikéni je in vitro metoda
pro predikci prostupnosti 1é¢iv pres biologické membrany. Pivodné byla zavedena
pro predikci peroralni absorpce (Kansy et al. 2004). Pro predikci priniku skrz HEB byla
PAMPA modifikovana pouzZitim membrany tvofené lipidem z praseciho mozku (PBL,
zang. Polar Brain Lipid). Tato membrana tvofi rozhrani mezi akceptorovou
a donorovou c¢asti destiCky (destiCka je zndzornéna na Obrazek 7). Latky prostupuji
v Case skrz tuto membranu na zaklad€ pasivni difize. Na tento typ transportu maji vliv
fyzikéalné-chemické vlastnosti testovanych latek. Latky tedy prostupuji na zéklade
sv¢ lipofility. Prostup latky je hodnocen po jeji detekci v akceptorovém kompartmentu
a nasledném spocitani tzv. permeacniho koeficientu (Pe). Porovnani Pe se standardnimi
latkami umoznuje latku klasifikovat jako potencidlné schopnou/neschopnou piekonat
HEB. Vyhodou této metodiky je reprodukovatelnost, rychlost, financni dostupnost
amoznost testovani rozsahlych sett latek. Je vhodnd pro zakladni screening.
Nezahrnuje vSak podil jinych zplsobl transportu, coz ji znevyhodniuje v porovnani

s metodami vyuzivajicimi buné¢né linie, kde jsou zahrnuty déje pfitomné v Zivé buiice

39



jako je aktivni a efluxni transport, metabolicka aktivita (Naik a Cucullo 2012; Di et al.
2003).

Obrazek 7 — Desticky vyuzivané pro metodu PAMPA (vlevo) a bunééné modely
(vpravo)

1.3.1.1.4.1 Metody vyuZivajici imortalizované buné¢né linie

Bunécna linie je nasazena na mikroporézni membranu, na které vytvaii monovrstvu.
Principem té€chto modeli je sledovat prostup latek skrz tuto monovrstvu, kterd simuluje
hematoencefalickou bariéru. Latky prostupuji z donorového kompartmentu
do akceptorového, kde je zméfena jejich koncentrace v ¢ase (zobrazeni desticky
pro bunééné modely je na Obrazek 7). Rychlost tohoto prostupu se udava jako Papp
(aparentni permeacni koeficient), na jehoz zakladé¢ Ilze piedpoveédét schopnost
proniknout pfes HEB. Propustnost vytvofené monovrstvy by méla odpovidat
fyziologické HEB. Tedy latky, které in vivo CNS nedosdhnou (CNS-), by nemély
prostoupit, a naopak latky v CNS in vivo dostupné (CNS+) by pies monovrstvu
proniknout mély. Integrita bunécné monovrstvy, je dosazena na zaklad¢ tvorby TJs a je
zasadni pro zabranéni paracelularnimu prostupu molekul (Naik a Cucullo 2012). MiZe
byt charakterizovana nékolika zplisoby. Znacenim proteind tvoficich TJs (ZO-1,
okludin, klaudin) specifickou protilatkou, permeabilitou molekul s riiznou molekulovou
hmotnosti (MW) (inulin, manitol, dextran) nebo méfenim TEER. Méfeni TEER
je neinvazivni metoda, kterou lze pouzit i pro sledovani pribehu tvorby monovrstvy
a neinterferuje s testovanymi latkami. Hodnoty TEER v mozkovych mikrokapilarach

in vivo dosahuji 1000 Q x cm? (Butt et al. 1990; Srinivasan et al. 2015). Kazda
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z uvedenych imortalizovanych bunéénych linii dosahuje za statickych kultivacnich
podminek rozdilnych hodnot TEER. Ciselné hodnoty jsou uvedeny v Tabulka 1. In vivo
korelace prostupnosti latek vyuzivajicich k piekonani HEB aktivni transport,
¢1 substraty efluxnich transportérii zavisi na jejich expresi pfisluSnou bunécnou linii.
Exprimované transportéry specifikované u jednotlivych linii, které se bézné podileji

na transportu 1éCiv, jsou uvedeny také v Tabulka 1.
MDCK bunééna linie

Madin-Darby Canine Kidney bunécna linie je epitelidlniho pivodu pochazejici
z ledvinnych tubull psiho plemene kokrSpanél. Buiiky ledvinnych tubuld mezi sebou
tvoii vysoce selektivni bariéru a mezi jednotlivymi bunkami se tvoii pevnd TlJs.
Tato bunécnd linie je dobfe pouzitelnd pro testovani potencidlni prostupnosti latek pies
HEB prave diky jeji vysoké integrité. Tato linie je jednoducha na kultivaci, béhem
4-7 dni ristu dosdhne monovrstva plné konfluence a je pouzitelnd pro experiment.
Nevyhodou této linie je jeji epitelidlni ptivod, exprese endogenniho (psiho) Pgp, ktery
ma odliSnou substratovou specifitu od lidského a rozdily v expresi dalSich transportéri
(He et al. 2014). Vyuziti této linie pro testovani interakci s Pgp je mozné po transfekci
lidskym MDRI1 genem, kdy MDCK-MDRI1 linie exprimuje lidsky Pgp
(Kuteykin-Teplyakov et al. 2010; Garberg et al. 2005).

Caco-2 buné¢na linie

Caco-2 epitelidlni bunééna linie byla izolovana z lidského stfevniho
adenokarcinomu. Primdrné je vyuzivand jako model pro stfevni absorpci, nicméné
jeji korelace s jinymi modely HEB je vysoka, a proto ji 1ze pouzit i pro predikci CNS
dostupnosti. Jeji vyuziti je vhodné predev§im pro posouzeni interakce latek s Pgp, nebot’
tato linie stabilné exprimuje lidsky Pgp (Hellinger et al. 2012; Garberg et al. 2005).
Vyhodou této linie je vysokd integrita monovrstvy. Nevyhodou je jeji stfevni ptvod

a dlouha doba kultivace (19-21 dni).

hCMEC/D3 bunééna linie

v

hCMEC/D3 (D3) patii mezi nejvyuzivanéj$i imortalizovanou endotelidlni linii
lidského plvodu. Jsou to imortalizované BMECs, které byly izolovany z lidskych
mozkovych kapilar (Weksler et al. 2013; Male 2009). Exprese transportéru typickych
pro lidské BMECs je velkou vyhodou této linie. Linie exprimuje lidsky Pgp, avSak
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za klasickych kultivacnich podminek je tato exprese niz§i nez napi. u CACO-2,
¢i transfekovanych MDR-MDCK. Zvyseni exprese lze dosahnout vyuzitim vhodnych
monovrstvy, vyS$i naroky na suplementaci kultivacniho media a del§i doba ristu

k dosazeni konfluence (9—12 dni) (Weksler et al. 2013).

Tabulka 1 — Tabulka shrnujici vybrané vlastnosti bunéénych kultur MDCK,
CACO-2 a hCMEC/D3 (Helms et al. 2016; Quan et al. 2012; Veszelka et al. 2018;
Srinivasan et al. 2015; Weksler et al. 2013; Dukes et al. 2011)

MDCK CACO-2 D3
lidsk¢ stievn lidske Kové
Zdroj bunék psi ledviny idsky strc?vnl idske nfl(?Z ove
adenokarcinom kapilary
epitelové endotelové bunky
Morfologie bunék | bunky distalni stievni epitel mozkovych
tubult kapilar
Kultiva¢ni doba
pro vytvoreni 4-7 dni 14-28 dni 9-12 dni
monovrstvy
GLUT-1
GLUT-3,-5 GLUT-1 PHT.2
CAT-1, LAT-
PEPTI CAT-1, LAT-1,
Vybrané influxni 1, SAT-1
yt' < CAT-1, LAT-1, SAT-1
ransportéry SAT-1 MCT-1
SLC1A2,
SLCICI
endogenni psi
Pgp (Mdrl) Pgp (MDR1) Pgp (MDR1)
Efluxni
wxnt Mrpl, Mrp2, MRP2,4,6 MRP1 4
transportery MrDS
P BCRP BCRP
70-1,2,3 Z0-1,2,3 70-1,2,
TJs proteiny
klaudin 1 klaudin 1 klaudin 5
TEER h t
odnoty v 1000 150-400 30-50
ohm X cm
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Vybrané bunééné linie se lisi svym plivodem, epitelidlni buniky jsou izolované
z epitelu ledvinnych tubultl a stfevniho adenokarcinomu. Epitelidlni ptivod se vyznacuje
mimo rozdild v transportérové a enzymové vybavé také odliSnou stavbou TJs.
Napft. zésadni je odliSna exprese klaudinu, jednoho z hlavnich proteina tvoficich TlJs.
Pro epitelové buiiky je typicky klaudin 1, zatimco pro endotelidlni klaudin 5 (Wilhelm
et al. 2014). Epitelidlni linie se vyznacuji vysokymi hodnotami TEER a restrikci
paracelularniho transportu. Endotelidlni linie jsou izolované z endotelovych buné¢k
mozkovych kapilar. Jejich transportérova a enzymova vybava je velice podobna in vivo
endotelovym bunkdm (Veszelka et al. 2018). Nevyhodou této endotelialni linie je

Mrwe

paracelularni restrikce (Biemans et al. 2017).
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2. Cile prace

1. Zavedeni, optimalizace, validace a vzdjemné porovnani vybranych in vitro
metodik  vhodnych  pro  screeming  prostupu  potencidlnich  1éCiv

pies hematoencefalickou bariéru
2. Modifikace metodik pro studium transportért pritomnych v HEB

3. Testovani standardnich 1é¢iv s kli€ovou roli v oblasti terapie otrav OFI a také
nov¢ syntetizovanych potencidlnich 1é¢iv vznikajicich na pracovisti katedry
Toxikologie a vojenské farmacie

4. Studium pftistupli ke zvySeni dostupnosti 1é¢iv v CNS véetné experimentalniho

ovéfeni jejich ucinnosti
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3. Material a metodika

3.1 Testované latky

Jako standardni latky pro validaci metod byla vyuzita komeréné dostupna 1éciva.
Dale byly testovany standardné pouzivané rektivatory AChE anové syntetizované
reaktivatory AChE, diamantové nanocastice (ND) a cucurbit[7]urilové (CB[7] z ang.

Cucurbit[ 7]urils) nanocastice.

Standardni latky pro validaci metod byly pofizeny ze Sigma-Aldrich, Ceska
republika. Antipyrine (CAS No. 60-80-0), atenolol (CAS No. 29122-68-7), donepezil
hydrochloride (CAS No. 120011-70-3), desipramine hydrochloride (CAS No. 58-28-6),
chlorpromazin-ds hydrochloride (CAS No. 1228182-46-4), imipramin hydrochloride
(CAS No. 113-52-0), caffeine (CAS No. 58-08-2), piroxicam (CAS No. 36322-90-4),
propranolol hydrochloride (CAS No. 318-98-9), rivastigmine tartrate (CAS
No. 129101-54-8), tacrine hydrochloride (CAS No. 206658-92-6), theobromine (CAS
No. 83-67-0), theophylline (CAS No. 58-55-9), testosterone (CAS No. 58-22-0),
cefuroxime (CAS No. 55268-75-2), furosemide (CAS No. 54-31-9), chlorothiazide
(CAS No. 58-94-6), ranitidin hydrochloride (CAS No. 66357-59-3), sulfasalzine (CAS
No. 599-79-1), lucifer yellow (CAS No. 67769-47-5).

Standardné pouzivané reaktivatory HI-6 (CAS No. 34433-31-3), 2-PAM (CAS
No. 6735-59-7), LiiH-6 (CAS No. 114-90-9), MMB-4 (CAS No. 51026-61-0), TMB-4
(CAS No. 56-97-3) byly syntetizovany na KTVF, FVZ, UO v Brn¢. HI-6 pouZzita ve
studii s CB[7] byla syntetizovana na katedie chemie, PiF, UHK.
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Obrazek 8 — Struktury standardnich reaktivatort HI-6, 2-PAM (pralidoxim), LiH-6
(obidoxim), MMB-4 (methoxim), TMB-4 (trimedoxim)

Monokvartérni reaktivatory K1371, KI1373, KI1374, KI1375, KI1385 byly
syntetizovany na KTVF, FVZ, UO v Brn¢.
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Obrazek 9 — Struktury monokvartérnich reaktivatori
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Nekvartérni reaktivatory K1278, K1279, K1280, K1281, K1358 byly syntetizovany
na KTVEF, FVZ, UO v Brn¢.
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Obrazek 10 — Struktury nekvartérnich reaktivatort
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ND s navdzanou oximovou skupinou byly syntetizovany v rdmci spolupréce s prof.
Yevgenem Karpichevem (Department of Chemistry and Biotechnology, Tallinn
University of Technology, Tallinn, Estonia).

o o)
Ao
H H
B? N—OH

Obrazek 11 — Diamantové nanocastice De-3 s navazanym reaktivatorem

CBJ[7] nanocastice (cucurbit[7]urile hydrate) byly potizeny z Merck, Kenilworth,
New Jersey, USA. Vazba na HI-6 prob¢hla dle (Andrys et al. 2020).
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Obrazek 12 — Cucurbit[7]urilové nanocéstice

3.2 Pouzité metody

3.2.1 PAMPA model

3.2.1.1 Pracovni postup

Do 96 jamkové membranové desticky (Multiscreen-IP Filter Plates, Merck
Millipore) byl napipetovan roztok PBL (Polar Brain Lipid, Avanti) v objemu 4 pl/jamka
o koncentraci 20 mg x ml' rozpustény v dodekanu (Sigma-Aldrich). Akceptorova
jamka byla naplnéna 300 pl PBS. Testované latky byly rozpusStény dle rozpustnosti
v DMSO (Dimethyl Sulfoxide for Molecular Biology, Sigma-Aldrich) a/nebo v PBS
(Dulbecco’s Phosphate-Buffered Saline pH = 7,4, Sigma-Aldrich) tak, aby bylo
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dosazeno finalni koncentrace. Finalni koncentrace byla stanovena dle detekovatelnosti
pomoci UV/VIS spektrofotometrie nebo HPLC-MS. Koncentrace DMSO ve finalnim
roztoku testované latky nikdy neptesahla 0,5 % (v/v). Nasledné byl do donorové ¢asti
desticky pipetovan roztok latek o findlni koncentraci (vSechny testované latky byly
v rozmezi 20-300 uM) a celd desticka byla pfilozena na jeji spodni akceptorovou
¢ast tak, aby roztoky v obou castech byly v kontaktu s membranou. Testované latky
difundovaly v Case pies membranu s PBL a jejich koncentrace v akceptorové
1 donorové Casti byla zmétena po 3, 4, 5, 6 h inkubace v kvadruplikatech pomoci
UV/VIS spektrofotometru (Multidetekéni reader Synergy HT, BioTek) Koncentrace
latek byla vypocitana podle kalibra¢ni kiivky a vyjadiena jako permeacni koeficient
(Pe). Rovnice pro vypocet Pe je uvedena v kapitole 3.2.6.1. Do vzorce je zadana
[ hodnota teoretické koncentrace (ekvilibrium), které by bylo dosaZzeno v obou
kompartmentech, pokud by byla membrana dokonale propustna. Tato koncentrace je
meéiena z roztoku rozpusténé latky natfedéné pomoci PBS na polovinu (Di et al. 2003).
Vysledny koeficient Pe pro kazdou latku byl vyjadien jako primér minimalné ze tii

nezavislych méteni £ SEM.
3.2.2 MDCK bunéény model
3.2.2.1 Bunécna linie:

Pro tento model byla vyuzita MDCK epitelidlni psi bunétna linie ledvinného
pivodu NBL-2 pofizend z ATCC (CCL-34). Bunécnd linie byla kultivovana
v inkuba¢nim boxu (Inkubator Direct Heat CO», Thermo Scientific) pii 37 °C, 5 % CO»
v kultivaénim médiu. Bunky byly pasaZovany 1:6 pomoci 0,25% trypsin-EDTA roztoku
(Sigma-Aldrich) 1-2 x tydné. Médium bylo ménéno kazdy 2.-3. den.
3.2.2.1.1 Ristové médium:

DMEM (Dulbecco's Modified Eagle Medium, Sigma-Aldrich)

10 % FBS (Fetal bovine serum, Sigma-Aldrich)

1 % PEN-STREP (Penicilin-streptomycin, Sigma-Aldrich)

3.2.2.1.2 Transportni médium:

Opti-MEM (Gibco)
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3.2.2.2 Pracovni postup:

MDCK bunécnéd linie byla nasazena na desticku (Corning Transwel, Merck
CLS3402) s 12 inserty, na mikroporézni polykarbonatovou membréanu s pory o velikosti
3,0 um. Bunky byly nasazeny v poc¢tu 500 000/insert v 0,5 ml rastového média,
do spodni casti desticky bylo pipetovano ¢isté ristové médium v objemu 1,5 ml. 3. den
bylo vyménéno médium v obou kompartmentech. 4. den po nasazeni monovrstva
dosahuje konfluence a je pfipravena na experiment. V den experimentu bylo odstranéno
médium z obou kompartmenti a bunéénd monovrstva byla oplachnuta piedehiatym
transportnim médiem. Nésledn¢ bylo do obou kompartmenti aplikovano
750 pl transportniho média a desticka byla inkubovana 30 min. Testované latky byly
rozpu$tény dle rozpustnosti v DMSO a/nebo v transportnim médiu tak, aby bylo
dosazeno finalni koncentrace. Findlni koncentrace byla stanovena dle detekovatelnosti
pomoci UV/VIS spektrofotometrie nebo pomoci HPLC-MS (viz. nize). Koncentrace
DMSO ve findlnim roztoku testované latky neptesdhla 0,5 % (v/v). Pro stanoveni
prostupu nanodiamantovych ¢astic (ND) byly vzorky dizagregovany pomoci
ultrazvukového homogenizatoru (UP 50H jehlovy homogenizator, Hielscher, Teltow,
Germany) 3 x 5 s za stdlého chlazeni ledovou lazni. Poté byly do donorovych
kompartmentt v triplikatu pipetovany roztoky (750 ul) testovanych latek rozpusSténych
na pozadovanou koncentraci (pro veskeré experimenty byly pouzity koncentrace
20-500 pM), pro ND byla pouzita koncentrace 10 a 100 ug x ml™'. Do akceptorového
kompartmentu bylo pipetovano transportni médium ve stejném objemu. Nasledné byla
desticka inkubovana pii 37 °C, 5 % CO,. V Casovych intervalech 1, 2, 4 a 6 h byly
odebrany vzorky z akceptorové ¢asti a pomoci UV/VIS spektrofotometru byla zméfena
koncentrace testovanych latek v triplikatech. Nariist koncentrace testovanych latek byl
vyjadien jako tzv. aparentni permeacni koeficient (Papp), ktery byl spocitan
dle vzorce uvedeného v kapitole 3.2.6.2. Po odebrani posledniho ¢asového bodu byla
provedena kontrola integrity monovrstvy pomoci fluorescenéné znaceného dextranu
(FITC-dextran, MW 10 000, Sigma-Aldrich) v koncentraci 0,4 mg x ml™!'. Tento roztok
FITC-dextran byl aplikovan do donorové ¢asti po pfedchozim oplachnuti predehiatym
PBS. Do akceptorové casti byl aplikovano transportni Cist¢é médium. Po 60 min
inkubace byla zméfena koncentrace FITC-dextranu v akceptorové casti pomoci UV/VIS

spektrofotometrie pii vinovych délkach A= 485 nm; A,=528 nm.
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Stanoveni intracelularniho mnoZzstvi latky akumulované¢ho v bunééné monovrstveé
bylo provedeno ve vybranych jamkach na konci experimentu. Buné¢na monovrstva byla
oplachnuta studenym PBS 2 x zobou stran. Nasledné byl aplikovan lyzacni pufr
(1 % Triton X-100, 20 mM tris hydrochlorid, 150 mM chlorid sodny, Sigma-Aldrich),
inserty byly mechanicky dizagregovany a oplachnuty transportnim médiem. Poté byla

v roztoku stanovena koncentrace latky UV/VIS spektrofotometrem.
HPLC-MS analyza

HPLC-MS analyza byla provedena na sestavé HPLC Dionex 3000 RS skladajici se
z vakuové pumpy HPG-3400RS s degaserem, autosampleru WTS-3000RS s 25 pul
nastfikovou smyckou, kolonového termostatu TCC-3000RS a diodového detektoru
DAD-3000. Sestava byla fizena softwarem Chromeleon 6.80 ve spojeni s hmotnostnim
spektrometrem typu hybrid kvadrupol-orbitap Q Exactive Plus ovladanym programem
Xcalibur 3.0.63. Spojeni bylo provedeno pomoci vyhiivaného elektrospreje (HESI)
s nadsledujicim nastavenim: zmlzujici plyn 55 jednotek, pomocny plyn 15 jednotek,
protismérny plyn 3 jednotky, napéti na spreji 3,5 kV, teplota vstupni kapilary 220 °C,
teplota pomocného plynu 220 °C, nastaveni S-lens RF 50. Slozeni mobilni
faze A (A): 0,1% (v/v) kyselina mravenéi v ultracisté vodé typ ASTM 1 (odpor
18,2 MQ x cm™ pii 25 °C) pripravenou pomoci pfistroje Barnstead Smart2Pure
3 UV/UF. SloZeni mobilni faze B (B): 0,1% kyselina mravenci v acetonitrilu (LC-MS
kvalita).

Pro analyzu akceptorovych a donorovych roztokl byla pouzita gradientova metoda
v reverznim moédu, kde jako stacionarni faze byla pouzita kolona Kinetex C18 EVO
(3,0 x 150 mm; 2,6 um; 100 A, Phenomenex, Japan). Gradient byl nasledujici: 0-1 min
10 % B, pak nartist na 100 % B béhem 3 min, pak 1 min 100 % B a nésledné byl
2,5 min ustalovdn na 10 % B. Pritok mobilni faze byl 0,4 ml x min™!, teplota kolony
byla nastavena na 27 °C s nastfikem vzorku 5 pl. Analyza byla provedena pomoci
hmotnostniho spektrometru v pozitivnim méddu v rozmezi m/z 150-1000. Kalibrace
pro latky byla linearni, pétibodova a byla v rozmezi 5-100 pug x ml! pro kazdou

sledovanou slouceninu.

HPLC-MS analyza byla vyuzita pro stanoveni latek, které nebylo moZné

kvantifikovat pomoci UV-VIS spektrofotometrie z diivodu nemoznosti rozpustit latku
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vmédiu vmnozstvi nad limitem detekce. Jednalo se o vzorky nekvartérnich

reaktivatort (K1278, K1279, K1280, K1281).
3.2.3 D3 bunécény model
3.2.3.1 Bunééna linie:

Pro tento model byla vyuzita D3/hCMEC endotelidlni bunécéna linie pochazejici
z mozkovych kapilar ¢loveéka. Tato linie byla pofizena ze Sigma-Aldrich (SCCO066).
Bunécénd linie byla kultivovdna v inkubaénim boxu pii 37 °C, 5 % CO2 v kultivaénim
médiu. Povrch kultiva¢ni 1ahve byl potazen kolagenem (10 pg x cm?). Buiiky byly
pasazovany 1:3 az 1:6 pomoci 0,25% trypsin-EDTA roztoku 1-2 % tydn¢. Médium bylo

ménéno kazdy 2.-3. den.

3.2.3.1.1 Ristové médium:
EndoGRO (EndoGRO Complete Media Kit, Sigma-Aldrich)
1 % PEN-STREP

1 ng x mI"! FGF (Fibrinogen Growth Factor, Sigma-Aldrich)

3.2.3.1.2 Transportni médium:
Opti-MEM
3.2.3.2 Pracovni postup:

D3 bunééna linie byla nasazena na desticku (Corning Transwel, Merck CLS3460)
s 12 inserty na mikroporézni PET membranu s pory o velikosti 0,4 um. Buiky byly
nasazeny v poétu 60 000/insert, ktery byl potazen kolagenem 10 pg x cm? (Collagen
Type 1, Rat Tail, Merck) a fibronektinem 5 pg x cm? (Fibronectin Human Plasma,
Sigma-Aldrich) v 0,5 ml ristového média, do spodni ¢asti desticky bylo pipetovano
Cisté rastové médium v objemu 1,5 ml. 4. a 7. den bylo vyménéno médium v obou
kompartmentech. 8. az 10. den po nasazeni monovrstva dosahuje konfluence
a je pfipravena na experiment. Kontrola integrity monovrstvy je sledovdna méfenim
TEER. Méteni TEER probihalo pfi vyméné média pomoci ERS-2 voltmetru (Millicel,
Merck). Kazda elektroda byla vlozena do jednoho kompartmentu tak, aby se nedotykala

plastovych casti desticky a po n€kolika vtefinach od ustileni byla odectena hodnota
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TEER. Méfeni probihalo v kazdé jamce v triplikdtu (Hayes et al. 2016). V den
experimentu bylo odstranéno médium z obou kompartmentli a bunééna monovrstva
byla oplachnuta ptedehtatym PBS. Nasledn¢é bylo do obou kompartmenta aplikovano
750 pl transportniho média a desticka byla inkubovana 30 min. Poté byly
do donorovych kompartmentt v triplikdtu pipetovany roztoky (750 pl) testovanych
latek. Testované latky byly rozpustény dle rozpustnosti v DMSO a/nebo v transportnim
médiu tak, aby bylo dosazeno finalni koncentrace. Findlni koncentrace byla stanovena
dle detekovatelnosti pomoci UV/VIS spektrofotometrie. Koncentrace DMSO
ve findlnim roztoku testované latky neptesdhla 0,5 % (v/v). Do akceptorového
kompartmentu bylo pipetovano transportni medium. Nasledné byla desticka inkubovana
pti 37 °C, 5 % COz. V casovych intervalech 5, 15, 30 a 60 min byly odebrany vzorky
z akceptorové ¢asti a pomoci UV/VIS spektrofotometru byla zméfena koncentrace
testovanych latek v triplikdtech. Narist koncentrace testovanych latek byl vyjadien
jako Papp koeficient, ktery byl spocitdn dle vzorce uvedeného v kapitole 3.2.6.2.
Po odebrani posledniho casového bodu byla provedena kontrola integrity monovrstvy
pomoci FITC-dextranu v koncentraci 0,4 mg x ml'. Tento roztok FITC-dextranu byl
aplikovan do donorové casti po predchozim oplachnuti predehiatym PBS.
Do akceptorové casti bylo aplikovano transportni ¢isté médium. Po 60 min inkubace
byla zmeéfena koncentrace FITC-dextranu v akceptorové ¢asti pomoci UV/VIS

spektrofotometrie pfi vinovych délkach A= 485 nm; ;=528 nm.
3.24 CACO-2 bunéény model
3.2.4.1 Bunécna linie:

Pro tento model byla vyuZita lidska epitelidlni adenokarcinomova CACO-2 buné¢na
linie potizenda z ATCC (HTB-37). Tato linie exprimuje efluxni transportér Pgp na své
apikalni strané. Bunécna linie byla kultivovana pti 37 °C, 5 % CO> v kultivatnim
médiu. Bunky byly pasdzovany 1:3 az 1:6 pomoci 0,25% trypsin-EDTA roztoku
1-2 x tydné. Médium bylo ménéno kazdy 2.-3. den.
3.2.4.1.1 Ristové médium:

EMEM (Eagle's Minimum Essential Medium, ATCC)

20 % FBS

54



1 % PEN-STREP

3.2.4.1.2 Transportni médium:
Opti-MEM
3.2.4.2 Pracovni postup:

CACO-2 bunécéna linie byla nasazena na destiCku (Corning Transwel, Merck
CLS3402) s 12 inserty na mikroporézni polykarbonatovou membranu s péry o velikosti
3,0 um. Bunky byly nasazeny v poc¢tu 240 000/insert v 0,5 ml rastového média,
do spodni casti desticky bylo pipetovano cCisté rastové médium v objemu 1,5 ml.
Ptiblizn¢ 3 hodiny po nasazeni bylo médium vyménéno a nésledné kazdy 3. den.
Monovrstva dosahuje konfluence a pozadované exprese kolem 21. dne od nasazeni
(Natoli et al. 2012). Vyvoj tvorby monovrstvy je sledovan méfenim TEER. Méfeni
TEER probihalo pfi vyméné média pomoci ERS-2 voltmetru. Kazdéa elektroda byla
vlozena do jednoho kompartmentu tak, aby se nedotykala plastovych casti desticky
a po n€kolika vtefindch od ustadleni byla ode¢tena hodnota TEER. M¢éteni probihalo
v kazdé jamce v triplikatu (Tavelin et al. 2002). V den experimentu bylo odstranéno
médium z obou kompartmenti a bunécnd monovrstva byla oplachnuta predehiatym
PBS. Nasledné bylo do obou kompartmentti aplikovano 750 ul transportniho média
a desticka byla inkubovana 30 min. V pfipadé¢ pouZiti inhibitoru Pgp byl inhibitor
jiz obsaZen v transportnim médiu. Pro vSechny experimenty byl vyuZivan inhibitor
verapamil v koncentraci 15 pM. Nasledné¢ byly do donorovych kompartmentt
v triplikatu  pipetovany roztoky (750 pul) testovanych latek rozpusténych
na pozadovanou koncentraci v transportnim mediu s/bez inhibitoru Pgp. Testované
latky byly rozpustény dle rozpustnosti v DMSO a/nebo v transportnim médiu tak,
aby bylo dosazeno finalni koncentrace (pro standardni reaktivatory 100 pM). Findlni
koncentrace byla stanovena dle detekovatelnosti pomoci UV/VIS spektrofotometrie.
Pro validaci metody byl vyuzit Rhodamin 123 (R123) v koncentraci 5 pM. Testované
standardni reaktivatory byly testovany v koncentraci 100 pM. Koncentrace DMSO
ve findlnim roztoku testované latky neptesdhla 0,5 % (v/v). Do akceptorového
kompartmentu bylo pipetovano transportni medium (s/bez inhibitoru Pgp). Pro testovani
interakce s Pgp byl sledovan transport ve sméru z apikalni strany membrany (insertova

strana) do basolaterdlni (jamka) a naopak s/bez pfidani inhibitoru Pgp. Nasledné byla
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desticka inkubovana pti 37 °C, 5 % COa,. V Casovych intervalech 30, 60, 120 a 240 min
byly odebrany vzorky z akceptorové ¢asti a pomoci UV/VIS spektrofotometru byla
zmétfena koncentrace testovanych latek v triplikatech. Nartst koncentrace testovanych
latek byl vyjadien jako Papp. Porovnanim Papp obou smérit byla ziskdna hodnota
tzv. transportniho poméru, ktery ukazuje na interakci s transportérem. Vypocty jsou
uvedeny v kapitole 3.2.6.4. Po odebrani posledniho ¢asového bodu byla provedena
kontrola integrity monovrstvy pomoci FITC-dextranu v koncentraci 0,4 mg X ml’!

po 60 min inkubace.
3.2.5 In vivo farmakokinetické studie
3.2.5.1 Stanoveni nové syntetizovanych reaktivatoru in vivo

In vivo studie probihaly na mysich Balb/c (Anlab Inc, Praha, Ceskéa republika),
které byly chovany v klimatizované mistnoti s pfisunem svétla od 7 do 19 hod
a pristupem ke stravé a vod¢ ad libitum. Nakladani se zvifaty probihalo pod odbornym

dohledem Etické komise FVZ, UO v Brn¢ (MO 30835/2018-689800).

Pro farmakokinetickou studii monokvartérnich reaktivatori byla myS$im podana
davka 5 % LDso (K1371 4 mg x kg''; K1374 5,25 mg x kg'; K1375 34 mg x kg,
obidoxim 8,05 mg x kg') im. vobjemu 1 ml x kg!. Latky byly rozpustény
ve fyziologickém roztoku (0,9% v/v NaCl) s 20 % koliforu (Kolliphor EL,
Sigma-Aldrich), v ptipad¢ latky K1374 obsahoval aplika¢ni roztok také 3 % DMSO

z diivodu nizké rozpustnosti.

V case 0, 3, 5, 15, 30, 45, 60, 120, a 240 min po aplikaci byl odebran mozek zvitete
(n=4), po predchozi transkardialni perfuzi fyziologickym roztokem, a zamraZen

na — 80 °C.

Pied analyzou byly mozky zvaZeny (analytické vahy CPA225, Sartorius Stedim
Biotech) a rozpuStény ve Ctyfndsobku své hmotnosti roztoku PBS (PBS tablety,
Sigma-Aldrich). Dale byly homogenizovany mechanickym homogenizatorem
(T-25 Ultra Turrax disperser, IKA, Staufen, Germany) a ultrazvukovym

homogenizatorem (UP 50H jehlovy homogenizator, Hielscher, Teltow, Germany).

Ke 190 pl homogenatu mozkové tkan€ bylo pfiddno 10 pl vnitiniho standardu

(donepezil v methanolu o koncentraci 1 puM) a celd smés byla smisena s 1000 pl
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acetonu. Vzorky byly tfepany 10 min na vortexu (Vortex Mixer Wizard, Velp
Scientifica) pfi 1200 ot. a centrifugovany (Centrifuga Universal 320 R, Hettich,
Tuttlingen, Germany) 5 min pii 4000 ot. Supernatant byl odpaien (CentriVap, Labconco
Corporation, Kansas City, USA) a peleta nasledné rekonstituovana ve 100 pl 50 %
roztoku acetonu (v/v). Kalibrace probéhla nastiikem 180 pl blankového homogenatu

mozku s 10 pl testované latky v methanolu v koncentraéni skale od 0,05 do 50 uM.
HPLC-MS analyza

HPLC-MS analyza byla provedena na sestavé HPLC Dionex 3000 RS skladajici se
z vakuové pumpy HPG-3400RS s degaserem, autosampleru WTS-3000RS s 25 pl
nastfikovou smyckou, kolonového termostatu TCC-3000RS a diodového detektoru
DAD-3000. Sestava byla fizena softwarem Chromeleon 6.80 ve spojeni s hmotnostnim
spektrometrem typu hybrid kvadrupol-orbitap Q Exactive Plus ovlddanym programem
Xcalibur 3.0.63. Spojeni bylo provedeno pomoci vyhiivaného elektrospreje (HESI)
s nasledujicim nastavenim: zmlzujici plyn 55 jednotek, pomocny plyn 15 jednotek,
protismérny plyn 3 jednotky, napéti na spreji 3,5 kV, teplota vstupni kapilary 220 °C,
teplota pomocného plynu 220 °C, nastaveni S-lens RF 50. Slozeni mobilni faze A (A):
0,1% (v/v) kyselina mravenéi v ultradisté vodé typ ASTM I (odpor 18.2 MQ x cm’!
pii 25 °C) ptipravenou pomoci piistroje Barnstead Smart2Pure 3 UV/UF. SlozZeni
mobilni faze B (B): 0,1% kyselina mravenci v acetonitrilu (LC-MS kvalita).

Pro analyzu vzorki kinetické studie monokvartérnich reaktivatorit K1371 a K1375
byla pouzita gradientova metoda na reverzni fazi kolony Kinetex C18 EVO
(3,0 x 150 mm; 2,6 um; 100 A, Phenomenex, Japan), s mobilni fazi A a B. Gradient byl
nasledujici: 2 % B 1 min, nérGst na 35 % B béhem 2 min, nartst na 50 % B béhem
3,5 min, nartist na 100 % B béhem 0,5 min a 1 min 100 % B, nasledné byl systém
nastaven zpét na 2 % B a 2 min ustalovan. Pritok mobilni faze byl 0,5 ml/min, teplota
kolony byla nastavena na 35 °C s nastiikem 5 pl. Analyza byla provedena pomoci
hmotnostniho spektrometru se sbérem spekter v rozmezi 105-1000 m/z. Donepezil
(finalni koncentrace 1 pM) byl pouzit jako vnitini standard. Kalibrace pro vSechny latky
byla linedrni, sedmibodova v rozmezi 50 nM-50 uM. Pro kinetickou studii latky K1374
a obidoximu byla pouzita metoda s kolonou Hypersil Gold C8 (2,1x100 mm, 1,9 pum,
Thermoscientific, Vilnius, Litva). Gradient 2 % B 0,3 min, nartist na 100 % B béhem

3 min, 0,5 min 100 % B, néasledné byl systém nastaven na 2 % B a 2,2 min ustalovan.
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Priitok mobilni faze byl 0,5 ml x min™!, teplota kolony nastavena na 35 °C s nastiikem
2 ul. Analyza byla provedena pomoci hmotnostniho spektrometru se sbérem
fragmentacnich spekter v rezimu paralelnich reakci. Donepezil (finalni koncentrace
1 uM) byl pouzit jako vnitini standard. Kalibrace pro latky byla linearni, sedmibodova
v rozmezi 50 nM—50 uM.

Casové zmény analytu ve vzorcich byly piepoitiny na realnou koncentraci
(ng x ml!' mozkové tkang) s vyuzitim kalibraéni k¥ivky pomoci softwaru GraphPad

Prism (verze 6.05, GraphPad Software Inc., San Diego, CA, USA).
3.2.5.2 In vivo stanoveni penetrace HI-6@CB][7] do mozku

In vivo studie probihaly na mysich Babl/c (Velaz, Praha, Ceska republika), které
byly chovany v klimatizované mistnoti s pfisunem svétla od 7 do 19 hod a piistupem
ke stravé a vodé ad libitum. Nakladani se zvifaty probihalo pod odbornym dohledem
Etické komise FVZ, UO v Brn¢ (MO 30835/2018-689800).

Pro experimenty s CB[7] byly pfipraveny roztoky HI-6 a HI-6@CB|[7] rozpusténim
davky 48 mg x kg'! HI-6 (davka vazané i nevazané HI-6 byla ekvimolarni a odpovidala
30 % maximalni tolerované davky (Hepnarova et al. 2019) a 187 mg x kg' CB[7]

ve fyziologickém roztoku (0,9% v/v NaCl) a aplikovany i.m. v objemu 1 ml x kg™

V case 5, 10, 20, 30, 40, 60, 90, 120, 240 a 360 min po podani HI-6 a HI-6@CBJ[7]
byly odebirdnyna tkéanové vzorky. Zvife se nachazelo v hluboké anestezii a odbér
probihal po transkardialni perfuzi (Infusion Syringe Pump Perfusor compact; B Braun
Melsungen AG, Berlin, Germany) fyziologickym roztokem po dobu 5 min
(1 ml x min ). Vzorky mozku byly opatrn& vyjmuty po otevieni lebky a uschovany

pfi - 80 °C az do HLC analyzy.

Methanol, chloroform, acetonitril, kyselina mravenci, octan amonny a mraven¢an
amonny byly pofizeny od Honeywell (Charlotte, North Carolina, USA). Vzorky
mozkové tkdné byly zvazeny a pifeneseny do vialek s lyzacnimi kulickami (Lysing
Beads D, primér 1,4 mm, celkovd hmotnost 8,2 g a Lysing Beads E, primér 4 mm,
mnozstvi 3 ks). Byl pfiddn octan amonny (pH 5) v koncentraci 25 mM v poméru
1:4 (m/m). Vzorek byl homogenizovan ve dvou cyklech na FastPrep-24™-5G
instrument (MP Biomedical, Santa Ana, California, USA) po dobu 40 s se zrychlenim

6mxs’t,
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K homogenatu mozkové tkané (10-100 pl) bylo ptidano 400 pl methanolu a 800 ul
chloroformu. Vzorky byly tiepany 10 min na vortexu (Vortex Mixer Wizard, Velp
Scientifica) centrifugovany (Centrifuga Universal 320 R, Hettich, Tuttlingen, Germany)
5 min 15000 x g. Supernatant byl odpafen a peleta nasledné rekonstituovana ve 100 pl
25 mM roztoku octanu amonného (pH 5), vzorek byl tfepan na vortexu

a homogenizovan v ultrazvukové lazni po dobu 10 min.
HILIC-UHPLC-MS/MS analyza

Analyza HI-6 a HI-6@CBJ7] byla provedena na sestavé UHPLC Infinity II 1290
systém (Agilent Technologies, Santa Clara, CA, USA) s vyuzitim kolony Kinetex
HILIC (2,1 mm % 50 mm, 2,6 pm, Phenomenex, Torrance, California, USA). Detekce
probéhla pomoci hmotnostniho spektrometru typu 6470 Series Triple Quadrupole
(Agilent Technologies, Santa Clara, CA, USA). Spojeni bylo provedeno
prostiednictvim vyhtivaného elektrospreje (HESI). Pro chromatografickou separaci byla
pouzita metoda gradientové eluce s mobilni fazi A (25 mM mravencan amonny)
amobilni fazi B (acetonitril s 0,3% kyselinou mravenci). Gradient byl nasledovny:
0-0,5 min (10-10% A), 0,5-4,0 min (10-80% A), 4,05,0 min (80-80% A), 5,0-5,10
(80-10% A), 5,10-7,0 (10-10% A). Priittok mobilni fize byl 0,40 ml x min™'. Parametry
iontového zdroje byly nasledujici: teplota plynu 100 °C, priitok plynu 10 1 x min™,
zmlZzujici plyn 20 jednotek, teplota pomocného plynu 400 °C, pritok pomocného plynu
8 1 x min’!, napéti v kapilare 4500 V, napéti ve spreji 300 V. Nastiik vzorku byl 5 ul.

Casové zmény analytu ve vzorcich byly prepoditiny na realnou koncentraci
(ng x ml"' mozkové tkang&) s vyuzitim kalibra¢ni kiivky pomoci softwaru GraphPad

Prism (verze 6.05, GraphPad Software Inc., San Diego, CA, USA).

3.2.6 Analyza dat
3.2.6.1 Vypocet Pe pro model PAMPA

Permeacni koeficient Pe x 10 ¢m x s' pro model PAMPA byl vypocitan

na zakladé této rovnice:

(Vp X V)
(Vp X V) Area X Time

[drug] acceptor

Rjoxfn(l )whereCz

~ [drug] equilibrium
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kde
Area — plocha membrany v cm?
Time —Cas v s
Vp/V a — objem donorového/akceptorového kompartmentu v 1
Co — pocatecni koncentrace testované latky v uM
[drug] acceptor — koncentrace latky v akceptorovém kompartmentu v uM

[drug] equilibrium — koncentrace latky v roztoku ekvilibria v uM

3.2.6.2 Vypocet Papp pro bunécéné modely

Aparentni permeacni koeficient Papp x 10° cm x s pro bun&né modely byl

vypocitan na zaklad¢ této rovnice:

Papp = (d_C) X 71’;‘
dt (A x Cp)
kde
A — plocha bun&éné monovrstvy v cm?
dC/dt — rychlost nartistu koncentrace latky v akceptoru v Case
V:— objem akceptorového kompartmentu v 1

Co — pocate¢ni koncentrace testované latky v uM

3.2.6.3 Meéreni TEER

Finalni hodnoty TEER v Q x cm? byly vypo&itany na zdkladé této rovnice (Tavelin
et al. 2002):

TEER= (RmoNoOLAYER - REMPTY FILTER) X A
kde
RmonoLayer — hodnota namétené rezistence v jamce s bunécnou kuturou v Q

Rewmpry FILTER — hodnota rezistence v jamce bez bunééné kultury v Q
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A — plocha insertu v cm?

3.2.6.4 Vypocet transportniho pomeéru pro posouzeni interakce

s P-glykoproteinem na CACO-2 bunééném modelu

Transportni pomér (TR) pro posouzeni interakce s Pgp transportérem byl vypocitan

na zaklad¢ této rovnice (Polli et al. 2001):

TR = Papp (BA)/Papp (AB)

kde

Papp (BA) — Papp pro smér z basolateralni strany membrany na apikalni

Papp (AB) — Papp pro smér z apikalni strany membrany na basolateralni

3.2.7 Statisticka analyza

Statistickd analyza ziskanych dat byla uskute¢nénd pomoci statistického programu

GraphPad Prism (verze 6.05, GraphPad Software Inc., San Diego, CA, USA).

Vysledné hodnoty koeficienti Papp a Pe jsou primérem z n nezavislych

mérfeni + SEM.

Pro zhodnoceni korelaci in vitro metod byl pouzit Spearmantiv korelacni test, n=20,

(p £0.05).

Pro statistickou analyzu u CACO-2 bunééného modelu byla pouzita One-way
ANOVA nasledovana Sidak multiple comparison testem pro stanoveni signifikantniho

rozdilu mezi TR s/bez inhibitoru (p < 0.05).

Farmakokineticky profil byl vypocitan jako primér zn méfeni £ SEM (n=6).
Plocha pod ktivkou (AUC z ang. Area Under the Curve) byla stanovena pomoci tohoto

softwaru.
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4. Vysledky

4.1 Modely pro predikci penetrace litek pres hematoencefalickou

bariéru in vitro

4.1.1 PAMPA model

4.1.1.1 Validace a testovani standardnich latek

Metodou PAMPA byl otestovan set 20 standardnich latek. Do vybéru byla zatazena
klinicky vyuzivana léciva, u kterych je zndma prostupnost do CNS in vivo (Di et al.
2003; Yoon et al. 2006; Crivori et al. 2000; Wang et al. 2005). Standardni latky byly
klasifikovany do dvou skupin dle své schopnosti prostoupit do CNS in vivo na CNS-
(latky do CNS neprostupujici) a CNS+ (latky do CNS prostupujici). Ze skupiny CNS+
bylo otestovano 13 latek a ze skupiny CNS- 7 latek. Vysledkem méfeni mnozstvi latky
prostupujici pfes membranu v Case je koeficient Pe. V grafu (Obrazek 13) je ilustrativné
zobrazen nariist koncentrace latky (donepezil) v akceptorovém a pokles koncentrace
latky v donorovém kompartmentu v pribé¢hu experimentu. Vysledky testovani

standardnich latek jsou uvedeny v Tabulka 2.

Akceptor Donor
30+ 75-
[ ]
z 3 7o
o 257 . © Py
8 . &
£ 5 654
3 & ¢
o 204 o .
5 § 60
x s X .
15 , . : . 55 T ' . .
0 2 4 6 8 0 2 4 6 8
Cas (hodiny) Cas (hodiny)
Obrazek 13 — Zména koncentrace donepezilu v akceptorovém a donorovém

kompartmentu v ¢ase. Hodnoty koncentrace byly ziskdny =z kalibracni kiivky

po zméteni absorbance, pocatecni koncentrace donepezilu v donorovém kopartmentu
byla 100 uM.
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Tabulka 2 - Porovnani vysledkil testovani standardnich latek metodou PAMPA
s in vivo CNS dostupnosti klinicky uzivanych 1é¢iv. Klasifikace latek dle Pe: latky
CNS+ maji Pe > 4,0 x 10%cm x s7!, latky CNS- maji Pe <2,0 x 10 cm x 57!, latky s Pe
2,0 — 4,0 x 10° cm x s nelze presné specifikovat (Di et al. 2003). Pe koeficient
je vyjadren jako primér n nezavislych méteni + SEM. * oznadené latky se vzajemné
neshoduji v CNS+/- klasifikaci in vivo a dle naméfenych koeficienti. LogD byl ziskan
z Chemspider (spocitan pomoci ACD/Labs Percepta Platform — PhysChem Module).

Testovana in vivo logD
latka o | ONsH- | pH=74)| COPM CNS -
dle Pe
antipyrin* 3 | CNS+ 0,72 1,3+0,33 CNS-
donepezil 6 | CNS+ 2,79 22+2,1 CNS+
dezipramin 3 | CNS+ 1,58 15+3,5 CNS+
chlorpromazin | 3 | CNS+ 3,42 9,6 1,6 CNS+
imipramin 3 | CNS+ 2,68 21+£1,9 CNS+
kofein* 3 | CNS+ 0,28 2,8+0,43 CNS+/-

piroxikam 4 | CNS+ 0,46 53+1,1 CNS+
propranolol | 3 | CNS+ 1,15 11 +0,41 CNS+
rivastigmin 6 | CNS+ 1,09 20£2,1 CNS+
takrin 8 | CNS+ 0,89 6,0 = 0,58 CNS+
teobromin* 3 | CNS+ -0,34 1,1 £0,04 CNS-
teofylin* 3 | CNS+ -0,03 1,4+ 0,59 CNS-
testosteron 3 | CNS+ 3,16 23+43 CNS+
atenolol* 3 | CNS- -1,85 5,6 £0,84 CNS+
cefuroxim 3 | CNS- -3,64 0,63+ 0,16 CNS-
furosemid 3 | CNS- -0,78 0,19 + 0,07 CNS-
chlorotiazid 3 | CNS- -0,21 1,2 +£ 0,54 CNS-
ranitidin 3 | CNS- -0,63 0,35 £ 0,31 CNS-
obidoxim 3 | CNS- -4,88 0,68 + 0,09 CNS-
sulfasalazin 3 | CNS- 0,22 0,52 +£ 0,43 CNS-

Vysledné rozdéleni latek na CNS+ a CNS-, dle naméfenych koeficientli Pe se lisi

u 5 latek oproti situaci in vivo. * oznacené latky maji odliSnou in vivo a namétenou CNS
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dostupnost. Teofylin je in vivo CNS+ a jeho koeficient Pe naméteny metodou PAMPA
odpovida CNS-, stejné tak jako u teobrominu a antipyrinu. U atenololu je situace
opacna, Pe koeficient fadi toto CNS- 1é¢ivo mezi CNS+. Kofein, latka pasobici v CNS,

se dle naméfenych hodnot vyskytuje na pomezi CNS+ a CNS-.
4.1.1.2 Korelace logD s koeficientem Pe

Distribu¢ni koeficient logD (pH=7,4) udava, jak se latka s ohledem na ionizaci
jejich funkCénich skupin d€li mezi dvé faze oktanol avodu. LogD byl ziskan
z Chemspider (spocitan pomoci ACD/Labs Percepta Platform — PhysChem Module).
Cim vyssi je hodnota tohoto koeficientu, tim hife se latka rozpousti ve vodné fazi
pii daném pH. Korelace logD u standardnich latek s koeficienty Pe naméfenymi
metodou PAMPA je znazornéna v grafu (Obrdzek 14). Spearmantiv korela¢ni koeficient
mezi logD a Pe rs = 0,83. Obecné plati, Ze niz$i hodnoty Pe by mély korelovat s nizkym
logD anaopak, protoze u lipofilnéjSich latek stoupd prostupnost skrze lipidovou
membranu (Pe), zatimco u latek s nizkym logD se da oc¢ekavat horsi prostup. Tomuto
tvrzeni nejméné odpovidaji vysledky naméfeného koeficientu Pe pro atenolol. Ac¢koliv
je jeho logD velmi nizky (-1,85), tak jeho Pe (5,6) odpovidd CNS+ latkdm. Tento
nespravny vysledek naméteny metodou PAMPA vyznamé snizuje hodnotu korelace

metody PAMPA s logD koeficientem (korelac¢ni koeficient rs bez atenololu by byl 0,90).
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logD vs. Pe
25
re= 0,83

20+ °

15+ ®
Q
o ®

1 0 9 @ chlorpromazin

atenolol

e 54 °®

teofylin @ kofein
¢ oy e
I L] 1 ] 1

Obrazek 14 — Korelace logD a Pe pro jednotlivé standardni latky méfené metodou
PAMPA. Statisticky byla data vyhodnocena pomoci Spearmanovy korelace.
Spearmantiv korela¢ni koeficient rs= 0,83 (p < 0,05).

4.1.2 MDCK bunéény model
4.1.2.1 Validace MDCK metody a testovani standardnich latek

Nové€ zavedend metoda vyuzivajici MDCK bunéénou monovrstvu byla validovéana
testovanim standardnich latek. Bylo otestovano 20 standardnich latek. Do vybéru byla
op¢t zafazena klinicky vyuzivana lé€iva, u kterych je zndma prostupnost do CNS in vivo
(D1 et al. 2003; Yoon et al. 2006; Crivori et al. 2000; Wang et al. 2005). Standardni
latky byly klasifikovany do dvou skupin dle své schopnosti prostoupit do CNS in vivo
na CNS-, a CNS+. Ze skupiny CNS+ bylo otestovano 13 latek a ze skupiny CNS-
7 latek. Vysledkem méfeni koncentrace latky prostupujici pfes membranu v case je
koeficient Papp, coZ je aparentni permeacni koeficient udavajici teoretickou prostupnost
latek pfes HEB. Na Obrazek 15 je ilustrativné zobrazen nariist koncentrace latky
s dobrou prostupnosti (promazin) a latky Spatn€ prostupujici (sulfasalazin),
pro znazornéni odliSnosti v kinetice prostupu. Vysledky testovani standardnich latek
jsou uvedeny v Tabulka 3. Pro kontrolu integrity monovrstvy byl na konci experimentu
zméfen procentudlni  prostup  FITC-dextranu  zdonorového  kompartmentu

do akceptorového. Hodnoty FITC-dextranu zmétené v akceptorovém kompartmentu
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se pohybovaly v rozmezi 0-0,87 %. Jednotlivé jamky, kde ¢islo piesdhlo 1 % byly

z experimentu vyfazeny. Experimentalné zjisténd hodnota TEER v den experimentu

byla mezi 800950 Q x cm? pro veskeré experimenty.

Promazin Sulfasalazin

n
=)
n
[=]
]

-
(4]
1
L]
-
(3.
1

[4,]
1

Koncentrace (pM)
=
Koncentrace (M)
2 %

=]
o
(=]

0 2 4 8 8
Cas (hod) Cas (hod)

o
X
IS
-3
-

Obrazek 15 - Nartust koncentrace latek v akceptorovém kompartmentu v Case
pro CNS+ (promazin) a CNS- (sulfasalazin) standardni latky. Hodnoty koncentrace byly
ziskany z kalibra¢ni kiivky po zméfeni absorbance pfi pocatecni koncentraci 50 uM
(promazin) a 100 uM (sulfasalazin).
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Tabulka 3 — Porovnani vysledki testovani standardnich latek metodou MDCK
s in vivo CNS dostupnosti klinicky uzivanych 1éc¢iv. Papp koeficient je vyjadien jako
primér n nezavislych méfeni £ SEM x 10 cm x s, * oznacené latky se vzijemné
neshoduji v CNS+/- klasifikaci in vivo a dle naméienych koeficienti. LogD byl ziskan
z Chemspider (spocitan pomoci ACD/Labs Percepta Platform — PhysChem Module).

Testovana in vivo CNS +/- dle
latka ! CNS+/- logD Fapp = SEM Papp
antipyrin 3 CNS+ 0,72 14 +£5,2 CNS+
donepezil 4 CNS+ 2,79 21+34 CNS+
desipramin 3 CNS+ 1,58 26+17,5 CNS+
chlorpromazin | 3 CNS+ 3,42 20+2,6 CNS+
imipramin 3 CNS+ 2,68 25+1,4 CNS+
kofein 3 CNS+ 0,28 27+£3,5 CNS+
piroxikam 3 CNS+ 0,46 23+2,8 CNS+
propranolol 3 CNS+ 1,15 13+6,3 CNS+
rivastigmin 3 CNS+ 1,09 48 £2,6 CNS+
takrin 3 CNS+ 0,89 24 +2,2 CNS+
teobromin 3 CNS+ -0,34 11+£3,3 CNS+
teofylin 3 CNS+ -0,03 13+2,7 CNS+
testosteron 3 CNS+ 3,16 17 £ 4,0 CNS+
atenolol 3 CNS- -1,85 4,1 +0,89 CNSH/-
cefuroxim 3 CNS- -3,64 0,09 + 0,07 CNS-
furosemid 3 CNS- -0,78 2,7 +0,80 CNS-
chlorotiazid 3 CNS- -0,21 1,5+1,4 CNS-
obidoxim 3 CNS- -4,88 0,98 + 0,21 CNS-
ranitidin 3 CNS- -0,63 2,1+0,83 CNS-
sulfasalazin 3 CNS- 0,22 0,10 £ 0,07 CNS-

Jak bylo experimentalné zjiSténo, vysledné koeficienty Papp se u CNS- Iéciv
pohybuji v hodnotéch blizkych nule. U CNS+ [é€iv jsou méfenim zjisténé hodnoty vyssi
nez 10 x 10 cm x s, V literatuie se uvadi pro CNS- Papp < 3,0 x 10 cm x s!, pro
CNS+ Papp >3 x 10 cm x s! (Wang et al. 2005). CNS klasifikace pomoci Papp pro
metené standardni latky odpovida in vivo CNS dostupnosti s vyjimkou atenololu, ktery
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se svym Papp 4,1 fadi k latkdm, u kterych neni mozné s jistotou predikovat CNS
dostupnost, tedy CNS+/-. Hodnoty Papp zjisténé v nasich experimentalnich podminkéch
jsou u vSech CNS+ standardnich latek nad 10. Z tohoto divodu je atenolol méieny
vtéchto  podminkach  zafazen —mezi  CNS+/-, ackoliv  hodnota  jeho

Papp >3 x 10% cm x 57! by dle literatury odpovidala jiz CNS+.
4.1.2.2 Korelace logD s koeficientem Pe

Korelace logD standardnich latek a hodnot koeficienti Papp je znazornéna v grafu
(Obrazek 16). Korelacni koeficient mezi logD a Papp rs = 0,72. Miizeme zde pozorovat
mirny pokles korelace v porovnani s PAMPA metodou. Za sniZeni koeficientu rs stoji
zejména latky antipyrin, kofein, teofylin a teobromin, které¢ maji nizké hodnoty logD
avsak buné¢nou monovrstvou prochdzi dobie a svymi Papp se tak fadi k CNS+ latkam.
Mezi dalsi odlehlejsi body v grafu korelace patii rivastigmin, ktery ma logD 1,09
a vysoky koeficient Papp 48 a také latky s vyrazné€ nizkymi hodnotami logD, obidoxim
a cefuroxim. U atenololu 1ze pozorovat v porovnani s ptedchozi korelaci (log D a Pe)

sniZeni disproporce mezi hodnotami log D a Papp.

logD vs. Papp
60 -
ry=0,72

® rivastigmin

40-

kofein

.. o ® °
20+ L
antipyrin ®
teofvlin ® ® ®

teobromin ¢

Papp

atenolol
obidoxim ¢cefuroxim ®

I . L} . | ~ !. L] L}
6 4 -2 0 2 4

logD

Obrazek 16 — Korelace logD a Papp po jednotlivé standardni latky. Statisticky byla
data vyhodnocena pomoci Spearmanovy korelace. Spearmantv korela¢ni koeficient
1= 0,72 (p < 0,05).
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4.1.3 Korelace mezi PAMPA a MDCK metodou

Porovnani hodnot koeficientii Pe pro model PAMPA a Papp pro model vyuzivajici
MDCK bunécnou linii je uvedeno \%

Tabulka 4.

Tabulka 4 - Porovnéni standardnich latek testovanych pomoci PAMPA a MDCK
modelu. Hodnoty Pe x 10 cm x s7! a Papp x 10° cm x s™! jsou zobrazeny jako pramér
n méteni (viz. Tabulka 2, Tabulka 3) + SEM. * oznacené latky se vzdjemné neshoduji
v CNS+/- klasifikaci dle naméfenych koeficientt.

Testovana latka PAMPA (Pe) MDCK (Papp)
antipyrin* 1,3+0,33 14+5,2
donepezil 22+2,1 21+34

desipramin 15+3,5 26+7,5

chlorpromazin 9,6+1,6 20+ 2,6
imipramin 21+1,9 25+ 1,4

kofein* 2,8 +£0,43 27+3,5
piroxikam 53+1,1 23+2,8
propranolol 11+041 13+6,3
rivastigmin 20+£2,1 48 £ 2,6
takrin 6,0+ 0,58 24 £272
teobromin* 1,1 £0,04 11+3,3
teofylin* 1,4 +£0,59 13+2,7
testosteron 23+473 17+ 4,0
atenolol* 5,6 £0,84 4,1+0,89
cefuroxim 0,63 +0,16 0,09 + 0,07
furosemid 0,19+ 0,07 2,7+0,80
chlorotiazid 1,2+ 0,54 1,5+1,4
obidoxim 0,35+0,31 0,98 £0,21
ranitidin 0,68 + 0,09 2,1+£0,83
sulfasalazin 0,52+0,43 0,10+ 0,07
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Hvézdickou (*) oznaCené standardni latky se vzajemné neshoduji v konecné
CNS+/- klasifikaci dle jejich koeficientd. Jedné se o kofein, ktery je metodou PAMPA
s Pe 2,8 klasifikovan jako CNS- a metodou MDCK s Papp 27 jako CNS+, to samé lze
pozorovat u teofylinu, ktery ma hodnotu Pe 1,4 a Papp 13, a teobrominu s Pe 1,1 a Papp
11. Tato 1é¢iva in vivo do mozku prostupuji a metoda MDCK je tedy charakterizovala
spravnéji nez PAMPA. U atenololu doslo k posunu z CNS+ na CNS+/- v ptipadé
PAMPA metody vs. metody s MDCK, coz zna¢i u MDCK metody piiblizeni in vivo

situaci.

Korelace mezi témito dvéma koeficienty je zobrazena v grafu (Obrazek 17).
Korelaéni koeficient rs = 0,76. Odlehlé hodnoty tvoii latky, jejichz koeficienty vzajemné
malo korelujyi, coz muze byt zpiisobeno napt. pfitomnosti jiného nez pasivniho
transportu skrz membranu na zéklad€ lipofility. Vyhradné pasivni transport plati pro
metodu PAMPA, zatimco MDCK monovrstva disponuje enzymy a transportéry, které
mohou ovlivnit prostup latek, a proto zde vznikaji rozdily v predikci dostupnosti v CNS.
Obecné lze fici, ze odlehlejsi body smérem doleva a nahoru tvoii latky s podilem
aktivniho transportu (trojihelnikem oznacené body v grafu pro kofein, teofylin,
teobromin a antipyrin). Naopak latky vpravo dole mohou byt ovlivnéné efluxnimi

mechanismy, v grafu (Obrazek 17) oznacené ¢tvercem (atenolol) (Wang et al. 2005).
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Pe vs. Papp
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Obrazek 17 — Korelace mezi koeficienty Papp a Pe pro jednotlivé standardni latky.
Statisticky byla data vyhodnocena pomoci Spearmanovy korelace. Spearmantiv
korelacni koeficient rs = 0,76 (p < 0,05). Latky, jejichz koeficienty vzajemné nekoreluji
jsou oznaceny Y (kofein, teofylin, teobromin, antipyrine) a m (atenolol).

4.1.4 D3 bunéény model

D3 bunécnou linii vyuZzivajici model byl validovan pomoci standardnich latek,
u kterych je zndma prostupnost in vivo ataké otestovana in vitro CNS permeabilita
pomoci modelit PAMPA a MDCK. Na hCMEC/D3 bunééném modelu byl otestovan set
13 standardnich latek se zndmou CNS dostupnosti (Di et al. 2003; Yoon et al. 2006;
Crivori et al. 2000; Wang et al. 2005). 7 latek in vivo CNS+ a 6 latek in vivo CNS-.
Vysledné hodnoty Papp jsou uvedeny v Tabulka 5.
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Tabulka 5 — Vysledky testovani standardnich latek metodou hCMEC/D3 s in vivo CNS
dostupnosti klinicky uzivanych 1é¢iv u lidi a jejich klasifikace mezi CNS+ a CNS-
dle hodnot koeficientii Papp. Hodnoty Papp x 10% cm x s jsou zobrazeny jako primér
n méfeni + SEM.

Testovana in vivo CNS +/- dle
latka ! CNS+/- Papp = SEM Papp
antipyrin 3 CNS+ 17+1,8 CNS+
donepezil 4 CNS+ 2428 CNS+
kofein 4 CNS+ 28 +2.1 CNS+
propranolol 5 CNS+ 23+£2,1 CNS+
rivastigmin 3 CNS+ 29 £4,6 CNS+
takrin 3 CNS+ 24+23 CNS+
teobromin 3 CNS+ 21 +091 CNS+
teofylin 4 CNS+ 18+34 CNS+
atenolol 4 CNS- 11+£2,6 CNS-
furosemid 3 CNS- 14 £ 0,92 CNS-
obidoxim 4 CNS- 14 + 0,52 CNS-
sulfasalazin 3 CNS- 11+19 CNS-

Koeficienty Papp standardnich testovanych latek se pohybuji v rozmezi od 11
do 29. Tato ¢isla jsou v porovnani s MDCK metodou vyssi. Latky skrz monovrstvu
hCMEC/D3 buné¢k tedy prostupuji rychleji a snaze, coz mtze byt v disledku nizkého
TEER u tohoto modelu. CNS+ in vivo latky maji koeficienty blizici se hodnoté 17
a vice, CNS- latky pfiblizn€ mezi hodnotami 11 a 14. Dle testovani standardnich latek
muzeme fici, Ze latky hodnoty Papp nizsi nez 14 nemaji potencial do CNS prostoupit,
a naopak latky nad 17 jsou povazovany za CNS+. V tomto setu 1é€¢iv nebyl pozorovan

zadny rozpor mezi in vivo CNS dostupnosti a namétenymi hodnotami.

Do validace metody bylo zafazeno také méfeni latek, které jsou povazovany
za markery integrity membrany. Lucifer Yellow (LY) byl pouzit jako marker integrity
membrany s nizkou permeabilitou, pomoci kterého je mozné posoudit paracelularni

transport. Jako marker fungujiciho transcelularniho transportu a vysoké permeability
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Papp (10). Naopak propranolol, u kterého je ofekavany vyrazny prostup bunécnou

monovrstvou se fadi k 1atkdm s hodnotou Papp nad 20 (23).

Méteni TEER v prubéhu kultivace udrzovalo od druhého az tfetiho dne své

hodnoty v rozmezi 35-44 Q x cm?, které dale ziistivaly beze zmény.
4.1.5 Porovnani in vitro modeli pro predikci CNS dostupnosti

Pro porovnani modeli PAMPA, MDCK a hCMEC/D3 bylo vybrano 13
standardnich latek, které byly testovany vSemi tfemi modely, mezi kterymi byly
1 marker vysoké permeability (propranolol) a marker nizké permeability (LY). Vysledky

jsou uvedeny v Tabulka 6.
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Tabulka 6 — Porovnani koeficientd Pe x 10° cm x s! pro PAMPA metodu,
Papp x 10° cm x s pro bunééné modely, MDCK a D3. Koeficienty jsou spoéitany
z pruméru n méfeni £ SEM uvedenych u jednotlivych tabulek testovani standardnich
latek (Tabulka 2, Tabulka 3,

Tabulka 5). Zelen¢ zabarvené kolonky jsou latky odpovidajici CNS+ in vivo idle
koeficientd pro jednotlivé modely, Cervené zabarvené jsou CNS-, zlutd barva je pro
latky s nejistou predikci CNS+/-.

Testovana latka | in vivo PAMPA MDCK D3
Antipyrin CNS+ 1,3+0,3 14£5,2 19+1,9
Donepezil CNS+ 22+2,1 21+34 24+2,8

Kofein CNS+ 2,8+04 27+3,5 28 +£2,1
Propranolol CNS+ 11+04 13+6,3 23 £2.1
Rivastigmin CNS+ 20+2,1 46 = 1,7 29 +£4,6

Tacrine CNS+ 6,0 £+ 0,6 21+34 23+2,0
Teobromin CNS+ 1,1+£0,0 11+3,3 21+0,9

Teofylin CNS+ 1,4 £0,6 13+2,7 18 +3,4
Atenolol CNS- 5,6 £0,8 4,1+0,9 14+0,2
LY CNS- 0,1 +0,0 3,024 10 +0,4
Obidoxim CNS- 0,7 +£0,2 1,0 £ 0,2 14+0,5
Furosemid CNS- 0,2+0,1 2,7+0,8 14+0,9
Sulfasalazin CNS- 0,5+04 0,10 £ 0,1 11+1,9

Celkem 7 latek z 13 ma shodnou CNS Kklasifikaci in vivo dle koeficientd
naméfenych pomoci vSech tif metod. Antipyrin byl klasifikovan PAMPA metodou jako
CNS-, coz je odlisné od in vivo dostupnosti, 1 modelll s MDCK a D3, kde je povazovan
za CNS+. To samé plati pro kofein, teofylin a teobromin. Atenolol, ktery je in vivo
CNS- byl spravné stanoven pouze metodou D3, zatimco MDCK metoda ho fadi mezi
CNS+/- a PAMPA metoda dokonce mezi CNS+. Markery propranolol i LY odpovidaji

po zméfeni vSemi metodami dle piedpokladu.
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4.2 Testovani in vitro a in vivo prostupu standardnich a nové

syntetizovanych reaktivatoru

Vysledky testovani standardnich a nové syntetizovanych reaktivatorti jsou uvedeny
v Tabulka 7. Jednotlivé skupiny lze rozd¢lit dle poc¢tu kvartérnich dusikl v jejich
struktufe. Standardni reaktivatory maji s vyjimkou 2-PAM dva, monokvartérni
reaktivatory jeden a nekvartérni tento dusik ve své struktufe neobsahuji. Pfitomnost
nabitého dusiku je zdsadni pro schopnost prostoupit pfes membranu. Standardni
reaktivatory (pralidoxim, obidoxim, methoxim, trimedoxim a HI-6) byly testovany
metodou PAMPA i MDCK. Monokvartérni reaktivatory K1371, K1373, K1374, K1375
a K1385 byly testovany PAMPA metodou. K1371 a K1373 byly nasledné testovany
1 MDCK metodou, vysledky vSak prokazovaly negativni hodnoty a v testovani série
nebylo pokracovano. Vybrané monokvarterni reaktivatory s potencidlné nejlepSimi
vlastnostmi (reaktivacni ucCinnost, spektrum ucinku, cytotoxicita) byly vybrany
pro verifikaci CNS dostupnosti pomoci in vivo farmakokinetické studie na mysSich.
Jednalo se o latky K1371, K1374 a K1375. Z nekvartérnich reaktivatori byly testovany
nove syntetizované K1278, K1279, K1280, K1281 metodou PAMPA i MDCK.
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Tabulka 7 — Porovnani koeficienti Pe pro PAMPA metodu aPapp MDCK
pro standardni a nové syntetizované reaktivatory x 10 cm x s™!. Vysledné koeficienty
jsou primérem ze tii nezavislych méfeni + SEM (mimo K1371 a K1373 pro model
MDCK, kde n=2). Klasifikace latek dle Pe: latky CNS+ maji Pe > 4,0 x 10%cm x s,
latky CNS- maji Pe < 2,0 x 10 cm x s, latky s Pe 2,0 — 4,0 x 10° cm x s! nelze
presné specifikovat. Papp koeficienty jsou vztazeny k CNS+ a CNS- standardnim
1é¢ivim a dle toho klasifikovany do CNS+ a CNS- skupiny. Latky oznacené * byly
detekovany pomoci HPLC-MS.

Testovana CNS CNS
latka PAMPA (Pe) klasifikace | MDCK (Papp) | klasifikace
dle Pe dle Papp
pralidoxim 0,36 £ 0,16 CNS- 0,0 CNS-
obidoxim 0,68 + 0,17 CNS- 0,98 £0,21 CNS-
methoxim 0,25+0,13 CNS- 0,0 CNS-
trimedoxim 0,73 £0,017 CNS- 0,40 + 0,20 CNS-
HI-6 0,84 + 0,19 CNS- 0,0 CNS-
K1371 0,0 CNS- 0,0 CNS-
K1373 0,6 £0,15 CNS- 0,3 CNS-
K1374 0,37+ 0,16 CNS- N.T.
K1375 0,48 = 0,29 CNS- N.T.
K1385 0,0 CNS- N.T.
K1278 54+0,8 CNS+ 32+5,0* CNS+
K1279 57+1,2 CNS+ 21+7,8 * CNS+
K1280 2,4+£0,1 CNSH/- 1,5+12%* CNS-
K1281 6,9+ 0,2 CNS+ 11,6 £1,8* CNS+

Vysledné hodnoty Pe 1 Papp tadi testované standardni reaktivatory do skupiny
CNS-, coz zcela odpovida i jejich nizkému in vivo prostupu. Monokvartérni reaktivatory
byly klasifikovany jako CNS- metodou PAMPA a dva znich (K1371 a K1373) byly
hodnoceny jako CNS- i v pfipad¢ testovani MDCK metodou. Z nové syntetizovanych
nekvartérnich reaktivatori prokazal potencidl prostoupit skrz HEB K1278, K1279
a K1281. U K1280 byl Pe ve skupin€ s neurcitou predikei prostupnosti, zatimco Papp

odpovidal CNS-. Skupiny kvartérnich reaktivator s jednim i dvéma nabitymi dusiky
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ve své struktuie bez vyjimky odpovidaji CNS-, zatimco nekvartérni struktury vyjma

jedné slouceniny prokazaly potencidl do CNS prostoupit.

V ramci farmakokinetické in vivo studie vybranych (K1371, K1374, K1375) nové
syntetizovanych monokvarternich reaktivatort byl stanoven prostup do mozkové tkané
v dadvce odpovidajici 5 % LDso. Jejich prostup do CNS byl vSak nizs§i nez 1 %

plazmatické koncentrace (data nejsou vizualizovana).

4.3 Pristupy pro zvySeni transportu reaktivatori acetylcholinesterazy

do mozku

43.1 CACO-2 metoda pro posouzeni interakce reaktivatori

acetylcholinesterazy s P-glykoproteinem
4.3.1.1 Validace CACO-2 metody a testovani standardnich latek

CACO-2 metoda byla zavedena pro studium interakce Pgp s testovanymi latkami.
CACO-2 bunécna linie stabilné exprimuje Pgp na své apikalni ¢asti. K validaci modelu
vyuzivajictho CACO-2 bunécnou linii byl vybran substrat Pgp R123, ktery je pomoci
Pgp transportovan zpét do donorové casti transwelu. Pro posouzeni faktu,
zda je testovand latka substratem Pgp, je sledovan transport ve sméru AB
(apikalné-basolateralni) 1 BA (basolaterdlné-apikalni), a vysledek je uveden jako TR
(BA:AB). Tento transport je pro substraty Pgp asymetricky (ve sméru BA prostupuji
Iépe nez ve sméru AB), coZz testovany standardni substrat Pgp R123 s hodnotou
TR = 4,5 prokazal. Po pfidani inhibitoru Pgp verapamilu byl tento transportér
zablokovan, cozmélo vliv na transport R123, ve smyslu snizeni asymetrie
BA:AB, vysledna hodnota TR po zablokovani byla 1,3. Asymetricky prostup R123

je znazornén v grafu (Obréazek 19).

Pro posouzeni permeability monovrstvy byl opét otestovan propranolol
(Papp = 23) jako marker vysoké permeability a LY (Papp = 0,07) jako marker nizké
permeability.

Pro potvrzeni integrity bunééné monovrstvy byl po celou dobu ristu méfen TEER.
Nézorny vyvoj TEER v pribéhu kultivace je uveden v grafu (Obrazek 18). Hodnoty

v prvnich dnech kultivace stoupaji az do 18. dne, kdy dojde k ustéleni. Primérny TEER

zméieny ve 20. dni byl vy$§i nez 600 Q x cm? ve vech experimentech. Po dokon&eni
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experimentu byla provedena kontrola integrity monovrstvy pomoci FITC-dextranu, kdy

po dokonceni 60 min inkubace jeho mnozstvi neptesdhlo 1 % plvodni donorové

koncentrace.

1500+

=y
o
o
o
1

500+

TEER (Q x cm?)

1 1
0 5 10 15 20 25
Cas (dny)

Obrazek 18 — Vyvoj transendothelidlniho odporu (TEER) métfené¢ho v pribéhu
kultivace pro jednu desticku. Body jsou primérem z n méfeni + SD (n = 12).

R123 R123 +1
0.10- 0.10-
- AB -~ AB +1|
0.08- -= BA 0.08 = BA+|
E 0.06+ E 0.06 1
- -
I8 - w 4
k004 & 0.04
0.02- 0.02- i
0.00 T T T T 1 0.00 4
0 1 2 3 4 5 0 1 2 3 4 5
Gas (h) Cas (h)

Obrazek 19 — V grafu je znazornéno kumulativni mnozstvi (CFT, z ang. Cumulative
Fraction Transported) R123 v uM stoupajici v akceptorovém kompartmentu v ¢ase pro
oba sméry. Po inkubaci s inhibitorem Pgp, verapamilem (I), byl rozdil mezi BA a AB
témet eliminovan. Body jsou priimérem z n méfeni + SD (n=3).
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4.3.2 Posouzeni interakce standardnich reaktivatora acetylcholinesterazy

s P-glykoproteinem

Pro studium interakce reaktivatori s Pgp bylo otestovdano metodou CACO-2 5
standardnich reaktivatorti (pralidoxim, obidoxim, methoxim, trimedoxim a HI-6)
a kontrolni standardni substrat Pgp R123. Jejich vysledné hodnoty Papp v obou smérech
jsou uvedeny v Tabulka 8. Jako inhibitor byl pouzit verapamil. TR testovanych

reaktivatorti a kontroly R123 jsou znazornény v grafu (Obrazek 20).

@ X\ N X\ x N b x\ > N
R NS X X NV o

Obrazek 20 — Hodnoty TR testovanych standardnich oximovych reaktivatori
(PAM = pralidoxim, OBI = obidoxim, TRIM = trimedoxim, MET = metoxim) s/bez
inhibitoru verapamilu (I). Data jsou znazornéna jako primeér 3 méteni + SD. Statistické
vyhodnoceni prob&hlo pomoci jednocestné ANOVY a Sidack testu pro stanoveni
signifikantniho rozdilu (p< 0,05) mezi TR s/bez inhibitoru. Hodnoty TR vy§si nez 2 tadi
latku mezi Pgp substraty.
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Tabulka 8 — Hodnoty Papp koeficientli ve sméru AB a ve sméru BA s/bez inhibitoru pro

testované latky jsou vyjadieny jako pramér tii méreni = SEM.

Testovana AB BB AB+1 BA +1
latka
Pralidoxime | 0,82+035 | 0,79 +031 1,52 £ 0,50 0,95 + 0,46
Obidoxime | 040+018 | 022+027 0,26 + 0,29 0,11+0,18
Trimedoxime | 1,02+0,48 | 0,29 <028 028+ 0,31 028+ 031
Methoxime | 0,90+0,56 | 0,16+ 0,23 0,09+ 0,18 0,07 0,16
HI-6 0,47+0,28 | 0,76+ 0,39 054 = 0,64 024+ 0,14
R123 0,88 +£025 | 450,46 034+ 021 0.43 = 0.30

Vysledné koeficienty Papp jsou u vSech reaktivatorii podobné. Koeficienty Papp se
blizi nule, coz ukazuje na nizky transport pfes monovrstvu. Vyrovnané hodnoty
ve sméru AB a BA naznacuji, Ze k interakci reaktivatord sPgp nedochazi. TR
u z4dného z testovanych reaktivatori nepfesahl hodnotu 2. Po zablokovani Pgp
inhibitorem verapamilem se hodnoty nikak vyznamné nezménily. Dle namétfenych
vysledkii miizeme fict, Ze Zadny z reaktivatori neinteraguje s efluxnim transportérem
Pgp.

4.3.3 In vitro stanoveni penetrace diamantovych nanocastic

Diamantové nanocastice (ND) slouzi jako nosiCe, na které jsou navazana léciva.
Tyto nosi¢e ovlivituji pevnost HEB pomoci interakci s TJs a mohou tak zvysSit
paracelularni transport latek do CNS (Setyawati et al. 2016). Metodou MDCK byl
zméfen prostup ND s navazanou oximovou skupinou. ND byly méfeny ve dvou
koncentracich, 10 ug x ml! a 100 pg x ml'. Naméfené koeficienty jsou uvedeny

v Tabulka 9.

Tabulka 9 - Koeficienty Papp pro rlzné koncentrace (10 pg x ml!
a 100 ug x ml') De-3 nanocastic. Koeficienty jsou spoéitany z priméru 3 méfeni
+ SEM.

Testovana
latka (koncentrace) Papp +SEM CNS +-
De-3 (10 pg x ml™?) 15+1,1 CNS +
De-3 (100 pg x ml™?) 47425 CNS +
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Obé& koncentrace ND prokazaly potencial do mozku prostoupit. Jejich koeficienty
Papp jsou srovnatelné s CNS+ standardnimi 1é¢ivy. Koncentrace 10 pug x ml’!
prostupovala monovrstvou lépe nez koncentrace vyssi. Pilotni experiment studujici
intracelularni akumulaci ND v bunééné monovrstvé prokazal, ze ND maji tendenci
se v buiikach zadrzovat. V koncentraci 100 ug x ml™! bylo zjisténo, ze se ND akumuluji
v bunééné monovrstvé az z 30 %, oproti 13 % pro koncentraci 10 ug x ml™'. Integrita
monovrstvy testovana prostupem FITC-dextranu nebyla nijak vyznamné narusena,
v akceptorové ¢asti bylo nalezeno méné€ nez 1 % plvodni koncentrace FITC-dextranu.
MTT test pro hodnoceni cytotoxicity ND vyhodnotil tyto castice v danych

koncentracich jako netoxické (data nejsou uvedena).

4.3.4 In vivo stanoveni penetrace reaktivatoru acetylcholinesterazy do CNS

navazanych na cucurbit[7]urilové nano¢astice

CB[7] makrocyklické nanocastice maji potencial zvysit terapeutickou ucinnost
a CNS dostupnost enkapsulovanych latek. CB[7] jsou schopné prochazet pies
biologické membrany a zvySovat rozpustnost a stabilitu navazanych latek
(Montes-Navajas et al. 2009; Andrys et al. 2020). Reaktivator HI-6 navazany na CB[7]
nanocastice (HI-6@CB[7]) byl testovan in vivo na mysich. Komplex HI-6@CBJ[7] byl
aplikovan zvifeti a v ¢ase byl sledovan jeho prostup do mozku. Koncentrace v mozkové
tkani byla méfena pomoci UHPLC-MS. Grafické zndzornéni farmakokinetiky HI-6
a HI-6@CB[7] je uvedeno na Obrazek 21.
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Obrazek 21 — Stanovené koncentrace v ng x mg! HI-6 nevazané a HI-6@CB[7]
v mozkové tkani mysi pro odbéry v riznych ¢asovych bodech

Tabulka 10 — Farmakokineticky parametr AUC (plocha pod kifivkou) po podani
ekvimolarniho mnozstvi HI-6 nevdzané a HI-6@CB[7]. AUC v plazmé je uvedena
pro Uplnost dat, jeji stanoveni nebylo soucasti této prace.

AUC
HI-6 HI-6@CB[7] Pomér
Mozek 4553.0 14516,0 1:3,2
Plazma 842.4 2779,0 1:3,3
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Obrazek 22 - Zmény aktivity AChE (pkat x I'') 60 min po intoxikaci sarinem
v LDso (144 pg x kg'!, iim.) a podani HI-6 nevazané a HI-6@CB[7] (48 mg x kg™)
s atropinem (10 mg x kg™!) v mozku mysi (n=6). Reaktivaéni Gi¢innost je uvedena pro
uplnost dat, jeji stanoveni nebylo soucasti této prace. GB — sarin, A — atropin.

Vazba HI-6 na CB[7] zménila farmakokineticky profil tohoto reaktivatoru v mozkové
eliminaci jak v mozku tak v plasmé. Tim se zvySila AUC reaktivatoru v mozkové tkani
a zvysila se tak jeho biodostupnost. Obdobné se v ptipadé¢ HI-6@CB[7] zvysila AUC
v plazmé oproti volné HI-6 a byla témét 7krat vySs$i v porovnani se situaci v mozku.
Reaktivacni G€innost HI-6@CB[7] podané s atropinem na mozkovou AChE u mysi se

zvysila z ptivodnich 34 % po podani samostatné HI-6 na 45 % (Obrézek 22).
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5. Diskuze

In vitro metody jsou nepostradatelnou soucasti rané faze vyzkumu novych
potencidlnich 1é¢iv interagujicich s organismem c¢lovéka. Vypliuji pomyslnou mezeru
mezi pocitatovou technikou, tedy ndvrhem a studiem vlatnosti latek in silico
a vyuzivanim zivych zvitat, experimenty in vivo. Jejich vyuziti mé nejvétsi potencial
v oblasti screeningu novych latek, které mohou byt potencidlnimi 1€Civy,
kdy by testovani rozsadhlého souboru znamenalo velkou spotfebu laboratornich zvifat
aodhad jejich biologickych vlastnosti pomoci softwaru neni vtomto piipadé
dostacujici. Plati to i pro nami zkoumanou oblast predikce schopnosti latek ptekonat
HEB. Stanoveni této vlastnosti je duilezité zejména pro latky, které maji sviij cil v CNS.
Mimo studium latek interagujicich se strukturami mozku je stanoveni této schopnosti
nepostradatelné pro veSkeré latky, u kterych vliv na CNS Zadouci neni a mize byt
pti¢inou vzniku vedlej$ich Gc¢inkd.

Tato dizertacni prace byla zaméfena na vybér, vyvoj, optimalizaci a validaci
metodik pro in vitro predikci prostupnosti latek s cilem testovat nové syntetizované
potencidlni reaktivatory AChE. Hodnoceny byly jak standardni, tak nové syntetizované
latky ztéto skupiny. Dil¢im cilem pak byla studie moznosti zvySeni prostupu
reaktivatori do mozku. Zde prace piesahuje i do in vivo oblasti, kdy byla vyuzita

laboratorni zvifata pro posouzeni zptsobu zlepsSujicich penetraci do CNS.
5.1 In vitro metody pro predikci prichodu latek do CNS

Jak bylo uvedeno v teoretické ¢asti, prakticky Zadny z doposud zavedenych modela
HEB nemiize dokonale napodobit fyziologické podminky in vivo. Vybérem vhodného
modelu HEB a co nejptfesnéjsi interpretaci dat vSak miizeme ziskat cenné informace
o vlastnostech latek a uSetfit tak Cas a naklady pti vyvoji lé¢iva. Pokud zndme vyhody
anevyhody jednotlivych modeli mizeme zvolit ten, ktery je pro naSe testovani
nejidealnéjsi. In vitro modely jsou tak nenahraditelnou soucasti vyzkumu HEB a vyvoje
novych 1é¢iv. Pii vyvoji novych latek je nezbytné provadét tzv. high-throughput
screening, kdy je testovano velké mnozstvi novych chemickych entit za Ucelem
vyselektovat ty, které maji potencial do CNS prostoupit. Vyznamnymi vlastnostmi
pro screeningové metody prostupnosti latek pres HEB in vitro jsou cenova dostupnost

a jednoduchost pouziti. I pfes nedokonalosti imortalizovanych bunéénych linii koreluji
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na nich ziskana data s vlastnostmi latek in vivo velmi dobfe (Garberg et al. 2005; He et
al. 2014). Imortalizované bunétné linie jsou relativné jednoduché na manipulaci
oproti nebunénym modeliim je, ze zahrnuji navic i aktivni déje pifitomné v zivych

bunikach.

Zakladem pro vyvoj metod, u kterych latka prostupuje zjedné casti desticky
do druhé pres membranu, ktera simuluje HEB, byla na nasem pracovisti metoda
PAMPA. Tato metoda vyuziva jako model HEB prase¢i mozkové fosfolipidy, kterymi
je potazena pérovitd membrana. Latky pfes tuto membranu prostupuji z akceptorové
Casti desticky do c¢asti donorové. V pribéhu méfeni jejich koncentrace v akceptoru
narGistd avdonoru klesa. Jelikoz se jednd o fosfolipidovou membranu bez uZzsi
specifikace, bez pfitomnosti transportérii, eznymil a dalSich prvka vyskytujicich se
realné v HEB, prostupuji latky vyhradné na zékladé svych fyzikalné-chemickych
vlastnosti. Koeficient Pe, ktery je vysledkem hodnoceni prostupu PAMPA metodou,
udava rychlost, kterou latka prostoupi skrz membranu. Pe je v literatufe udavano
pro slouceniny, které prostupuji do CNS v hodnotach > 4,0 x 10 cm x s, pro latky
neprostupujici < 2,0 x 10° cm x s7! a u latek s hodnotou Pe mezi 2,0 a 4,0 nelze jejich

prostup HEB na zéklad¢ tohoto parametru spolehlivé predikovat (D1 et al. 2003).

Z otestovaného setu 20 standardnich klinicky uZivanych Ié€iv bylo metodou
PAMPA pét stanoveno odlisné vzhledem k jejich redlné in vivo CNS dostupnosti. Jedna
se o latky, ukterych se na prostupu do mozku podili aktivni transport ¢i latky
interagujici s efluxnimi transportéry. Atenolol, v klinické praxi pouzivany jako
selektivni betablokator pro 1écbu hypertenze, narozdil od svého predchidce
propranololu neprostupuje in vivo do CNS. Atenolol byl stanoven metodou PAMPA
na zakladé svého Pe jako CNS+. Dle podrobné studie distribuce atenololu v mozku bylo
zj$téno, Ze na prostup atenololu pasivni difuzi ma, v negativnim slova smyslu, vliv
efluxni transportér, ktery vSak nebyl doposud ptesnéji identifikovan (Chen et al. 2017;
2020). Kofein, ijeho metabolity teofylin a teobromin jsou léc¢iva pouzivana k terapii
respiracnich onemocnéni ¢i jako stimulancia CNS. Jejich hodnoty koeficientii Pe vSak
nefadi latky k CNS+, jak by se dalo pfedpokladat, s tim, ze kofein ma Pe spadajici
do neurcitého intervalu CNS+/-, teofylin a teobromin dokonce CNS-. Dlivodem pro tato

chybnd urceni je velmi pravdédodobné neptitomnost aktivnich transportérti v membrané
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PAMPA, které se in vivo podili na jejich prostupu do CNS. Dle literatury tato 1é¢iva
do mozku prostupuji z ¢asti pasivni difuzi a z ¢asti aktivnim pfenaseCovym systémem
pro purinové alkaloidy (McCall et al. 1982). Kofein byl stanoven hrani¢né¢ mezi CNS+
a CNS- pravdépodobné proto, ze je nejvice lipofilni ze vSech tii 1éCiv, a tak prostupuje
lipidovou membranou pasivni difuzi nejsnaze (Wilkinson a Pollard 1993). Antipyrin je
lé¢ivo uzivané kl1écbé bolesti, mechanismus ucinku je zaloZen na inhibici
cyklooxygenazy 3 v CNS (Zarghi a Arfaei 2011). Pomoci PAMPA metody byl
antipyrin vyhodnocen jako CNS-. Za toto nespravné zarazeni ziejmé opét zodpovida

podil neznamého aktivniho transportu na jeho prostupu pies HEB.

Obecné pies membranu PAMPA lipofilni latky prostupuji snadno a rychle, latky
nesouci ndboj neprostupuji, nebo jen velmi omezen¢ a pomaleji. Tato hypotéza byla
viceméné potvrzena korelaci logD s koeficientem Pe, kdy byl korelacni koeficient
rs = 0,83. Na korelac¢ni koeficient rs maji vliv zejména faleSné negativni a faleSné
pozitivni vysledky. Odlehlé hodnoty tvofi latky, jejichz logD neodpovida
pfedpokladanému prostupu ptes membranu, tedy hodnoté Pe. Koeficient logD podava
informaci o lipofilité latky s ohledem na jeji ionizaci pii pH = 7,4. Cim vysi je hodnota
logD, tim hufe se latka rozpousti ve vodném roztoku. LogD mezi 1 a 3 je optimalni
pro centralné ucinkujici 1é¢iva (Lindsley 2010). Latky s vyssi lipofilitou maji tendenci
se akumulovat ve fosfolipidové membrané ¢i obecné v tucich a disponuji horsi
rozpustnosti ve vodnych roztocich, coZ vyrazn€ znesnadnuje jejich testovani. Ukéazalo
se, ze latky s logD niz§im neZ 1 maji, aZ na nckteré vyjimky, hodnotu koeficientu Pe
odpovidajici nizké predikci prostupu do CNS, tedy CNS-. Tyto vyjimky jsou léciva
piroxikam, takrin a atenolol, které byly stanoveny jako CNS+, kofein jako CNS+/-
(hodnoty logD 0,28-0,89). Ostatni latky, vyhodnocené PAMPA metodou jako CNS+,
maji hodnoty logD vys§i nez 1. odpovidaji Negativni (CNS-) vysledky pro kofein,
takrin, teofylin a antipyrin, ziskané PAMPA metodou, odpovidaji spiSe jejich logD neZz
realné in vivo dostupnosti v CNS. Tedy latky maji logD nizky, a proto lipofilni
membranou pronikaji hafe. V pfipad€ atenololu je situace jind. LogD atenololu
neodpovidd jeho dobrému prostupu lipidovou mebranou PAMPA metody. Se svym
nizkym logD (-1,85) a Pe (5,6) odpovidajicim CNS+ negativné ovliviiuje vzajemnou
korelaci obou parametri. Toto stanoveni je tedy pravdépodobné chybou metody a mtze

byt zpisobeno interakci 1éCiva s lipidem obsazenym v membrané ve smyslu usnadnéni

86



prostupu. Tato interakce spocivajici v tvorbé iontovych part s lipidy membrany byla
popséana pro lécivo ze stejné skupiny, metoprolol (Teksin et al. 2006; 2010).
Po odebrani atenololu z korelace se hodnota korela¢niho koeficientu zvysila z 0,83
na 0,90. Jiné odlehl¢ body, kter¢é mohou snizovat korelacni koeficient jsou pro latky,
jejichz hodnoty logD a Pe nestoupaji/neklesaji stejnomérné (napi. obidoxim
a cefuroxim s extrémné nizkymi logD), coz je zplisobeno zejména tim, ze detekované
mnozstvi v akceptorové Casti je velmi nizké. Protoze se pohybuje v oblasti Sumu, tedy
v oblasti kolem limitu detekce ¢i pod nim, je stanovené mnozstvi velmi nepiesné.
Obracené, nizky prostup vysoce lipofilniho chlorpromazinu Ize vysvétlit jeho moznou

kumulaci ve fosfolipodové mebrané.

Fosfolipidovd membrana PAMPA metody byla u dalSiho modelu nahrazena
monovrstvou bun€k. Metoda vyuZivajici linii MDCK obohatila testovani predikce
prostupu latek pies HEB o dalsi Cinitele, jako jsou rizné transportéry a enzymy
pritomné v zivé buiice a také TJs (Tabulka 1) (Irvine et al. 1999; Quan et al. 2012).
Vyslednym parametrem popisujicim piestup latek pies bunénou monovrstvu je
koeficient Papp, ktery udava informaci o rychlosti prostupu latky pfes tuto bariéru.
Latky dobfe prostupujici monovrstvou MDCK vykazuji vy$s$i nartst koncentrace
za testovany cCas, kdy vurCitétm bod¢ dojde ke zpomaleni linearniho naristu
az do vyrovnani koncentraci na obou stranach membrany. U latek prostupujicich
obtizn¢ ¢i neprostupujicich je narlst pomalejsi a kiivka nérGstu koncentrace v Case
je za sledovanou dobu viceménég linearni. Zahrnuti bunééné kultury MDCK do modelu
pro predikci prostupu latek pies HEB vedlo ke zvySeni validity tohoto testovani.
Z celkového setu 20 1éciv bylo 19 stanoveno ve shodé€ s jejich redlnou schopnosti
prostupu do CNS in vivo. Vyjimku tvofi atenolol, na jehoZ nizkém prostupu pifes HEB
in vivo se podili zminovany efluxni mechanismus, ktery MDCK bunécna linie
pravdépodobné neexprimuje, nebot’ jeho Papp (4,0) byl stanoven jako hrani¢ni mezi

1é¢ivy klasifikovanymi jako CNS+ a CNS- (Chen et al. 2017; 2020).

Korelace logD a MDCK metody (rs=0,72) je niz8i nez korelace logD a PAMPA
metody (1s=0,83). Je to zpiisobeno tim, ze latky s nizkym logD (<1), které¢ vyuzivaji
aktivni transport (antipyrin a xanthinové derivaty), jsou zde stanoveny jako CNSH,

odlisn¢ od PAMPA metody, ale spravné s ohledem na redlnou in vivo CNS dostupnost.
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Korelace PAMPA a MDCK metod byla sledovana pomoci setu 1é¢iv zmétenych
obéma metodami. Vysoka hodnota korelacniho koeficientu rs = 0,76 ukazuje na fakt,
ze ob¢ metody spolu koreluji velmi dobte. Odlehlé hodnoty tvoii latky, které vyuzivaji
aktivni transport (antipyrin, xanthinové derivaty) ¢i interaguji s efluxnimi mechanismy
(atenolol) (McCall et al. 1982; Chen et al. 2017; 2020). PAMPA a MDCK metoda
se liSi v konec¢né Kklasifikaci latek pravé ve Cctyfech piipadech. DalSim vlivem
ovlivitujicim korelaci je odliSny interval Ciselnych hodnot, ktery je ziskdn obéma
metodami pro totozné latky prostupujici CNS, kdy se naméfené hodnoty pro model

s MDCK pohybuji v rozpéti od 0,1 do 48, zatimco pro metodu PAMPA od 0,2 do 23.

Bunééna linie hCMEC/D3 byla zavedena pro testovani jako vhodny model
lidského plvodu. Tyto bunky byly odvozeny z bunék endotelu lidskych mozkovych
kapilar. Jejich transportérova a enzymova vybava je ze vSech tii modeld lidsk¢ HEB
nejblize (Poller et al. 2008; Weksler et al. 2013). Testovanim setu standardnich 1éCiv
byla zjisténa 100% korelace s prostupem latek zjisténym in vivo. Predikce prostupu
latek dle naméfenych koeficientii Papp tedy odpovidala jejich klinicky zjisténé
dostupnosti v CNS. Na rozdil od pfedchozich modelt byl u bunééné linie hCMEC/D3
dle ziskanych dat atenolol vyhodncen spravné jako lé¢ivo do CNS neprostupujici.
Bunéény model hCMEC/D3 se tak diky své podobnosti buiitkdim endotelu lidsk¢ HEB
ukdzal zhlediska spravnosti predikce prichodu zvolenych latek do CNS jako
nejvérohodnéjsi. Na druhou stranu, bunéénd monovrstva hCMEC/D3 netvoti tak pevna
TJs jako monovrstva MDCK, coz je zdsadnim nedostatkem u tohoto modelu. Méteni
TEER, které informuje o integrit€¢ vytvotfené¢ bariéry, ukdzalo umodelu s MDCK
pfiblizn€ 20 x vys$i hodnoty nez u modelu s D3. Tato skute¢nost je velkym omezenim
bunécného modelu s D3, které je ovS§em popisovano i v fadé publikaci (Weksler et al.
2013; Daniels et al. 2013; Poller et al. 2008). Integrita bariéry a vytvotreni TJs jsou totiz
zasadni pro zabranéni paracelularnimu transportu latek pfes monovrstvu. Pouziti
modelu hCMEC/D3 pro hodnoceni prostupu latek do CNS je z vySe uvedenych divoda
limitovano a je na zvazeni, zda vyhody, jako jsou transportérovd a enzymova vybava
a humanni ptivod linie pfevazi nad nedokonalou tvorbou monovrstvy. MoZznym feSenim
tohoto nedostatku by byla kokultivace bunck hCMEC/D3 s dal§imi liniemi (napf.
astrocyty, neurony) a aplikace stfihového napéti do modelu. Aplikace téchto vylepSeni

by mohla zvysit hodnoty TEER tak, aby vice odpovidaly dodnotam zjis§ténym pro HEB
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u Clovéka (Nakagawa et al. 2007; Naik a Cucullo 2012). Takové usporadani vSak
vyzaduje vyssi technické naroky na tkor jednoduchosti modelu, uréeného primarné pro
screeningové ucely. Bunéény model hCMEC/D3 by mohl byt vhodny také pro studium
jednotlivych transportérovych systému a intracelularni kumulace latek (Weksler et al.

2013).

Lze tedy shrnout, ze vSechny zavedené in vitro modely slouzi k predikci potencidlu
latek prostoupit pies HEB. PAMPA model je nejjednodussi na provedni, Casové
z hlediska lipofility, coz je vSak pro predikci prostupu HEB nedostacujici a lze ho
z velké Casti nahradit predikei pomoci vypoctu logD, jak prokazala vzajemna korelace.
Avsak, v HEB je mnoho dalSich ¢initeld, jez maji na transport latek vliv. Proto jsou
bunécné modely obecné velkym krokem dopiedu a ptitomnost dé€jii typickych pro zivé
bunky je dilezitym faktorem ovlivitujicim vysledné stanoveni prostupu. Testovanim
standardnich latek jsme zjistili zasadni rozdil mezi spravnosti CNS+/- predikce PAMPA
metodou a bunéénym modelem MDCK. Pii porovnani vysledkli ziskanych metodou
MDCK abunéénym modelem hCMEC/D3 doslo k dalSimu posunu ve spravnosti
predikce. Pro praktické vyuziti je otdzkou, zda je lidsky pivod hCMEC/D3 buné¢k
dalezitym benefitem 1 pfes jejich snizenou schopnost vytvofit pevnou nepropustnou
bariéru. Ackoliv jde vpifipadé MDCK modelu o buiky psich ledvin, jejichz
transportérovd, enzymova vybava itvorba TJs je odlisnd od lidské HEB (Wilhelm
bariéry. Bunéény model hCMEC/D3 ma potencial stat se dokonalejSim modelem
pro stanoveni jiz vyselektovanych latek, je vSak zapotfebi zabranit jejich

paracelularnimu transportu a zlepsit jeho bariérové vlastnosti.
5.2 Moznosti zvySeni hladiny reaktivatori acetylcholinesterazy
v mozku
V ramci studia zpisobt, jak zvysit hladinu reaktivatort AChE v mozku, byl nejprve
studovan piestup pfes HEB u nové syntetizovanych monokvartérnich a nekvartérnich
reaktivatort AChE, aplikovana nova metoda pro hodnoceni interakce latek s Pgp, a dale

byl v rdmci spoluprace testovan prostup reaktivatori ptres bariéru pomoci nanocastic

a za pomoci CB[7].
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Zvyseni dostupnosti reaktivatort AChE v CNS je dlouhodobym cilem ftady
vyzkumnych laboratofi po celém svété. Zpusobll, jak zvysit koncentraci reaktivatoru
v tomto dilezitém cilovém misté, jakym je mozek, bylo vyzkouseno jiz nékolik.
Nekteré znich se neosvédCily, jiné vyzaduji dalsi vyzkum a optimalizaci pred
zavedenim do klinické praxe. Mezi publikovanymi, z pohledu dosazenych vysledkt
mén¢ UspeSnymi piistupy, je mozné zminit syntézu proléciv ¢i konjugaci reaktivatort
s cukernou slozkou (Rachaman et al. 1979; Heldman et al. 1986; Garcia et al. 2010).
Naopak velky potencial zhlediska zvySeni hladiny léciva v CNS ma vyuziti
intranasalniho podéani (Krishnan et al. 2016). AvsSak, aplikace a nésledna kontrola
hladiny podaného 1éciva je vtomto piipadé pomérné komplikovand (Génger
a Schindowski 2018). Pro skupinu reaktivatort, jakozto antidot otrav OFI, kdy je nutné
Casto terapeuticky zasdhnout v naroénych bojovych podminkéach, je toto podani
technicky tézko realizovatelné. Syntéza novych, at’ uzZ monokvartérnich ¢i nenabitych
reaktivatorti je jinou moznou cestou k vySe uvedenému cili. Zejmnéna, nekvartérni
reaktivatory se jevi z hlediska prostupu do CNS jako velmi nad&né (Mercey et al.
2011). Monokvartérni (a biskvarterni) reaktivatory maji v porovnani s nekvartérnimi
obecné lepsi farmakologické vlastnosti, zejména pak reaktivacéni tc¢innost, avsak lze
predpokladat, Zze na tukor dostupnosti v CNS. Pro ucely testovani prostupu nové
syntetizovanych reaktivatorti do mozku bylo v této praci vyuZito zavedenych in vitro
modeld, a nasledn€ 1 in vivo experimenti. Co se tykd syntézy novych reaktivatori
s vlastnostmi, které vedou k vysSi U€innosti v CNS, stoji za zminku tzv. dipolarni
(zwitterionické) analogy, které ve své nenabité formé prostoupi pies HEB a jejich nabita
forma nasledné zajisti u¢innou reaktivaci (Rosenberg et al. 2017; Radi¢ et al. 2012;
Kovarik et al. 2013). Dal$im studovanym zpiisobem, jak zvysit dostupnost standardnich
reaktivatort v CNS a zlepsit terapii otrav OFI je inhibice Pgp. Dlkaz pfimé interakce
reaktivatort s Pgp, ktery v odborné literatufe nebyl doposud dostate¢né popsan, ale
pouze predpokladan, byl dal§im z cili této prace (Joosen et al. 2011; 2016). V posledni
fad¢, vyuziti nosiCovych nanocastic je slibnym pfistupem intenzivné studovanym
I vjinych oblastech mediciny (napf. protinddorova lécba) (Brigger et al. 2002).
Nanocastice jsou schopné vazat 1é¢ivo, zlepSovat jeho farmakologické vlastnosti
a potencidln€¢ 1 prostup do CNS. Vramci spoluprace byly v této dizertacni praci

testovany dva druhy nanocastic, diamantové nanocastice nesouci oximovou skupinu
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a CB[7] nanocastice s navdzanym reaktivatorem, pomoci bunénych modelti a také

in vivo na mySim modelu.

5.2.1 Testovani standardnich a nové syntetizovanych reaktivatori

acetylcholinesterazy

Metodou PAMPA a MDCK byly testovany standardni reaktivatory (pralidoxim,
obidoxim, trimedoxim, methoxim a HI-6). Vysledné koeficienty Pe i Papp mensi nez 1
klasifikuji vSechny testované reaktivatory do CNS- latek, coz odpovida i jejich nizké
dostupnosti v CNS in vivo, ktera je dana ptitomnosti permanentniho ndboje kvartérniho

dusiku v molekule (Lorke et al. 2008; Zd’arova Karasova et al. 2014).

Nasledné byly testovany také nové piipravené reaktivatory AChE. Jednim z cili
syntézy novych reaktivatort AChE pro 1écbu otrav OFI je jejich vysoka reaktivacni
ucinnost vi¢i inhibované AChE v mozku. ZvySovanim lipofility reaktivatorti se zvySuje
i jejich potencidl prostupu pifes HEB. Série monokvartérnich a nekvartérnich
reaktivatorii tak byly testovany metodou PAMPA a MDCK. Vysledky pro reaktivatory
obsahujici ve své struktufe jeden nabity dusik byly z hlediska prostupnosti do CNS
negativni. VSech 5 nekvartérnich reaktivatort (K1371, K1373, K1374, K1375 a K1385)
bylo otestovano metodou PAMPA. Jejich koeficienty Pe neptesahly hodnotu 0,5, coz
predikuje Spatnou prostupnost do CNS. Dva z nich byly pro ovéfeni testovany také
MDCK bunéénym modelem, kdy se téméf nulové hodnoty shodovaly s vysledky
z metody PAMPA, a proto nebylo v méteni série dale pokra¢ovano. Pro finalni ovéteni
nasich vysledk byly tfi monokvartérni reaktivatory s nejlepsimi farmakologickymi
vlastnostmi (zejména reaktivacni ¢innost) hodnoceny také in vivo na mysSich. Nicméné,
dostupnost téchto reaktivatort v mozku po podani 5 % LDso nebyla vyssi nez 1 %
plazmatické koncentrace, coz odpovida bispyridiniovym reaktivatorim pouzivanym
v klinické praxi (Bajgar 2004). Monokvartérni reaktivatory se tedy dle vysledk in vivo
experimentl z hlediska prostupnosti do CNS neosvedcily. Nizkd Sance na prostup pres
HEB u kvartérnich reaktivatorti (a obecné nabitych sloucenin) je totiZ dana pfitomnosti
naboje v jejich struktuie a pocet nabojii v molekule jiz nehraje vyznamnou roli. Snaha
snizit poCet kvartérnich dusikt tak, aby byla zachovana dostate¢na reaktivacni ucinnost
u monokvartérnich reaktivatorti, nebyla tedy z hlediska zvySeni jejich dostupnosti

v CNS pfili§ uspésna.
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V piipadé nenabitych nové syntetizovanych reaktivatort AChE byly jako CNS+
stanoveny tii ze Ctyf testovanych latek (K1278, K1279, K1281), a to jak metodou
PAMPA, tak i metodou MDCK. Reaktivator K1280 je amfolytické sloucenina, ktera pii
pH organismu ve vodném prostiedi tvofi zwitterion, obsahuje pak tedy pozitivni
I negativni naboj ve své molekule. Diky své struktufe vykazuje lep$i reaktivacni
ucinnost v porovnani s nenabitymi reaktivatory (Radi¢ et al. 2012; Sit et al. 2011). Jeho
celkovy neutrdlni naboj mu umoznuje prochézet lipidovou membranou Iépe
nez nabitym slouceninam, avsak ne lépe nez tém nenabitym, jak ukazaly vysledky
testovani. Metodou PAMPA byl zafazen mezi slouCeniny s neurcitou dostupnosti
v CNS ametodou MDCK byl stanoven dokonce jako CNS-. Latky ztéto série,
u kterych bylo odebranim naboje dosaZeno zvySené dostupnosti v CNS, vypadaji
vtomto sméru nad&né. Jejich terapeutickd Uc¢innost in vivo vSak zévisi mimo
schopnosti prichodu do CNS 1 na jejich reaktivaénim potencidlu a jejich
fyzikalné—chemickych vlastnostech. Toto byva v piipadé¢ nekvartérnich reaktivatort
problematické, nebot’ neptfitomnost permanentniho naboje snizuje reaktivacni ti¢innost
a jejich lipofilita vede ke zvySenému akumula¢nimu potencidlu (riziko toxicity), Spatné
rozpustnosti ve vodném prosttedi a off-target ucinkim. Zejména Spatnd rozpustnost
potom vede ke ztizené aplikaci a pomalej$imu ndstupu U¢inku, coz je z pohledu

zafazeni mezi antidota nevhodné (Soukup et al. 2018).

5.2.2 Posouzeni interakce standardnich reaktivatori acetylcholinesterazy

s P-glykoproteinem

DalSim cilem prace bylo zavést model pro studium interakce latek s Pgp a zjistit,
zda se Pgp nepodili na nizkém prostupu standardnich reaktivatori do CNS. Jelikoz
az 60 % l1éciv uvedenych do praxe interaguje s Pgp, je zde mozZnost, Ze oximové
reaktivatory budou patfit mezi né¢ (Hersh et al. 2016). Bylo také publikovano né€kolik
studii zabyvajicich se vlivem Pgp na Cinnost reaktivatorii (Gallagher et al. 2016;
Joosen et al. 2011; 2016). Konkrétn€, inhibici tohoto efluxniho transportéru
tariquidarem bylo dosazeno lepSiho terapeutického uclinku u reaktivatoru HI-6
podaného s atropinem u potkanti (Joosen et al. 2011; 2016). Nebyly vSak studovany
vSechny standardni reaktivatory, coZ by umoznilo potvrdit ¢i vyvratit tento jev pro tuto
skupinu latek, ani nebyla potvrzena piima interakce oximu s Pgp. Tento piimy prikaz

byl cilem naseho testovani.
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CACO-2 buné¢na linie stabiln€ exprimuje Pgp, ktery je zodpoveédny za eflux mnoha
latek z HEB zpét do krevniho ob&hu. Tento model byl zaveden na nasem pracovisti jako
vhodny zptlisob pro studium interakce latek s Pgp (Natoli et al. 2012). Pokud latka
interaguje s Pgp transportérem, ktery je umistén na apikalni stran¢ membrany, je jeji
prostup ve sméru AB i BA je asymetricky. Tato asymetrie vyjadiena TR je pro substraty
Pgp > 2. Nasledné zablokovéani Pgp specifickym inhibitorem vede ke snizeni tohoto
rozdilu, a tim i kredukci TR (Polli et al. 2001; Zhang et al. 2006). Metoda byla
validovéana pomoci specifického substratu R123 a inhibitoru Pgp verapamilu. Hodnota

TR pro R123 byla po pfidani inhibitoru snizena ze 4,5 na 1,3.

Experimentaln¢ bylo prokazano, ze hodnoty TR pro studované standardni
reaktivatory nepiesahly hranici 2, odpovidajici potencidlnim substratim Pgp. Kontrolni
experiment, spocivajici v ko-aplikaci inhibitoru Pgp, nijak vyrazné¢ nezménil tyto
hodnoty. Celkové velmi nizka koncentrace reaktivatori (hodnoty jejich koeficient
Papp blizké nule), kterd projde pfes membranu CACO-2 modelu, a tedy i nasledné
do mozku v in vivo situaci, je zplUsobena spiSe nez efluxnim transportem piedevsim
jejich fyzikalné-chemickymi vlastnostmi, kdy nabity kvartérni dusik brani prostupu pies
bunénou membranu 1 lipofilni HEB. Tedy, i v hypotetickém v pfipadé,
ze by reaktivatory interagovaly s Pgp zlistava otazkou, na kolik by jeho inhibice prostup
takto nabitych latek zvySila. Hypotéza, kdy inhibitor Pgp pfimo zvySi prostup
samotného oximového reaktivdtoru do mozku tedy potvrzena modelem
CACO-2 vnaSich experimentech nebyla (Kobrlova a Soukup 2020). Ovlivnéni Pgp
u dalSich antidot (napf. atropin) ¢i jejich kombinaci pouzivanych v terapii otrav OFI,
vSak stale zlstdva moZznym pfistupem, ktery by mohl vést ke zlepSeni jejich celkové
terapeutické ucinnosti (Meerhoff et al. 2018).

5.3 Diamantové nanocastice jako nosie zlepSujici penetraci
navazanych reaktivatoru acetylcholinesterazy do mozku

ND ¢astice snavdzanou oximovou skupinou, které byly syntetizovany
prof. Karpichevem, byly v rdmci spoluprace testovany z hlediska prostupu pres MDCK
bunéénou bariéru simulujici HEB. Zdkladni hypotéza ptipravy ND s oximovou

skupinou byla skuteCnost, ze jsou ND snavazanym IléCivem zkoumany v terapii

nadorovych onemocnéni, kdy vazba ND na cytostatikum zlepSuje jeho prostup
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ptes endotelidlni buiiky (Setyawati et al. 2016). Mechanismus prostupu ND
dle literatury spociva pravdépodobné v naruseni TJs zménou infrastruktury bunék,
zpusobené uvolnovanim radikali jako produktti vyvolaného oxidacniho stresu a dale

zvysenim intracelularniho Ca" (Setyawati et al. 2016).

K testovani byla vybrana latka De-3, ktera byla méfena ve dvou koncentracich
(10 pg x ml™t a 100 pg x ml™!) z hlediska prostupu a pozdé&ji i intracelularni akumulace
v bunikdch membrany. Papp koeficienty testovanych koncentraci svymi hodnotami 15
(10 ug x ml') a 4,7 (100 pg x ml") fadi litku mezi slouceniny s potencidlem prostoupit
do CNS, zejména v nizsi testované koncentraci. Lepsi prostupnost v nizsi koncentraci
vedla k hypotéze, ze se ND ve vyssi koncentraci mohou, po ptfedchozi disagregaci
ultrazvukem, opétovné agregovat a akumulovat se uvnitf bunck. Stanoveni jejich
intracelularni koncentrace ukazalo, Ze pfi koncentraci 10 pg x ml'! je 13 % celkového
mnozstvi akumulovano uvnitt bunééné monovrstvy, pro vyssi koncentraci az 30 %.
Pro ovéteni cytotoxicity ND byly ob¢ koncentrace testovany MTT testem, ktery je
vyhodnotil pro bunécnou linii MDCK jako netoxické. Prostup pies monovrstvu by totiz
v ptipadé¢ HEB nem¢l byt ovlivnén toxickym plisobenim ND a néslednou dezintegraci
monovrstvy v jeho dasledku. Hodnoty priichodu FITC-dextranu se pohybovaly do 2 %
na konci experimentu, coz zna¢i pomérn¢ malé naruseni integrity buné¢né monovrstvy
zpusobené piitomnosti ND castic. Na druhou stranu, v porovnani s témét nulovymi
hodnotami FITC-dextranu pro testované standardni latky muize vSak toto naruSeni

integrity zpusobit zvySeny prostup ND ¢astic pfes bunéénou monovrstvu.

Z hlediska ptekonani HEB by tedy tyto ¢astice mohly vést ke zlepSeni dostupnosti
navazanych latek. Reaktivacni u¢innost oximu navazané¢ho na ND u latky De-3 byla
niz8i nez 1 %, nemélo tedy smysl studovat jeji reaktivacni ucinnost po prichodu
monovrstvou. Latku s takto nizkou reaktivacni u¢innosti nelze vyuzit pro terapeutické
ucely, a proto ma provedeny experiment vyznam spiSe pro ovéfeni konceptu moznosti

vazby latek na ND, nez z hlediska ovéteni potencidlniho 1é¢iva otrav OFI.

5.4 Vyuziti cucurbit[7]urilovych nanocastic pro zlepSeni penetrace
HI-6 do mozku
CB[7] jsou makrocyklické molekuly, které wvznikaji kondenzaci glykourilu

a formaldehydu (Lagona et al. 2005; Liu et al. 2005). Jsou dobie rozpustné ve vodé
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avazou mnoho klinicky bézné uzivanych 1éciv (Wheate et al. 2006; Wyman
a Macartney 2009). Tyto nanocéstice jsou schopné vazat pozitivné nabité slouceniny
a tvofit s nimi komplexy (Andrys et al. 2020). Predpokladem pro zlepSeni penetrace
reaktivatori do mozku je jejich enkapsulace do kavity CB[7], ktera by mohla vést
k optimalizaci farmakokinetickych parametri, zejména prodlouzeni elimina¢niho
polocasu vcetné¢ zvyseni dostupnosti v CNS. CB[7] zvySuji rozpustnost a stabilitu
enkapsulovanych sloucenin amaji schopnost prostoupit biologické membrany
(Montes-Navajas et al. 2009; Wang et al. 2020). Zajimavosti je, ze samotné Castice
CBJ7] vsak ptes HEB neprochazeji (Gale a Steed 2012). Farmakokinetika reaktivatoru
HI-6, navazaného na molekulu CB[7], byla studovana in vivo v ramci spoluprace
se skupinou doc. Jany Zd’4rové Karasové. V ramci provedené studie byla hodnocena
prostupnost komplexu CB[7] snavazanym reaktivatorem HI-6 do mozku in vivo
v my$im modelu a jeji porovnani s volnou, tedy nevazanou latkou. Vazba na castice
CBJ[7] ovlivnila farmakokinetiku HI-6 v mozku mysi v pozitivnim slova smyslu.
Crax reaktivatoru v mozku byla sice niz$i a prostup pomalej$i, nicméné polocas
eliminace byl vyrazné prodlouzen v porovnani s nevazanou lakou HI-6, coz vedlo
k vyrazné lepsi celkové dostupnosti HI-6 v CNS. Mechanismus, kterym se hladina HI-6
po vazbé na CB[7] udrzi v mozku déle, vSak nebyl zatim zcela objasnén. V tivahu zde
pfipadd pozorovany prodlouZeny polocas eliminace také v plasmé&, ktery zpomaluje

eliminaci z CNS na zaklad¢ koncentracniho gradientu.

Komplex HI-6@CBJ[7] také prokazal o 10 % vyssi reaktivaci mozkové AChE
po intoxikaci mysi somanem v porovnani se samotnou HI-6. Mimo to, CB[7] také
prokazaly pozitivni vliv na hladinu atropinu v mozku (Karasova et al. 2020). Castice
tohoto typu jsou v tomto sméru poméerné nadéjnou cestou, ackoliv je nutné se vyporadat

s moznymi nezadoucimi U¢inky, jako je jejich nefrotoxicita (Gale a Steed 2012).
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6. Zavér

Pro potencidlni léCiva, ktera maji za cil interagovat se strukturami v mozku
je zasadni vlastnosti prekonat HEB. Je zfejmé, Ze in vitro metody pro predikci této
vlastnosti novych chemickych entit nemohou zcela nahradit testovani in vivo. UmoZznuji
vSak primarni screening, ktery vede k selekci latek a tim k redukci poctu laboratornich
zvitat. Vyvoj novych in vitro metod, vyuzivajich bunécné kultury, je vhodnou spojkou
mezi in silico predikci a in vivo testovanim. Porovnanim nebunécnych (PAMPA
metoda) a bunécnych modelt byl zjistén vyznamny posun z hlediska spravnosti urceni
latek s ohledem na jejich in vivo klinickou CNS dostupnost. Mezi zkoumanymi
bunéénymi liniemi vynikd MDCK svou integritou a hCMEC/D3 linie svym humannim

puvodem.

Nami zjisténé vysledky testovani riznych zptisobt, jak zvysit hladinu reaktivator
AChE v CNS na konkrétnich novych slou€eninach jsou viceméné v souladu s doposud
ziskanymi daty napti¢ odbornou literaturou. Testovani lipofilnich analogii oximovych
reaktivatort bylo z hlediska prostupnosti do CNS uspésné. Jejich nevyhodné
fyzikalné-chemické, a znich vyplyvajici 1 farmakologické vlastnosti, jsou vSak zasadnim
nedostatkem téchto latek. Pfi inhibici Pgp nebyl prokézén piimy vliv na dostupnost
standardnich reaktivatora v CNS. Nicméné vliv Pgp na dalsi antidota, jako je atropin,
zOstava zajimavym tématem k dalSimu zkoumani. Smér vyuZivajici nanocastice lze
povazovat za nadéjny, pokud by se podatilo vyvazit jejich pfinos vs. nezadouci ucinky
jako je napf. toxicita, akumulace v organismu a v neposledni fad€ jejich financ¢ni

naroc¢nost.

Nalezeni centraln€ aktivniho a Sirokospektrého reaktivatoru povazujeme nadale
za zasadni cil v oblasti terapie otrav OFI. Jsou zde vSak 1 dal§i sméry vyzkumu
zabyvajici se zpusoby ochrany CNS zasazeného OFI, kde nalezeni centralné aktivnich
reaktivatorti neni esencidlni podminkou. Mezi né lze zaradit farmaceuticky pfiistup
v podobé intranasalniho podani 1é¢iv, které cili na pfimy prostup antidot do CNS.
Dal$im je farmakologicky pfistup, vyuzivajici kombinace 1é¢iv  zrGznych
terapeutickych skupin, kdy by relativné mala davka reaktivatoru prostupujiciho do CNS
mohla pfi podani s dalSimi antidoty ucinkovat dostate¢né z pohledu ochrany CNS

pii otravé. Kombinace parasympatolytik, 1éCiv s antiglutamatergnimi a GABAergnimi
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ucinky s reaktivatory je alternativni cestou, ktera by mohla redukovat poSkozeni mozku.
Vyuziti profylaktik i pro post-expozi¢ni terapii otrav OFI je nadéjny zptisob, jak zvysit
ucinnost standardnich antidot (Mann et al. 2018). V neposledni fad¢, tim, ze se jedna
o antidota zachranujici zivot, lze ptedpokladat, ze riziko nezddoucich u¢inku pramenici
z vy$s§i, nez standardni aplikované davky je niz§i nez riziko zavaznych trvalych
postizeni CNS ¢i umrti. Z tohoto pohledu lze uvazovat o podavani vysSich davek,

kdy frakce prostupujici do CNS ji mize 1épe ochranit nez pii podani standarni davky.
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7. Prinos prace

Hlavnim pfinosem této dizertatni prace je zavedeni, optimalizace, validace
a porovnani in vitro metod pro predikci schopnosti latek prostoupit pres HEB. Nové
zavedené metody vyuzivajici bunécné kultury vychazeji z metody PAMPA, kterd jiz
byla na pracovisti k predikci vyuzivana. Obohaceni zptisobu studia prostupu latek ptes
membranu na zéklad¢ fyzikalné-chemickych vlastnosti spo¢iva v pfitomnosti zivych
organismi v podobé bunécnych kultur. Membrany tvofené bunéénou monovrstvou
se svymi charakteristickymi vlastnostmi (aktivni a efluxni transport, metabolické dé&je)
posouvaji toto in vitro testovani blize k charakteristikdm HEB in vivo. Zavedenim
novych metod vyuzivajicich bunééné linie MDCK, hCMEC/D3 a CACO-2 byl vytvotfen
komplexnéjsi néstroj pro testovani nove syntetizovanych potencidlnich antidot pro 1écbu
otrav NPL, ktery navazuje na metodu PAMPA a vytvaii dalsi filtr pred testovanim latek
in vivo. Vyuzitim predikce vyuZivajici vlastnosti bunéénych membran muize byt
docileno stavu, kdy pomoci experimentalnich zvifecich modelii budou testovany jen
vyselektované latky s nejlepSimi vlastnostmi, ¢imz bude redukovana jejich spotieba
v souladu s etickymi pozadavky zakotvenymi v ndrodni i mezinarodni legislativé.
Vyuziti novych in vitro metod ssebou nese inezanedbatelné financni tUspory
v porovnani s realizaci odpovidajicich in vivo experimenti. Hledani novych
univerzalnich reaktivatorti s dostatecnou uc¢innosti v CNS je stale aktudlnim tématem,
kterym se KTVF FVZ UO zabyvé a které je nezbytné je fesit pro GspéSnou 1écbu otrav
NPL. Z tohoto ditvodu je poznani zplsobli a mechanizmi, vedoucich ke zlepSeni
dostupnosti reaktivatori AChE v CNS, dalSim vyznamnym pfinosem této dizertacni

prace.
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ARTICLE INFO ABSTRACT

Keywords: The ability to overcome cellular barriers in the body is crucial for efficient delivery of drugs to the target where
Reactivator intervention is needed. For drugs acting in the brain it is essential to overcome the blood-brain barrier (BBB).
Oxime

Such drugs include antidotes for the treatment of organophosphate poisoning, a current warfare and terroristic
threat. Being lipophilic compounds, organophosphates readily penetrate the brain and block the enzyme acet-
ylcholinesterase (AChE). They cause severe symptoms which may have fatal consequences. A major drawback of
currently available oxime reactivators is their inability to reactivate AChE in the central nervous system (CNS) as
they are unable to cross the blood-brain barrier. An important obstacle preventing many drugs from reaching
their therapeutic target in the brain is the efflux transporter P-glycoprotein (P-gp), whose function is to prevent
the penetration of potentially harmful substances. The aim of this study was to evaluate the effect of P-gp on the
permeation of oximes into the brain. The study of this interaction was carried out on the CACO-2 cell line, stably
expressing P-gp. As it turned out, P-gp has no essential influence on the central availability of clinically used

Blood brain barrier
Organophosphate
P-glycoprotein
CACO-2

oxime reactivators within this study.

1. Introduction

Organophosphates (OPs) are chemical substances that may be
components of pesticides, herbicides and insecticides. In addition to
their usefulness in agriculture, the OP group contains also the highly
toxic so-called nerve agents, which currently represent one of the
greatest threats worldwide. OPs have been misused in many conflicts
during the last 50 years, including the Iran-Iraq war, the Tokyo subway
attack, and the Syrian civil war, and for assassination purposes against
Kim Jong-nam in Malaysia and probably Sergei Skripal in United
Kingdom.

Acetylcholinesterase (AChE) hydrolyses the neurotransmitter acet-
ylcholine (ACh) into choline and acetic acid, thereby terminating its
effect on muscarinic (mAChRs) and nicotinic (nAChRs) acetylcholine
receptors in peripheral nerves and in the central nervous system (CNS).
OPs irreversibly bind the enzyme AChE, which leads to overstimulation
of both mAChRs and nAChRs. An excessive amount of ACh at neuro-
muscular junctions and neuronal synapses causes a cholinergic crisis
manifesting typical clinical symptoms according to receptor localiza-
tion. Seizures, agitation and at high doses, respiratory failure point to
central symptoms. In the periphery, OPs cause salivation, lacrimation,
miosis, blurry vision, sweating and bronchospasm. Bronchoconstriction
and spasm of breathing muscles in combination with central breathing

depression may lead to death (Bajgar, 2004).

Current treatment is based on a combination of anticholinergics
(e.g. atropine, benactyzine), anticonvulsants (e.g. diazepam), and cho-
linesterase reactivators (obidoxime, pralidoxime, methoxime, trime-
doxime and asoxime) (Antonijvic et al., 2002). Reactivators speed up
the process of reactivation of inhibited AChE and restore its function.
There are several problems in this process: 1) aging of OP-inhibited
AChE prevents binding of reactivator, 2) there is no broad-spectrum
reactivator for OPs, and foremost 3) oxime reactivators do not pass into
the CNS in therapeutically relevant concentration (Mercey et al,, 2012;
Korabecny et al., 2014), Despite intensive research in this field, there is
still no available universal, effective and centrally-active reactivator.

The major issue is that oxime reactivators do not penetrate the brain
(just 4-10 % of the plasma level reaches the brain). Since the organo-
phosphates easily overcome the bloed-brain barrier (BBB), brain da-
mage is unavoidable and at a minimum may results in persistent brain
disorder (Lorke et al., 2008). Several approaches including delivery via
nanoparticles, enhancement of lipophilicity, intranasal administration,
synthesis of prodrugs or sugar-oxime receptor mediated transport have
been tried to improve the central availability of reactivators (for review
see Reference 6). However, no successful way of improving brain de-
livery while maintaining efficacy and low toxicity has yet been dis-
covered (Mercey et al., 2012).
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The BBB acts as a membrane that protects the brain from the en-
trance of foreign substances. It is formed by endothelial cells (EC) fit-
ting tightly to the perivascular pericytes and astrocytes (Abbott et al.,
2006). The EC are firmly connected by tight junctions (TJs) and have no
fenestrations, thus blocking the transcellular pathway (Daneman and
Prat, 2015). Successful permeation of a molecule to the brain is de-
termined amongst others by its lipophilicity, molecular weight and
charge. Due to these unique features, almost 100 % of large molecules
and 98 % of small molecules do not cross the BBB (Pardridge, 2005).
Another important factor tuning the availability of substances in the
CNS is the involvement of active and efflux transporters (Schinkel et al.,
1996). Efflux transporters spit their substrates back into the circulation
and prevent them from reaching the brain (Demeule et al.,, 2002). It is
estimated that up to 60 % of currently marketed drugs are substrates for
ATP-binding cassette (ABC) transporters (Hersh et al., 2016). The most
well-known member of the ABC family is P-glycoprotein (P-gp), also
known as ABCB1, which helps the brain avoid potentially toxic sub-
stances.

Several studies have been conducted to investigate whether P-gp is
responsible for the low concentration of oxime reactivators (2-PAM and
HI-6) in the brain. Interaction of 2-PAM with P-gp was investigated
through transwell permeability in Madin-Darby canine kidney
(MDCKII) and stem cell-derived human brain microvascular endothelial
(BC1-hBMEC) cell lines. Simultaneously, the direct effect of transcel-
lular transport on enzyme reactivation was investigated by modifica-
tion of the transwell assay by adding paraoxon-inhibited AChE into the
basolateral chamber. 2-PAM showed poor passage through the cell
monolayer, and there was no observed influence of P-gp on either
transcellular transport or enzyme reactivation (Gallagher et al., 2016).
In another, breakthrough in vive, study by Joosen et al., the P-gp in-
hibitor tariquidar was used in combination with HI-6, and it was shown
that there was twice the level of HI-6 in the rat brain in comparison
with HI-6 alone (Joosen et al, 2011). A follow-up study in rats also
showed that after pre-treatment with tariquidar, there was a higher
therapeutic efficacy of an HI-6 and atropine combination against
soman-induced seizures. However, it has not been demonstrated whe-
ther this is due to the inhibitory effect of tariquidar on HI-6 or atropine,
which has been also shown to interact with P-gp in the MDCK model
(Joosen et al., 2016). Tentatively, there may be a neuroprotective
contribution by tariquidar to the therapeutic efficacy of HI-6 in rats
(Joosen et al., 2011; Gallagher et al., 2016; Joosen et al., 2016).

In summary, there is no clear proof whether the reactivators are P-
gp substrates or not. In addition, no study has been carried out on the
possible interaction of all the standard reactivators with P-gp.

The aim of our study is to investigate the interaction of standard
oxime reactivators with P-gp, and whether such interaction may play a
significant role in brain penetration. To this end, in vitro bidirectional
transport studies were conducted in the CACO-2 cell line model, which
has been reported to stably express human P-gp (Natoli et al., 2012).

2. Materials and method
2.1. Cell culture

Human epithelial colorectal adenocarcinoma (CACO-2) cells were
purchased from ATCC (ATCC® HTB-37™). The cell line was maintained
in EMEM (ATCC® 30-2003™) medium supplemented with 20 % heat-
inactivated fetal bovine serum (Sigma-Aldrich, FO804) and 5 % peni-
cillin-streptomycin (Sigma-Aldrich, A5955). Cells were seeded in
75cm” tissue cell culture flasks (TPP, 90075) at 37 °C in a humidified
atmosphere containing 5 % CO, The medium was renewed every 2 or 3
days. Cells were split twice a week at 1:6 after using trypsin-EDTA
solution (0.25 %, Sigma, T4049) for dissociation.
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2.2. Transport experiments

For transport experiments cells were seeded at a density of 270 000
cells x em 2 ona collagen-coated (EMD Millipore, 08-115) transwell
polyester membrane (Sigma-Aldrich, CLS 3460) and cultured at 37 "Cin
a humidified atmosphere containing 5 % CO,. The growth medium was
changed 3 h after seeding and then every 2-3 day in apical (0,5 ml) and
basolateral (1,5 ml) compartments. The cells were used approximately
21 days post-seeding when the monolayer reached confluency and the
expression of transporters is said to be most extensive (Natoli et al.,
2012). To monitor the confluency of the monolayer the transepithelial
electrical resistance (TEER) was measured throughout the 21 days using
commercial apparatus (Millicell ERS-2, Merck) (Tavelin et al., 2002).

Five oxime reactivators obidoxime, pralidoxime, methoxime, tri-
medoxime and HI-6 (synthesized at the Department of Toxicology,
Faculty of Military Health Sciences, University of Defense, Czech
Republic) were tested in both directions: apical to basolateral (AB) and
basolateral to apical (BA), with and without the P-gp inhibitor ver-
apamil (Sigma-Aldrich, V4629).

Transport experiments were conducted by washing the cell mono-
layer with PBS (Sigma, D8537) and incubation in transport buffer
(OptiMEM, Gibco 11058-21) for 30min with or without inhibitor
(Tavelin et al.,, 2002). For testing permeability of the monolayer, pro-
pranolol (Sigma-Aldrich, P0884) and lucifer yellow (LY) (Sigma-Al-
drich, LO144) were used in 100 pM and 20 pM concentration, respec-
tively. All the tested oximes were dissolved in transport buffer to a final
concentration of 100 pM, which has been reported not to show cyto-
toxic effect (Soukup et al., 2018). 750 pl of the donor solution was
added to the donor compartment (in the case of AB into the upper
compartment, and for BA into the lower compartment), and the same
volume of transport buffer was added into the acceptor compartment.
The concentration of the drug in both compartments was measured by
UV-VIS spectrophotometry (BioTek, Synergy HT) at 30, 60, 120 and
240 min of incubation. The absorbance data are reported in Supple-
mentary materials (Fig. S2 and Fig. $3). In each experiment rhodamine
123 (R123, Sigma, R8004), a P-gp substrate, was included at 5 uM
concentration as the control, with and without the presence of the in-
hibitor verapamil (15 pM). The tightness of the monolayer was assessed
by the permeability of fluorescein isothiocyanate (FITC) (Sigma,
FD10S) at 0.4 mg = ml~" at the end of each experiment.

2.3. Data analysis

The final TEER values are expressed as © x cm® based on the fol-
lowing equation:

TEER (Q x em®) = (Rmonotaver — Remery murer) % A

where Ryonoiaver and Rempry prer are the resistance of the filter
insert with and without cells respectively, and A is the growth area in
em?.

The apparent permeability coefficient Papp (cm x s™') was calcu-
lated as follows:

_ [ ¥
i (dr) * Xy

where dQ/dt is the rate of appearance in the receiver compartment, V.
is the volume of the receiver compartment, C, is initial concentration,
and A is the growth area (Tavelin et al., 2002).

The transport ratio (TR) for drug permeability in the BA and AB
directions was calculated as follows:

TR = Papp (BA)/Papp (AB)

It is assumed that TR = 2 is an indication for P-gp substrates, and
TR between 1.5 and 2 is considered as inconclusive (Polli et al., 2001;
Zhang et al., 2006). After incubation with inhibitor, TR should drop to
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at least 50 % to confirm the P-gp substrate.

Statistical analysis in CACO-2 transport assays was performed using
one-way ANOVA. The Sidak multiple comparisons test was used to
determine the significance of the difference between TR with/without
inhibitor. The data were analyzed using GraphPad Prism 6.0 software.

3. Results and discussion

The inhibition of P-gp is one approach that has been tested for better
central availability of oxime reactivators. It builds on the fact that re-
activators may be substrates of P-gp. Recently, Joosen et al. observed
better therapeutic efficacy of HI-6 in combination with tariquidar and
atropine in a soman-poisoned rat model. However, direct interaction of
HI-6 with P-gp has not been proved (Joosen et al., 2016). From this
study, and also from the study by Gallagher (Gallagher et al., 2016), the
interaction of HI-6 and pralidoxime respectively with P-gp was shown
as improbable. Furthermore, dependency of reactivation efficacy on the
P-gp affinity has been investigated, however, a lowpredictability of P-
gp affinity towards reactivation efficacy was shown. Pgp binding ap-
pears to be predictive for some oxime, but not exclusionary for all, to
clinical efficacy of the entire class of oximes (Dail et al., 2019).

In our study we have used the CACO-2 cell model for investigation
of whether P-gp influences the permeation of standard oxime re-
activators into the brain. The CACO-2 cell model was chosen for its
favorable features and high expression of human P-gp (Natoli et al.,
2012). 1t stably expresses human P-gp in a polarized direction when
cultured on an appropriate transwell support. P-gp substrates have
lower permeability in the AB direction than in the BA direction due to
an efflux effect of P-gp at the apical membrane (Tavelin et al., 2002).
The control of monolayer confluency during differentiation has been
provided by measuring TEER (see Supplementary materials Fig. S1).
TEER values increased steadily to their maximum at day 18, with no
further increase in TEER values between day 18 and day 21. The
average TEER at day 20 was higher than 600  x cm? in all the ex-
periments. The control of monolayer integrity was conducted by FITC
test after each experiment. The accepted values of FITC in the acceptor
compartment after 60 min incubation must not exceed 1 % of initial
donor concentration (Reznicek et al., 2017).

First of all, to check the monolayer permeability, propranelol (100
pM) as a high permeability marker and lucifer yellow (20 pM) as a low
permeability marker were used. The values of Papp for propranoclol
were 22.55 ¥ 107° and for LY 0.07 x 10~ % which correspond to
published data (Xw et al, 2007; Zhao et al.,, 2019). Next, R123, a
known substrate of P-gp, was used as a reference P-gp substrate to as-
sess the functional activity of P-gp in cell assays (Lee et al., 1994). An
initial transport experiment for R123 (in 5 pM) indicated that R123 is a
substrate of P-gp. Papp in the BA direction being more than double that
in the AB direction for CACO-2 cells (TR = 4.56). The transport ex-
periment was repeated in the presence of the inhibitor verapamil (at 15
pM concentration) to abolish P-gp mediated efflux. Co-incubation with
verapamil attenuated the efflux effect and the TR dropped to 1.76.
Thus, the Papp was approximately equalized in both directions (AB and

R123

- AB
0.08 - BA

CFT (uM)
s
£

0 1 2 3 4 5
Time (h)

CFT (uM)
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Table 1

The values of Papp (x 10 6 em x s for each oxime reactivator and the
standard rhodamine 123 (R123) in both directions with/without the P-gp in-
hibitor verapamil. Data expressed as the mean + S.D,, n = 3,

AB BA AB + [ BA + 1
Pralidoxime 0.82 + 0.49 079 + 0.37 1.52 £ 1.02 0.95 + 0.85
Obidoxime 0.40 + 0.13 022 + 028 0.26 + 0.33 0.11 + 013
Trimedoxime 1.02 + 091 029 + 0.31 0.28 + 0.38 0.28 + 0.38
Methoxime 0.90 + 1.24 0.16 + 022 0.09 + 0.13 0.07 + 0.10
HI-6 0.47 + 0.32 076 + 061 0.54 + 0.64 0.24 + 0.08
R123 0.88 + 0.08 450 + 2.16 0.34 = 0.35 043 = 0.30

BA) by the inhibitor (Fig. 1).

The transport of all oxime reactivators showed a similar pattern
(Table 1). The values of Papp in both directions AB and BA indicated a
low ability in general to penetrate through the CACO-2 monolayer. The
values of AB transport are close to that for LY, the marker of low per-
meability. This is not surprising, as positively charged hydrophilic
compounds penetrate barely through barriers in the organism.
Equivalently, the low Papp in the BA direction indicated that the efflux
transporter has no influence on the transport of test substances. The
difference in penetration in directions AB and BA is expressed as the TR.
The TR of all reactivators tested did not exceed 2.0, which is the
threshold for a possible effect of P-gp on the permeation of a test sub-
stance. Furthermore, co-incubation with the P-gp inhibitor verapamil
did not cause any significant changes in the transport of oximes in ei-
ther the AB or BA direction, in contrast to the significant changes for the
model P-gp substrate R123 (Fig. 2).

4. Conclusion

To sum up, an interaction between P-gp and standard oxime re-
activators has been denied in the CACO-2 model. In relation to the
overall amount that passed through the CACO-2 monolayer, there is a
question as to whether P-gp could even play any important role, as only
a small number of molecules could enter the membrane due to the ef-
fect of their charged nitrogen. Taken together, human P-gp had no es-
sential effect on the permeability of standard reactivators in the CACO-
2 model. Hence the overall insufficient availability of reactivators in the
CNS is mainly due to their physicochemical properties, which prevent
them from passing through the lipophilic blood-brain barrier, and not
to the interaction with P-gp. Thus, therapeutic approaches targeting the
deactivation of P-gp do not seem to be a promising way of increasing
the availability of standard oximes in the brain. On the other hand, P-gp
inhibitors may enhance protection by e.g the effect on other drugs like
atropine, as was shown previously.
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Fig. 1. Cumulative fraction transported across epithelial membrane over time (in M) for R123. After incubation with the P-gp inhibitor verapamil (I) the difference

between BA and AB direction was almost eliminated.
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Fig. 2. The values of transport ratio (TR) of tested oxime reactivators
(PAM = pralidoxime, OBI = obidoxime, TRIM = trimedoxime, MET =
methoxime) at 100 pM and of Rhodamine 123 (R123) at 5 pM in the presence
or absence of inhibitor verapamil (I) at 15 pM. Data are presented as the
mean *+ 5.D., n = 3. Using ANOVA test and Sidak's multiple comparisons test a
significant difference between TR with/ without inhibitor was observed only for
R123. Level of significance: * p =< 0.05. Values of TR = 2 indicate the drug to be
a P-gp substrate.
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The misuse of organophosphate compounds still represents a current threat worldwide. Treatment of poisoning
with erganophosphates (OPs) remains unsatisfactorily resolved despite the extensive investment in research in
academia. There are no universal, effective and centrally-active acetylcholinesterase (AChE) reactivators to
countermeasure OP intoxication. One major obstacle is to overcome the blood-brain barrier (BBB). The central
compartment is readily accessible by the OPs which are lipophilic bullets that can easily cross the BBB, whereas
first-line therapeutics, namely oxime-based AChE reactivators and atropine, do not cross or do so rather slowly.
The limitation of oxime-based AChE reactivators can be ascribed to their chemical nature, bearing a positive
charge which is essential either for their AChE affinity or their reactivating potency. The aim of this article is to
review the methods for targeting the brain by oxime reactivators that have been developed so far. Approaches
using prodrugs, lipophilicity enhancement, or sugar-based oximes have been rather unsuccessful. However,
other strategies have been more promising, such as the use of nanoparticles or co-administration of the re-
activator with efflux transporter inhibitors. Encouraging results have also been associated with intranasal de-
livery, but research in this field is still at the beginning. Further research of auspicious approaches is inevitable.

1. Introduction

Organophosphates (OPs) are synthetic derivatives of phosphoric
and phosphonic acids (Bajgar, 2004). They have a number of applica-
tions in human society but are most commonly used as pesticides in
agriculture around the world (King and Aaron, 2015). OP pesticides
have been used because of their low environmental stability and high
insecticidal effectivity/toxicity, in comparison with for example, orga-
nochlorines such as DDT (Casida and Quistad, 1998). However, there
have been many cases of suicidal or unintentional pesticide poisonings,
a consequence of their widespread availability. Pesticides are known to
be responsible for thousands of deaths every year (Gunnell et al., 2007).

The militarized and highly toxic OPs, the so-called nerve agents
(NAs), are chemical warfare agents. The first described NA, tabun, was
discovered during research into the development of new OP insecticides
by German chemist Gerhard Schrader in the 1930s (Holmstedt, 1963).
Subsequently, a series of NAs known as G-agents (sarin and soman) was
developed by the Germans in the 1940s. After intense research on OPs
launched after WWIL, many compounds were developed to be used as
pesticides and, regrettably, also highly toxic OPs were developed as
chemical warfare agents (e.g. VX agent) (Ghosh and Newman, 1955).
Later, a group of super-toxic agents called Novichok was developed by

the Russians (Zoltani, 2009). Novichok agents were almost unknown
until recently, when it seems that a member of this group was used for
assassination purposes in Great Britain. These agents are thought to be
extremely toxic and stable in the environment, and undetectable by
standard detection tools. They are designed to be deployed as a binary
mixture when the lethal agent arises from the precursors after mixing.

From a historical point of view, OPs have been misused in several
conflicts. In the 1980s the NAs were used in the Iran-Iraq war against
Iranian troops and the Kurdish population in Northern Iraq (Riley,
2003). Later, in 1995 sarin was released by a Japanese cult in a re-
sidential area in Matsumoto, and against civilians in the Tokyo subway.
It resulted in thousands of injuries and dozens of deaths (Yanagisawa
etal., 1995; Nagao et al., 1997). During the Syrian civil war in 2013, a
sarin attack killed more than 1400 people (King and Aaron, 2015).
Recently, in February 2017, the half-brother of North Korea’s leader,
Kim Jong-nam was killed by highly toxic VX. The large amount of
stockpile and huge number of victims resulting from homicidal use of
these agents led to establishment of the Chemical Weapons Convention
(King and Aaron, 2015; Worek et al., 2016a,b) in 1997, prohibiting the
storage, use and development of chemical weapons. Most countries
have signed this agreement, although some have not, e.g. Palestine,
North Korea, Egypt, Sudan. Despite the CWC, NAs still represent a big
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threat, and there is danger in using them in both civilian and military
settings (King and Aaron, 2015; Worek et al., 2016a).

2. OP mechanism of action

OPs are compounds affecting cholinergic neurotransmission. Due to
their inhibitory effect on acetylcholinesterase (AChE, E.C. 3.1.1.7), the
enzyme which degrades the neurotransmitter acetylcholine (ACh) at
neuronal synapses and neuromuscular junctions, OPs create acute
cholinergic crisis manifesting with muscarinic, nicotinic and central
symptoms. The effect of NAs is long-lasting, and depends on the time
and route of exposure. After the acute erisis, chronic toxicity may occur
due to neurological damage (Sidell, 1974; Abou-Donia, 1981).

The active site of AChE consists of three amino acid residues,
namely serine-histidine-glutamate, known as the catalytic triad of the
enzyme. Under physiological conditions AChE catalyzes the hydrolysis
of ACh. The nucleophilic serine binds ACh and splits it into acyl-serine
and choline. A histidine-activated water molecule then hydrolyses the
acyl-serine by nucleophilic attack to acetate and free enzyme (Quinn,
1987). The first step of the OP mechanism of action is the irreversible
phosphylation of the active site of AChE. The mechanism of action of
OPs (Fig. 1) somewhat mimics the initial step of ACh hydrolysis. The OP
enters the active site and covalently binds to the serine hydroxyl group.
The spontaneous hydrolysis of the phosphyl-enzyme is extremely slow
(from hours to days). However, the hydrolysis process can be facilitated
by reactivators (Masson and Lockridge, 2010; Mercey et al., 2012b). If
no spontaneous facilitated hydrolysis occurs, the enzyme-OP complex
may dealkylate and thereby be further stabilized. Such process is called
“aging”. Reactivation of the enzyme is possible until the “aged” con-
jugate is formed. Aging usually involves dealkylation of the alkoxy
group on the phosphorus atom, and formation of a salt bridge between
phosphonic anion and protonated histidine (Masson and Lockridge,
2010). The speed of formation of aged conjugates depends on the
structural features of each OP (from minutes to dozens of hours) (Worek
et al., 2004). When the AChE is inhibited, overstimulation of choli-
nergic receptors occurs and subsequently, the acute symptoms are
manifested (Maxwell et al., 2006).

Clinical manifestations can be divided by the site of action and la-
tency time. The acute intoxication of OPs escalates parasympathetic
activity via muscarinic receptors, resulting in the mnemonic SLUDGE
syndrome (salivation, lacrimation, urination, defecation, gastric secre-
tion and emesis) and miosis. Such syndrome is not life threatening but
the rising bronchorrhea and bradycardia can result in pulmonary
edema (Lee and Tai, 2001; Rusyniak and Nanagas, 2004). Excessive
nicotinic receptor stimulation at the neuromuscular junction causes
muscle fasciculation, cramping, weakness and/or paralysis (Wadia
et al., 1974). Paralysis of the breathing muscles may, in combination
with bronchoconstriction and central breathing depression, ultimately
lead to death by suffocation. The effect on the CNS occurs in the acute
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phase due to excessive nicotinic and muscarinic receptor stimulation in
the brain, and includes anxiety, restlessness, confusion, seizures and
coma. Other clinical effects are hyperglycemia (Meller et al., 1981),
metabolic acidosis, pancreatitis (Hsiao et al., 1996) and QT prolonga-
tion (Nogue et al., 2003). An intermediate syndrome (a myasthenia-like
syndrome) can occur 1-3 days after intoxication and involves muscle
weakness and may cause delayed respiratory failure (Senanayake and
Karalliedde, 1987; Sungur and Giiven, 2001; John et al., 2003). This
syndrome is also well-documented for OP insecticide poisoning, albeit
only in 30-40% cases of such poisoning manifest as intermediate syn-
drome (He et al., 1998). It has not been described for NAs, although
some similar muscle changes have been observed after tabun, soman
and sarin intoxication in experimental animals (Hughes et al., 1991).
Late symptoms are mostly represented by OP-induced delayed poly-
neuropathy (OPIDN) via phosphorylation and aging of the neuropathy
target esterase enzyme. OPIDN typically arises after higher dose ex-
posure to G-agents (Johnson and Glynn, 1995). Symptoms of OPIDN
manifest 1-4 weeks after intoxication and involve symmetrical weak-
ness in the limbs with subsequent paralysis, muscle cramping and pain
(Lotti et al, 1984). The long-term effect caused by neurotoxicity im-
pacts on the neuropsychological state, and manifests as deficits in the
areas of memory, concentration, problem solving and dexterity (Savage
et al.,, 1988). There have been several studies describing the causes of
late symptoms, including alkylation, oxidative stress, and neuronal cell
death (Abou-Donia and Lapadula, 1990; Pazdernik et al., 2001).
However, the exact mechanisms leading to these symptoms have not
yet been fully understood.

3. Therapy

The standard therapy for OP poisoning consists of a combination of
atropine, an oxime reactivator, and a benzodiazepine to simultaneously
support the vital functions (Antonijvic et al., 2002).

When OP poisoning is expected, prophylactic measures may be
taken. Such approach is based on the temporary block of AChE by re-
versible cholinesterase inhibitors, the administration of antidotes, or a
combination of both (Bajgar, 2004). The mechanism of action is based
on protection of the active site of AChE from phosphylation by the OP
agent. When a reversible inhibitor or pseudo-irreversible inhibitor
binds the enzyme, part of the enzyme pool remains hidden from the
phosphylating agent during the acute phase of intoxication (Eckert
et al, 2006, 2007). The use of carbamates (e.g. pyridostigmine bro-
mide) has shown a prophylactic effect against intoxication, especially in
combination with anticholinergics such as benactyzine or trihex-
yphenidyl for reduction of side effects and protection of the central
compartment. Another possibility for prophylaxis is based on biosca-
venger administration. A bioscavenger is an exogenous enzyme which
neutralizes or binds the OP in the blood stream (Masson and Lockridge,
2010; Nachon et al, 2013). The catalytic bioscavengers cleave the
o
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Fig. 1. Mechanism of AChE inhibition by nerve agent including the process of aging. The recovery of enzyme activity by oximate (oxime active form) is outlined

below.
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phosphorus-ester bond. Human paraoxonase (PON1) and bacterial
phosphotriesterase (PTE) are typical representatives of such esterases
(Masson and Lockridge, 2010). These enzymes are esterases capable of
hydrolyzing the OP-enzyme complex repeatedly. On the other hand,
stoichiometric bioscavengers (human AChE and BChE) are only able to
bind NAs irreversibly in the stoichiometric 1:1 ratio. Their utility can be
further improved by using them in combination with an oxime re-
activator, thus restoring the native enzyme function and simultaneously
ensuring repeated use of each molecule of the scavenger. The latter
approach is called pseudo-catalytic bioscavenging (Kovarik et al., 2010;
Worek et al., 2016b). The concept of bioscavengers in any form re-
presents a huge potential in the therapy of OP intoxication, even as a
post-exposure therapy (Rice et al., 2016; Mann et al.,, 2018). However,
their introduction is still hampered by costly production, im-
munogenicity, interspecies diversity and the risk of infection (Trovaslet-
Leroy et al.,, 2011). These problems could be solved by the production
of BChE by isolation from transgenic plants (e.g. Nicotiana benthamiana)
(Alkanaimsh et al., 2016).

Anticonvulsants are used for controlling the seizures as they reduce
neural damage, and prevent respiratory failure and death (Dickson
et al.,, 2003). The most common anticonvulsants are benzodiazepines,
e.g. diazepam, and are considered as the first-line therapy of seizures
induced by OPs. Besides protecting against brain damage, they relieve
agitation and/or anxiety in the vietim (Marrs, 1993).

The only causal antidotes of OP poisoning are the oxime re-
activators. On the other hand, symptomatic relief can be achieved only
via administration of anticholinergics. Anticholinergics are drugs which
antagonize the effect of accumulated ACh at the cholinergic synapses
and neuromuscular junctions. Atropine is the most commonly used drug
in the treatment of human poisoning and it has been the foundation of
antidotal treatment since the 1950s (Eddleston and Chowdhury, 2016).
It has an effect mostly on the muscarinic receptors, thereby restoring
cardiopulmonary function, Nevertheless, it offers no protection from
nicotinic symptoms. Furthermore, atropine crosses the blood-brain
barrier (BBB) slowly and therefore the ability to protect the brain from
the fast and deleterious action of NAs is limited (Ketchum et al., 1973).
Although other anticholinergics, such as scopolamine, benactyzine and
biperiden, effective on the CNS, are available, they are not widely used
in practice (Kassa, 2002).

As previously mentioned, causal treatment is represented by the
cholinesterase reactivators. Typical of this group are the oxime-based
reactivators. The oxime moiety acts as a nucleophile that attacks the
electron-deficient phosphorus atom irreversibly bound to the active site
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Fig. 2. The cerebral endothelial cells have two types of con-
nection. Tight junctions (TJ) consist of three integral mem-
brane proteins (claudin, occludin and junction adhesion mo-
lecules), together with cytoplasmic accessory proteins (zonula
occludens (Z0), cingulin and others) which bind TJ to the
actin, the primary cytoskeleton protein providing structural
support to the ECs. Adherens junctions (AJ) form adhesive
contact between cells. The most important protein is cadherin
which connects the actin cytoskeleton via catenins (Ueno,
2007).

of the serine hydroxyl residue. Inhibited AChE reactivates sponta-
neously, but extremely slowly (Eddleston et al., 2008). Oximes speed up
this process. Currently, pralidoxime and obidoxime are used clinically,
whereas trimedoxime, methoxime, and asoxime (HI-6), are used in the
field conditions and are country-specific. However, several drawbacks
are still associated with oxime therapy: 1) They reactivate AChE mostly
in the peripheral tissue, as their permanent positive charge restrains
them from crossing the BBB. 2) There is no broad-spectrum reactivator
suitable for the whole range of OPs, since the different architectures of
the various OP-AChE complexes are not vulnerable to a single universal
antidote (Shih et al.,, 2012; Mercey et al.,, 2012b; Korabecny et al.,
2014). 3) The aged AChE-inhibitor complex cannot be reactivated by
oximes. 4) The use of some oximes is limited by the rebound phe-
nomenon, i.e. re-inhibition of AChE by phosphylated oxime (Maxwell
et al,, 2013). Hence the current research in the field is focused on the
search for a reactivator with the most versatile if not universal appli-
cation, and which is highly effective and centrally available. The re-
ported spectrum of efficacy of individual marketed oxime reactivators is
often hampered by differences in AChE species, experimental condi-
tions and protocols used by different labs. The spectrum of efficacy of
oxime reactivators is beyond the scope of this review and the readers
are kindly referred elsewhere, e.g. (Kassa, 2002; Worek et al., 2002).

4. The BBB morphology and physiology and methods for
evaluation of oxime penetration through it

The central compartment is endangered by organophosphates be-
cause their lipophilic nature enables them to cross the BBB readily,
whereas oxime reactivators do not cross or do so slowly.

The brain (extracellular fluid in the brain) and the blood are sepa-
rated by barriers which protect the brain from xenobiotics. Specifically,
there are two barriers 1) BBB, and 2) blood-cerebrospinal fluid (CSF)
barrier followed by the CSF-brain interface. The most important is the
BBB which separates the blood in the brain capillaries from the brain
parenchyma. The BBB (Fig. 2) has a dual function, acting as a pro-
phylactic barrier but also possessing a carrier function. It is formed by a
line of endothelial cells adjacent to basal lamina. This line fits tightly to
the perivascular pericytes and astrocytes. Endothelial cells in the brain
differ from those found in most other organs in two important ways: I)
In most of the body s vessels transcellular transport is very non-specific
and mediated by receptors; and II) body vessels have fenestrations, so
that passive diffusion of low molecular-weight substances can proceed
via a paracellular path between two neighboring cells. In contrast, the
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endothelial cells in the brain create tight junctions (TJ), the absence of
fenestrations avoids paracellular transport, and the transcellular
transport is mediated by specific transporters and is very limited. The
cells also contain a high number of mitochondria providing high me-
tabolic activity. Because of the presence of the TJ, the only pathway
through the BBB is by transcellular passage through the two membranes
via passive diffusion or transporter-mediated crossing. The phospho-
lipid membrane is typically permeable for small lipophilic and gaseous
molecules. The molecular weight and degree of ionization are crucial
factors for crossing (Abbott et al, 2006; Wilhelm et al., 2014). Small
ions get into the brain poorly because of high transendothelial re-
sistance in the brain endothelium. Therefore, it is obvious that per-
manently-charged and hydrophilic molecules such as oximes barely
cross the BBB and are unable to reach a therapeutically relevant con-
centration (Lorke et al., 2008).

It has been reported that the currently-used oximes can penetrate
the BBB, but only about 4-10% of the plasma level, and this is unlikely
to be sufficient to protect the brain against OPs (Lorke et al., 2008).
Others have reported even less permeation, in a range of 0-3%
(Zddrova Karasova et al., 2014).

To enhance the distribution of oxime reactivators to the central
compartment, different strategies have been investigated and are
summarized here.

5. General approaches to overcome the blood-brain barrier

Since 90% of small and 100% of large molecules cannot get into the
brain, overcoming or bypassing the BBB is one of the major goals for
drugs targeting the CNS (Pardridge, 2005). Accordingly, many ap-
proaches have been put forward, but none of them is fully versatile and
applicable for every case. Some of the emerged strategies mentioned
below (Fig. 3) seem promising, but further research is still needed.

Osmotic, chemical and other types of BBB disruption are all stra-
tegies to enhance paracellular transport. Osmotic agents (e.g. mannitol)
cause widening of the TJs and thus enable paracellular transport into
the brain (Rapoport and Robinson, 1986). However, this approach has
serious side effects resulting in brain edema, with neurotoxic compo-
nents entering from the blood to the brain (Nadal et al., 1995). Che-
mical disruption of the BBB by vasoactive agents (e.g. alkylglycerols,
bradykinin) induces temporary inflaimmation in endothelial cells and
thus opens the BBB for a certain time (Lee et al., 2002). However, there
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is also the risk of infiltration of undesirable toxic substances to the
brain. One unique delivery approach used focused ultrasound to disrupt
the BBB to enable drug passage, but this method requires highly so-
phisticated instrumentation and software (Sheikov et al., 2008). Cell-
based drug delivery has not yet been tested for oximes. In this ap-
proach, immune cells migrate into the CNS via an inflammation-
mediated pathway. They cross the BBB by diapedesis into the sites of
inflammation and the attached drug passes along these cells. The main
drawbacks are toxicity of the cargo to the cell carrier, and controlling
the uptake and release of the drug to achieve a therapeutic con-
centration (Zhang et al., 2015). This approach is in contrast with the
nature of antidotes which need timely administration, sometimes under
field conditions, from an autoinjector.

So far, the most promising trend for getting oximes to the brain is by
enhancing transcellular transport, and includes the use of prodrugs,
increasing lipophilicity, or by using receptor-mediated transcytosis.
Receptor-mediated transcytosis plays an essential role by using nano-
particles or glucose modification of oximes deseribed below. Bypassing
the BBB altogether is also a way that should be given attention, and
below we deseribe intranasal delivery, and also convection-enhanced
delivery (CED) and microchips.

5.1. The use of nanoparticles

One of the recent modermn strategies for transportation of a drug inte
the brain is by using nanoparticles (NPs). Their small size allows a wide
application in medicine and biology. Current research trends in this
field lead to sensing, imaging and characterization of biological pro-
cesses in cells as well as drug delivery; for review see e.g. (Wang and
Wang, 2014). The use of nanocarriers enhances the transport of a drug
into the brain, may protect the drug against enzymatic degradation, and
enables slow release of the drug. NPs can be of natural or synthetic
origin, and the size of NPs does not exceed 1000 nm. Although natural
NPs show lower toxicity than synthetic ones, the natural NPs are
hampered by fast biodegradation, batch-to-batch variability, and poor
tracking capacity. The synthetics are not so quickly degraded, and on
the contrary, may cause some toxicity or may aggregate in the blood
(Kreuter et al., 1995). How do the nanocarriers reach the target area in
the brain? In general, after intravenous administration the particles
migrate in the blood stream and then through the BBB by a variety of
examples of endocytosis (Saraiva et al., 2016). The passage mechanism
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Fig. 3. Some strategies for overcoming the BBB. Enhancement of paracellular transport includes osmotic, chemical and ultrasound disruption. Transcellular crossing
can be augmented by way of receptor-mediated transcytosis, nanoparticle formulation, or a cell-mediated way to overcome the membrane (Hersh et al., 2016).
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across the BBB depends on the physicochemical properties of nano-
carriers and the nature of the ligands which have been conjugated to
the NPs to ensure BBB penetration. There are ligands mediating ab-
sorption (apolipoproteins), or directly interacting with a receptor or
transporter (transferrin) in the BBB; ligands can reduce charge and
increase hydrophobicity (amphiphilic peptides), or improve blood cir-
culating time (polyethylene glycol, PEG) (Guerrero et al., 2010; Lin
et al., 2013). The final destination of almost all NPs is the en-
dolysosomal system where the drugs are released from the NPs.

HSA (human serum albumin) NPs are well tolerated and exert only
marginal or no side effects. Modifications of HSA NPs can lead to spe-
cific receptor-mediated uptake. In the field of oxime reactivators, the
transport of HI-6 bound on HSA NPs has been tested. The HI-6-loaded
NPs were well transported through the endothelial cell model and the
reactivation of brain AChE was two times higher than for free HI-6.
Furthermore, the HSA NPs carrying HI-6 were reported to have an
improved shelf life when freeze-dried, retaining the high effectiveness
of the oxime (Dadparvar et al., 2011, 2014). Another study described an
enhanced transport of HI-6 salts and obidoxime, both bound on HSA
NPs, on a primary porcine brain capillary endothelial cell (pBCEC)
model. In this case, the reactivation of OP-inhibited AChE was higher
than for free oximes (Wagner et al., 2010).

The mechanism of the NP-drug transport through the BBB has not
been sufficiently elucidated so far. However, it has been hypothesized
that shortly after administration of the HSA NP conjugates, the blood-
stream apolipoproteins (Apo) are adsorbed on to the surface of the NPs,
transferred by endocytosis to the endothelium, and subsequently re-
cognized by the transport mechanism for lipoproteins and transported
into the brain. Interestingly, two different modifications of HSA nano-
particles, ApoE-modified and PEGylated, have been prepared. The
ApoE-modified have shown better BBB penetration, while the
PEGylated have been found to be accumulated in the endothelial cells
without reaching the brain (Wagner et al., 2012).

Solid lipid nanoparticles (SLNs) with encapsulated 2-PAM were used
for the protection and postexposure treatment of paraoxon-poisoned
rats. The same dose (5mg/kg i.v.) of free 2-PAM and PAM-SLNs were
applied 1h after paraoxon (POX) intoxication (0.8 X LDsy of POX;
600 pg/kg, i.p.). Free 2-PAM cannot reactivate brain AChE but 2-
PAM — SLNs reactivated 15% of brain AChE activity. In contrast to free
2-PAM, the elimination half-life was 6-fold higher in plasma, which
may support better penetration to the brain. The level of encapsulated
2-PAM in the brain tissue was two times higher compared to the free
fraction of 2-PAM. However, 2-PAM — SLNs had a concentration peak
at 45 min which indicates the delayed penetration of quaternary oxime
through the BBB. Because of the delayed penetration of encapsulated
oxime into the brain, 2-PAM-loaded SLNs should be more effective as
pretreatment of OP poisoning rather than post-exposure emergency
treatment. Pre-treatment with 2-PAM-loaded SLNs 45 min before in-
jection of 2 x LDsp of POX prevented mortality in 50% rats, in contrast
to 10% rats with free 2-PAM pretreatment. 2-PAM-loaded SLNs should
be also very effective in delayed postexposure treatment for reactiva-
tion of AChE (Pashirova et al., 2017).

Yang and colleagues described NPs with a mesoporous silica core
(MSNs) and a transferrin (TF) shell. The TF receptor is highly expressed
on the BBB surface and it was proposed that TF-MSNs could cross the
BBB by a receptor-mediated transport mechanism. With this premise in
mind, HI-6 was conjugated with TF-MSNs. The study carried out in
zebrafish and mice revealed rapid permeation through the BBB showing
20% of brain AChE recovery after intoxication by soman. This value is
much higher than that found for HI-6 (" 3%), which was only effective
in the peripheral circulation (Yang et al., 2016).

The promising results are however hampered by several drawbacks
and limitations of the NP-based drug delivery concept. The design and
process of production are very expensive and complicated, the main
issues being related to low drug-loading capacity, low loading effi-
ciency, and poor ability to control the size of the NPs. Furthermore,
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there are a large number of undesirable interactions of NPs in the body
such as toxic and allergic reactions. Other limitations are the accumu-
lation of particles associated with hampered elimination, or on the
other hand their very rapid degradation (Wilczewska et al., 2012).

5.2. Inhibition of P-glycoprotein

This approach builds on the fact that some oxime reactivators are P-
glycoprotein (Pgp) substrates. The Pgp, an active efflux transporter, is
located at the luminal membrane of endothelial cells and its inhibition
may be another approach to increase the brain level of oxime. One Pgp
inhibition study on rats using tariquidar, a non-competitive inhibitor of
Pgp, resulted in twice the level of HI-6 in the brain after 1 h compared
to control rats. Interestingly, the plasma level of HI-6 remained the
same in both groups (Joosen et al.,, 2011). Further, the soman-inhibited
AChE showed double the activity in the rat brain pre-treated with
tariquidar and a combination of HI-6 and atropine in comparison to rats
pre-treated only with HI-6 and atropine. However, it is not clear whe-
ther the effect on the CNS in the presence of tariquidar was the result of
an increase in the effect of atropine (it was found to be a substrate for
Pgp too) or HI-6, or a combination of both (Joosen et al.,, 2016). It must
be also mentioned that not all the reactivators are Pgp substrates. A
study inspecting the penetration of 2-PAM through Madin-Darby canine
kidney (MDCKID) cells, and stem cell-derived human brain micro-
vascular endothelial cells (BC1-hBMECs) expressing Pgp, claimed that
2-PAM is not a Pgp substrate (Gallagher et al., 2016). Thus, the co-
application of 2-PAM with tariquidar will presumably have no effect on
brain-AChE recovery.

5.3. Increasing the lipophilicity

Increasing a compound’s lipophilicity is another possible route to
improved penetration into the brain.

The synthesis of analogues of 2-PAM with a longer chain on the
charged nitrogen instead of methyl to enhance lipophilicity led to
compounds with improved penetration through the BBB. A penetration
ratio of 30% was determined by in vive rat microdialysis, but the re-
activation efficacy was two times lower than that of the parent 2-PAM,
and the usefulness of these compounds was further limited by their
significant toxicity (Okuno et al., 2008).

The incorporation of a fluorine atom into the heterocyclic ring of
pyridinium oximes led to increased lipophilicity and better penetration
through the BBB. Membrane permeability measurements using the
parallel artificial membrane permeability assay (PAMPA) method
showed that permeability positively correlates with the number of
fluorine atoms. The value of log Pe for the bis-fluorinated oxime (-6.2)
was better than that for the mono-fluorinated oxime (-6.7), and both
values were better than for the standards propranolol (-5.1) and war-
farin (-6.0) (Jeong et al., 2009).

The efficacy of fluorinated analogues of oxime K203 to reactivate
tabun-inhibited AChE was compared to that of oxime K203, a structu-
rally-suitable reactivator for replenishing AChE activity after tabun
exposure. K203 itself possesses poor penetration into the brain, whereas
it was estimated that its fluorinated analogue would have higher brain
bioavailability and thus an improved reactivation profile.
Unfortunately, neither the BBB penetration nor the reactivation efficacy
was better than for K203 (Kassa et al., 2010).

Some other studies have described other lipophilic analogs of re-
activators, such as phenoxyalkyl pyridinium oximes, which have a
better reactivation potential in the CNS. In vivo tests on rats after sarin
and VX swrrogates administration displayed a higher reduction in sei-
zures in comparison to 2-PAM (Chambers et al., 2016). However, in
general, increasing lipophilicity and improved BBB permeability go
hand-in-hand with higher neurotoxicity risk, poor solubility and off-
targeting (Amott and Planey, 2012; Voicu et al., 2016).
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5.4. Sugar modification

Sugar-oxime conjugates could be potentially transported across the
BBB by facilitative glucose transporters which can recognize the sugar.
Specifically, transporter GLUT-1 is necessary for CNS functioning as it
supplies the brain with D-glucose. This relatively non-specific trans-
porter of hexoses is localized at both luminal (blood) and abluminal
(brain) sides of the BBB (Cornford and Hyman, 2005). Bearing this in
mind, conjugates of glucose or galactose with 2-PAM and TMB-4 were
developed. The expected transport was partially confirmed in the study
which demonstrated the attenuation of paraoxon-induced hypothermia
in rats, indicating a central effect of sugar-oximes. A mechanism for this
central effect was probably higher bioavailability, but transport by the
glucose transporter was not confirmed (Rachaman et al, 1979
Heldman et al., 1986). These conjugates also showed less toxicity than
the parent oximes. The reactivation activity achieved slightly lower
values than 2-PAM in human AChE after POX, diisopropylfluoropho-
sphate (DFP), and VX-inhibited AChE (Garcia et al., 2010). The com-
pounds were ineffective in the case of tabun, sarin and soman AChE
exposure. It should be pointed out that the potential of carrier trans-
porters in facilitating brain transport would be limited, due to the fact
that the presence of the sugar may result in many interactions with the
host biological environment, such as erythrocytes and plasma compo-
nents.

5.5. Prodrug

A prodrug method of transport into the brain has been described for
2-PAM, where an uncharged form, so-called pro-2-PAM, was synthe-
sized to improve penetration through the BBB. After penetration, pro-2-
PAM undergoes oxidation in the brain to produce active quaternary 2-
PAM. Efficacy against DFP-exposed animals led to suppression and even
elimination of seizures (Gordon et al. 2008). However, the ability to
reduce the seizures after NA poisoning (sarin, VX and cyclosarin) in
guinea pigs was not as high as expected. In the case of sarin and VX,
pro-2-PAM was found to provide moderate reactivation of guinea pig
cholinesterase in the CNS, whilst for cyclosarin it was completely in-
active (Shih et al. 2011). Potential practical use is further complicated
by difficult synthesis and low stability due to autcoxidation (DeMar
et al. 2010).

5.6. Uncharged reactivators

All the marketed reactivators are well-known charged pyridinium-
based compounds, with very limited permeability through the BBB. A
more recent hypothesis presumes that uncharged reactivators penetrate
the BBB more easily. Pioneering work is related to neutral tertiary
oximes MINA and DAM, which cross the BBB very well, but their re-
activating potency was much lower than that of quaternary oximes.
Moreover, higher doses led to toxicity, probably caused by the cyanide
breakdown product of MINA (Askew, 1956; Shih et al., 2012).

The AChE dual site binding strategy is based on the ligand interaction
with both anionic sub-sites of AChE, namely with the peripheral anionic
site (PAS), where the so-called peripheral site ligand ensures anchoring
of the reactivator, and with the catalytic anionic site (CAS), where the
pyridinealdoxime is buried deep down ensuring reactivation (Mercey
et al., 2011; Gorecki et al., 2016). Built upon this hypothesis, the very
first study reported an uncharged reactivator consisting of phenylte-
trahydroisoquinoline attached to pyridinealdoxime. Good reactivation
potency was shown in several subsequent studies against tabun- and
VX-inhibited AChE in vitro (Mercey et al., 2012a; Renou et al., 2013,
2014; Kliachyna et al,, 2014), but in vivo experiment in the mouse
model has not confirmed the preliminary in vitro results, with HI-6
completely overwhelming its activity (Calas et al., 2017). The linkage of
the phenyltetrahydroisoquinoline moiety to imidazolium aldoxime
displayed good reactivation in comparison with standard reactivators in
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vitro, but in vivo data are missing (Wei et al., 2014). A new series fol-
lowing up on the imidazolium aldoximes, involved zwitterionic tertiary
amine analogues (Radi¢ et al., 2012; Kovarik et al.,, 2013). These
zwitterionic compounds rely on the equilibrium of charged and un-
charged states of the molecule, with the presumption that the un-
charged form could cross the BBB. Low toxicity, good overall CNS
availability and good reactivation efficacy make these compounds some
of the most promising antidotes. However, notwithstanding good effi-
caey in vitro, their potency was comparable only with 2-PAM (Sit et al.,
2011; Gorecki et al., 2017). The lead compound RS194b was tested in
macaques after paraoxon and sarin administration, and provided at-
tenuation of cholinergic symptoms after both (Rosenberg et al., 2017,
2018). Moderate efficacy was reported for an amidine-oxime series
which exerted only negligible reactivation comparable to 2-PAM at
mice and guinea pigs (Cashman and Kalisiak, 2017).

A study by Soukup et al. compared a group of standard quaternary
reactivators and representatives of uncharged ones in vitro. It has been
suggested that increased lipophilicity may be desirable for CNS pene-
tration, but at the expense of reactivating capacity, toxicity and pro-
blems with parenteral in vive administration due to low solubility. The
higher affinity of uncharged reactivators to AChE can also be harmful in
terms of reverse inhibition by the reactivators themselves. An increased
affinity to AChE is acceptable only in the case of a superior reactivation
effect, which was not observed in this study (Soukup et al., 2018).

5.7. Intranasal delivery

A partially divergent approach by direct application of drugs by-
passing the BBB entirely involves intranasal delivery. Within this con-
text, also to be taken into account are other methods including some
initially developed for the treatment of brain tumours, such as con-
vection-enhanced delivery (CED) or microchips (Debinski and Tatter,
2009; Mangraviti et al.,, 2015). These methods require extremely in-
vasive surgical procedures and their versatility and applicability are
limited (Hersh et al., 2016).

Intranasal delivery enables bypassing of the BBB thanks to the direct
connections of the olfactory and trigeminal nerves between the nose
and brain (Hanson and Frey, 2008). According to existing research,
pathways involving neuronal connection, the lymphatie system, cere-
brospinal fluid, and the vasculature are interconnected in the transport
from the nasal cavity to the brain (Dhuria et al., 2010). Intranasal ap-
plication of obidoxime to paraoxon-poisoned rats completely prevented
mortality and reduced the severity and duration of seizures (Krishnan
et al., 2016). Thus, this means of delivery seems to be a very promising
notion. While many drugs do reach their target in the brain (e.g. in-
sulin, cocaine, morphine), others have been unsuccessful (e.g. estrogen,
vitamin B1, melatonin) (Dhuria et al., 2010). However, intranasal de-
livery enabling permeation te the brain is not as simple as “spray into
the nose”. There are still obstacles, which result in hardly reproducible
levels of the delivered drug in man. Application of the drug to the nasal
cavity needs to be very site-specific to reach the olfactory mucosa, re-
quires specific formulation not to be eliminated by mucociliary clear-
eance. Variation in dosing is also worsen by the fact that the anatomy of
individual nasal cavities is different. Therefore, administration techni-
ques display a broad variation and need to be tailored to the individual
anatomical characteristics (Ganger and Schindowski, 2018).

6. Conclusion and expert opinion

Since their discovery in the early 1930s, organophosphorus com-
pounds are still notoriously employed in acts of terrorism as well as in
high-profile assassinations. Current research devoted to antidotes for
OP intoxication still aims to find a novel universal lead candidate that
can be applied irrespective of the actual toxic agent. Until such time the
novel lead is discovered, we have to rely on the currently-available
antidotes represented by pyridinium aldoximes. They are well-known
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to be encumbered by several drawbacks, out of which the most pro-
nounced is their low BBB permeability. In respect with this considera-
tion, in the presented review we have made a thorough summary of the
recent directions to research seeking or improving the delivery of
pyridinium aldoximes to reach higher levels in the brain. Out of these
methods, nanoparticles represent a quite effective and perspective way
of getting oximes into the brain. Unfortunately, the design and pro-
duction of nanoparticles are neither a cheap nor an easy task, not-
withstanding that many types of NPs also may have a toxic effect in the
body. The use of prodrugs and sugar-oximes was rather unsuccessful.
The necessary reactivation level was not achieved in animal models,
and their penetration into the brain was not much improved comparing
with conventional reactivators. Lipophilicity enhancement by either
chemical modification of charged, or designing uncharged reactivators,
seems to be an auspicious way of targeting the brain. However, higher
lipophilicity is associated with an increased risk of adverse effects, an
accumulation of the drug in adipose tissue, off-targeting, and, most
importantly, low reactivation potency. Another issue of note is the low
solubility profile of these agents, impeding further in vivo studies and
potential parenteral use. To date, the zwitterionic compound RS194B
seems to be the most promising agent, even if only on non-human
primates. The intranasal route of administration is also very promising,
but more in-depth research is urgently needed to confirm the validity of
preliminary data and also to solve the issues coined to intranasal de-
livery, mainly dosing variability.

In our opinion, several approaches to resolve the issue of reactivator
delivery to the CNS has been described, however none of these reached
clinical use so far. Antidotal, life-saving nature requirements must be
always borne in mind and the fast onset and “easy to handle” admin-
istration in the field conditions needs to be stressed out. Protection of
the brain is definitely important, on the other hand, reaching high le-
vels of centrally-active reactivators may be the culprit for neurotoxicity,
especially when reactivator shows higher affinity to native AChE over
AChE-OP-inhibited complex (Mercey et al., 2012b; McHardy et al.,
2017). This is quite often seen in case of tertiary reactivators. It is
known that standard quaternary reactivators cross the BBB in 1-3%,
which seems to be too low. On the contrary, it has been shown in case
of other drugs, that such a low fraction in the brain might be still very
effective (Gunther et al., 2019). Therefore, it is questionable whether
enforced brain delivery is really needed considering the fact, that there
is a variety of already marketed neuroprotective drugs, which may
potentiate oxime reactivator’s therapeutic effect in the brain once ap-
plied in time. Despite of the mentioned facts above we still believe that
improving availability of oximes in the brain is a valid approach,
highlighting either intranasal application or compounds which them-
selves or due to their formulation in vivo readily cross the BBB are hot
topic in the field. Nevertheless, suitable combination of known drugs
(parasympatolytics, antiglutamatergic and gabaergic agents ideally
combined with scavenger and oxime reactivator) is also a valid ap-
proach decreasing the neurotoxicity associated with OP poisoning.
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ARTICLE INFO ABSTRACT

Keywards: Profiling blood-brain barrier permeability of bioactive molecule is an important issue in early drug development,

Capillary electrophoresis being a part of the optimization process of a compound's physicochemical properties, and hence pharmacoki-

Liposomes netic profile. The study aimed to develop and optimize a new in vitro method for assessment of the compound's

E';:i:;‘:: barrier brain penetration. The tool is proposed as an alternative to the PAMPA-BBB (Parallel Artificial Membrane
ity

Permeability Assay for Blood-Brain Barrier) and based on a capillary electrochromatography (CEC) technique. It
utilizes liposomes as structural substitutes of biological membranes, which are used as a capillary inner wall
coating material. Following optimization of analysis conditions, migration times for a set of 25 reference drugs
(mainly non-ionized in pH 7.4) were examined in a liposome coated capillary. On that basis, the retention factor
(log k) was determined for each reference drug. Obtained log k values and experimentally received reference
permeability parameters: log BB (in viw data) and log P. (PAMPA-BBB data) were compared with one another.
Correlation coefficients were calculated, giving comparable results for CEC log k/log BB and analogical PAMPA-
BBB log P./log BB analyses. Approximate ranges of log k for the central nervous system (CNS) permeable (CNS
(+)) and non-permeable (CNS(—)) drugs were established.

Passive diffusion

1. Introduction

The drug development process requires both the evaluation of the
pharmacological activity of a newly synthesized molecule and the op-
timization of its pharmacokinetic profile, defined mostly by physico-
chemical properties. Optimal physicochemical properties determine a
compound's permeability through biological membranes, affecting all
ADMET processes (absorption, distribution, metabolism, excretion, and
toxicity). Interaction between a bioactive molecule and the biological
membrane is essential in terms of both, its absorption from the gas-
trointestinal tract and its penetration through the other barriers in the
body, including the particularly important blood-brain barrier (BBB).
For potential central nervous system (CNS) drugs, profiling their BBB
permeability is crucial for the further development of these molecules.
A drug intended to interact with its target (receptor, enzyme or other)
located in CNS must cross the BBB to induce the desired activity. A
compound that lacks optimal physicochemical properties determining
brain penetration is usually disqualified, even despite the strong in vitro

activity toward its biological target. Information about BBB perme-
ability at the early stage of the new molecule development process al-
lows modification of the potential drug structure for its better CNS
exposure. Brain penetration is important not only for drugs acting
within the CNS; it is also essential for peripherally active compounds
due to their possible adverse brain-related effects.

BBB is the continuous layer formed by the brain endothelial cells of
brain capillaries. Transport through the endothelium is highly restricted
because of the presence of complex tight junctions between the cells of
the capillary wall, but also due to the active efflux transporters, mainly
P-glycoprotein (P-gp, MDR1) [1,2]. The main function of the im-
permeability of BBB for many compounds is to protect the brain from
the potentially toxic substances, and also to maintain a constant in-
ternal environment optimal for neuronal function. Thanks to the BBB,
the composition of the extracellular fluid is quite independent of the
composition of the circulating blood [3]. Penetration of the com pounds
through the BBB is carried out exclusively by transcellular passive
diffusion or transcellular active/facilitated transport.
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To date, many diverse techniques have been utilized to quantify and
assess the compounds' BBB permeability [4-18]. In general, these are in
vivo, in vitro and in silico methods. In vivo techniques, usually performed
to obtain the log BB (logarithm of brain and blood drug concentration
ratio measured in a steady-state) or log PS (logarithm of the perme-
ability-surface area coefficient) permeability parameters, provide re-
sults based on the real physiological conditions. However, in vivo
measurements are complex, expensive, time-consuming, require ani-
mals and surgical expertise as well as a large amount of highly pure test
compounds. To achieve a high throughput requirement and simulta-
neously to reduce the use of animal models, in vitro and in silico methods
have been proposed extensively in the recent few decades. In silico
techniques, often based on the quantitative structure-activity relation-
ship and software calculations have become popular for BBB perme-
ability prediction due to their many advantages. These are low cost,
short time of analysis, environment-friendly character and high
throughput; yet still some disadvantages limit the use of the in silico
models in the drug discovery pipeline. The main point is that these
methods involve a large number of molecular descriptors and compli-
cated calculations, still being unable to take into account all the phy-
siological processes occurring in vivo. As a result, experimental data and
in vitro models are still more desired. Often, experimentally obtained in
vitro permeability values are combined with caleulated molecular de-
scriptors related to CNS permeability, to achieve better prediction of
drug-membrane transport. In vitro strategies utilize cell-based and non-
cell-based assays. There are several in vitro cell-based methods for the
assessment of both passive diffusion and active transport of compounds
through the BBB. The best of these are those based on primary cultures
of brain capillary endothelial cells, but surrogate BBB models based on
non-cerebral cell lines are also often utilized. Surrogate BBB madels
employ epithelial-like cells, such as Madin-Darby Canine Kidney cells
transfected with the human MDR1 gene (MDCK-MDR1 permeability
assay) and the human colorectal adenocarcinoma cell line (Caco-2
permeability assay) [19,20]. However, methods predicting drug BBB
passive and facilitated permeability, investigating possible influx and/
or efflux ratios are costly and time-consuming and are not necessary for
simple passive diffusion studies in the early phase of drug research for
screening compounds. Besides, most CNS drugs, predominantly char-
acterized as small molecules, are transported into the brain mainly
through the passive diffusion [1,3,4,21]. Therefore, in vitro non-cell-
based passive diffusion permeability assays are routinely performed at
the early CNS drug development stage. Among these methods, separa-
tion techniques, as well as the Parallel Artificial Membrane Perme-
ability Assay for Blood-Brain Barrier (PAMPA-BBB), are utilized for BBB
permeability assessment. Separation methods include chromatographic
and electrophoretic strategies, both of which meet low cost, high
throughput, and high reproducibility criteria. In recent years many
research groups have proposed their concepts of modeling drug-mem-
brane transport based on chromatographic principles. Simple reversed-
phase thin layer chromatography (RP-TLC) based model as well as the
methods focused on the reversed-phase high-performance liquid chro-
matography (RP-HPLC) have been developed to obtain experimental
retention parameters [5]. Often, experimental results have been com-
bined with computed molecular descriptors [5,10,11]. To improve the
model of a biological membrane, standard HPLC stationary phases have
been replaced with immobilized artificial membranes (IAM) and uti-
lized for brain permeability studies [12,13]. Also, microemulsion liquid
chromatography (MELC) [14-16], as well as micellar liquid chroma-
tography (MLC) [5,15] and a variant of MLC named biopartitioning
micellar chromatography (BMC) [17] have been proposed, using mi-
celles buffer solutions and microemulsions as mobile phases of a
chromatographic system to more closely mimic the analytes - mem-
branes interactions. G. Russo et al. [18] combined compounds’ exposed
polarity measured experimentally by supercritical fluid chromato-
graphy (SFC) with in silico calculated water-accessible surface area
values and other descriptors to model the uptake of drugs through the
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BBB. Despite many advantages of LC-based methods, including high
throughput and excellent repeatability of results, some limitations have
also been reported. These are high consumption of organic solvents
affecting the cost of analyses and often the requirement of the addition
of in silico descriptors to the experimentally obtained permeability
parameters (X. Subirats et al. work [14] is an exception here). In the
case of IAM-based methods, utilized artificial membranes possess the
monolayer structure. As a result, the test compounds only bind to them
and do not pass through the membranes, unlike physiological condi-
tions. In the last years the in vitro electromigration models, based on the
capillary electrophoresis (CE), have been gaining importance in terms
of the application for BBB permeability studies. CE is an analytical
technique based on the separation principles; the analytes are separated
under the influence of the applied voltage, according to their charge,
mass, and structure. Separation of tested compounds in the capillary is
an effect of two phenomena: electrophoretic migration (migration of
charged particles in the electric field toward the oppositely charged
electrode) and electroosmotic flow (EOF) [22]. The EOF is created in
the capillary by the cations migrating toward the cathode, dragging the
solvent (with all ions and neutral particles) along. The cations form a
so-called double electrical layer, as a result of their interaction with
negatively charged silanol groups of the inner wall of a typical silica-
fused capillary. Electrophoretic strategies preserve all LC advantages.
Also, they are characterized by simplicity, high separation efficiency,
economical use of solvents and environment-friendly nature [6]. To
date, CE based microemulsion electrokinetic chromatography (MEEKC)
[7], biopartitioning micellar electrokinetic chromatography (BMEKC)
[9] and liposomal electrokinetic chromatography (LEKC) [8] have been
applied for assessment of compounds brain penetration.

Despite many proposed separation techniques, currently, the
PAMPA-BBB tool is widely used as a high throughput in vitro BBB
permeability testing method, including by our research team [23-25].
The assay was developed by L. Di et al. (2003 [4]), as a modification of
the method for studying biological membranes permeability, dis-
covered and described by M. Kansy et al. (1998 [26]). However, next to
its many advantages, also in this technique some limitations do exist,
primarily because of the non-bilayer lipid structure of the assay's arti-
ficial membrane and dodecane diluent. Besides, the test is quite ex-
pensive for a small academic research team. Therefore, there is a need
for an alternative, rapid and relatively cheap in vitro model, mimicking
human BBB, for assessment of permeability of new compounds with
potential therapeutic use.

The presented study aimed to develop and optimize an in vitro
method for studying BBB permeability of compounds, based on the CE
technique, taking advantage of liposomes as structural analogs of the
natural biological membranes. The developed method might be an al-
ternative to the currently used PAMPA-BBB assay, as a tool for
screening compounds at the early drug discovery stage.

The developed method uses a capillary electrochromatography
technique (CEC) which is a variant of CE. CEC employs a packed or
wall-coated capillary (open-tubular CEC). In an open-tubular CEC, a
chromatographic phase is created in the capillary by covering its inner
surface. Different phospholipids can be used as a capillary coating
material, usually forming a semi-permanent layer, non-covalently at-
tached to the silica wall. In the presented method, the capillary is
covered internally with a phospholipid layer, composed of large uni-
lamellar liposomes (large unilamellar vesicles, LUVs). The coating mi-
mics BBB, as liposomes are structurally similar to the biological cell
membrane. Once the capillary is well coated, the double electrical layer
is still formed, but it is less effective when compared to an uncoated one
because liposomes cover negatively charged silanol groups of the ca-
pillary wall. As a result, a suppressed EOF is observed (Fig. 1). Also, ina
liposome coated capillary, after appropriate modifications of the ana-
lysis conditions, separation of the tested compounds is influenced by
their interaction with the liposomal layer, due to their physicochemical
properties determining permeation (e.g., polar surface area and log P).
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Fig. 1. Scheme of electrophoretic migration (A) and electroosmotic flow EOF (B) in CE and CEC (in the developed method). In CEC variant suppressed EOF is
observed. The blue arrows indicate the direction of the ions and solvent migration in the capillary. The black arrows show the interaction of compounds with a
liposomal layer. CNS(+); CNS( +/—); CNS(—) are compounds with good, uncertain and poor brain permeability, respectively; for simplicity only neutral in pH 7.4.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Simultaneously, separation is still dependent on compound charge or
mass parameters which alone impact migration times in the uncoated
capillary. Therefore, the CEC system is defined as a combination of
compound electrophoretic migration and simultaneously its retention
due to the presence of a liposomal coating. For neutral agents or those
predominantly uncharged in the analysis conditions (also for zwitter-
ions with a summary charge equal to 0), their charge related electro-
phoretic migration is minimized and separation is mainly dependent on
the interaction with liposomes.

‘We assumed that neutral compounds with high BBB permeability
should interact with the liposome layer mimicking the BBB (by entering
the liposomes) and migrate toward the cathode with lower velocity. In
contrast, molecules with low CNS penetration should quickly pass
through the capillary due to the weak interaction with the liposomal
coating (Fig. 1).

In the PAMPA-BBB assay, an extract from a porcine brain containing
specific phospholipids is used to create an artificial membrane that
mimics BBB [4]. In the developed method, phospholipids are utilized to
prepare the liposomal layer of the inner capillary wall. However, unlike
the PAMPA-BBB assay, phospholipids are dissolved in aqueous buffer
solution, where they tend to self-assemble (due to their amphiphilic
properties) into bilayer lamellar structures, spontaneously forming li-
posomes [27,28]. Thus, the created liposomal coating possesses a bi-
layer structure, being closely related to the phospholipid bilayer core of
the cellular membrane. Liposomes are of great interest to investigate
the interactions of compounds with natural phospholipid bilayers
[29,30]. Studies utilizing liposomes in CE were initiated by Zhang et al.,
in 1995 [21]. Subsequently, many original papers have been published
on the application of vesicles in the electrophoretic analysis. Liposomes
have been used as a pseudo-stationary phase in the LEKC technique
[8,32-34] or as a coating material of the inner wall of the capillary
(CEC technique) [33,35-37]. The first successful liposome capillary
coating was carried out by Yang et al., in 1998 [28]. Since that time,
many diverse vesicle compositions and separating conditions have been
studied in the field of the CEC technique [39-42]. So far, however, the
LEKC technique is the only one liposomal chromatographic tool based
on CE to be used for the prediction of gastrointestinal absorption of
compounds [34], and also for testing skin permeability [43] and pe-
netration across the BBB [8]. To the best of our knowledge, to date,
there is no validated and optimized CEC method utilizing liposomes as
the capillary inner wall coating material, which has been applied for the
prediction of BBB penetration of bioactive molecules. Therefore, the
development of such a model seems to be innovative, valuable and
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significant for the studies into drug discovery.

The presented CEC method, used for studying the interactions of
compounds with biological membranes retains many CE advantages.
These are the short time of analysis and the precision of the obtained
experimental results, as well as the small amounts of tested compounds
required for successful analysis. Also, substances of low purity can be
used as the impurities are separated from the main product. The au-
tomated instruments make CEC an easy to perform technique; fused
silica capillaries are durable, easy to clean and may be utilized re-
peatedly for different analyses. The amount of phospholipids needed to
create liposomes and perform the study is small (when compared to
methods, where the vesicles are used as a pseudo-stationary phase, like
LEKC and other EKC models), which significantly reduces the cost of
analysis. Besides, the structure and composition of liposomes can be
easily modified, which is useful, considering the method optimization.
Simultaneously, the proposed CEC method retains most of the good
features of the LC-based strategies; it is even considered to be a hybrid
between CE and HPLC techniques. However, as an electrophoretic tool
it is characterized also by simplicity, high separation efficiency, eco-
nomical use of solvents and environment-friendly nature — goals hard to
achieve in case of many LC-based methods. Moreover, unlike HPLC and
IAM-HPLC chromatographic stationary phases, the CEC liposomal layer
mimicking BBB preserves the bilayer structure, characteristic for nat-
ural biological membranes.

The work plan for the development of the BBB permeability mod-
eling method included optimization of the separation conditions, pre-
paration of the appropriate calibration curves and finally method va-
lidation. In the first stage of analysis, described in this paper, after
coating the capillary with a liposomal layer, separation parameters
were optimized. Then, the migration times for the set of 25 selected
reference drugs were examined. On this basis, a logarithm of the re-
tention factor (log k) and the electrophoretic mobility were determined
for each reference drug. Log k values were compared with experimen-
tally obtained reference BBB permeability parameters, such as log BB
(logarithm of brain and blood drug concentration ratio measured in a
steady-state) or log P. (logarithm of the effective permeability).
Correlation coefficients were calculated on the basis of the prepared
calibration curves. For comparison purposes, linear regression analysis
of log P. and log BB parameters was also done.
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2. Materials and instruments
2.1. Chemicals

References (purity > 99.5%) were purchased as follows: acet-
aminophen, aminophenazone carbamazepine, cetirizine dihy-
drochloride, hexobarbital sodium, levodopa, norfloxacin, omeprazole,
theobromine, theophylline (Sigma Aldrich, Steinheim, Germany); caf-
feine, phenytoin (Alfa Aesar, Kandel, Germany); antipyrine (Fluka,
Seelze, Germany); barbital (Polfa Tarchomin, Warszawa, Poland); hy-
drocortisone (Fagron, Krakéw, Poland); and progesterone (Caesar &
Loretz, Hilden, Germany). The following drugs were extracted with
chloroform from tablets: alprazolam (Zomiren SR; KRKA, Nove Mesto,
Slovenia); diazepam (Relanium; GlaxoSmithKline Pharmaceuticals,
Poznan, Poland); digoxin (Digoxin Teva; Teva Pharmaceuticals,
‘Warszawa, Poland); fexofenadine (Fexofast; Galena, Wroclaw, Poland);
fluconazole (Fluconazole; Polfarmex, Kutno, Poland); lamotrigine
(Lamilept; Teva Pharmaceuticals, Warszawa, Poland); midazolam
(Dormicum; Roche, Warszawa, Poland); oxazepam (Oxazepam; Espefa,
Krakéw, Poland); and zolpidem (Zolsana; KRKA, Nove Mesto,
Slovenia); the solvent (chloroform) was then evaporated to dryness.

Methanol (hypergrade for LC-MS), chloroform (HPLC purity), so-
dium hydroxide (NaOH, 1.0 M, CE purity), HEPES buffer (40 mM, pH
adjusted to 7.4 by addition of 1.0 M NaOH), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), 1,2-diacyl-sn-glycero-3-phospho-1-
serine (PS), and porcine Brain Polar Lipid Extract (Avanti, Alabaster,
AL, USA) were obtained from Sigma Aldrich (Steinheim, Germany).
Hydrochloric acid (HCl, 36%) was purchased from Stanlab (Lublin,
Poland). Purified water was derived from the deionization unit
(Hydrolab, Straszyn, Poland). HEPES buffer and HCl were filtered
(0.45 um pore size filter) before use.

2.2, Materials

Polycarbonate filter units of 0.1 pm pore size and the syringe filter
units with a pore size of 0.45 pm were purchased from Sigma Aldrich
(Steinheim, Germany). Uncoated fused-silica capillary (Beckman
Instruments, Fullerton, CA, USA) 59.1 em x 50 pm of internal diameter
and 375 pm of external diameter, with an effective length of 49 cm was
used throughout the study. Alternatively, we used a capillary of 20 pm
in internal diameter (other parameters unchanged) obtained from
Labstore (Warsaw, Poland).

2.3. Instruments

All CEC analyses were performed on a P/ACE MDQ instrument with
a DAD detector (Beckman Instruments, Fullerton, CA, USA). The UV
detection of the analytes was carried out at a wavelength of 220 nm. We
used 32 Karat Software version 8.0 to record and analyze obtained
electropherograms.  Liposome extrusion was performed using
LiposoFast Liposome Factory (Avestin Europe, Mannheim, Germany).

3. Methods - optimization of the new CEC method
3.1. Separation buffer

All experiments were performed using 40 mM HEPES buffer (pH
7.4) as the background electrolyte solution. According to the earlier
studies [35,37] on CEC with phospholipid liposome coatings, HEPES
buffer has been found to be the best one to achieve a good liposome
layer in a fused-silica capillary. In pH 7.4, protonated piperazine amino
groups of HEPES are able to act as linkers between a negatively charged
fused-silica capillary wall and anionic liposomes, resulting in a stable
capillary coating.
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3.2. Liposome composition and preparation

The anionic liposomes used in the main study were composed of
POPC and bovine brain PS in the molar ratio 80:20 mol% (POPC/PS
liposomes). According to the literature [35], such composed vesicles
cover the inner wall of the capillary in a stable way, thus enabling ef-
fective separation of tested compounds. It is also known, that a capillary
coating composed of LUVs gives better repeatability of the EOF in
comparison with the layer prepared of multilamellar vesicles (MLVs),
due to the homogeneity of LUVs, which is hard to achieve in case of
MLVs [44]. Therefore, in the developed method we utilized LUVs that
were produced by extrusion of MLVs solution.

To prepare liposomes, appropriate amounts of phospholipids were
dissolved in an organic solvent (chloroform, methanol) to form lipid
stock solutions. Resultant stock solutions were mixed in order to give
the desired composition with an appropriate molar ratio. The mixture
was evaporated to dryness under a stream of argon and left for 24 h
under the low pressure to evacuate traces of solvent. Lipid residues
were next hydrated in separation buffer at 60 °C (lipid concentration of
4 mM) and maintained at this temperature for 1 h with vigorous vor-
texing. Obtained MLVs were processed into LUVs by 19 times extrusion
through 0.1 pm pore size polycarbonate filters. The liposome solutions
were stored in a refrigerator and used within 6 days.

Alternatively, we used anionic liposomes prepared from porcine
Polar Brain Lipid (PBL) Extract (also utilized in the PAMPA-BBB assay
[4]), according to the procedure described above. PBL Extract utilized
in this study is composed of various phospholipids, including phos-
phatidylcholine (12.6%), phosphatidylethanolamine (33.1%), phos-
phatidylinositol (4.1%), PS (18.5%) and phosphatidic acid (0.8%). It
also contains 30.9% of the unknown, mainly lipid components (cere-
brosides, sulfatides), so the concentration of the prepared liposomal
solution was defined as approximately 4 mM. The obtained liposomal
solution was diluted to approximately 3 mM and used as a capillary
coating material.

Since PBL Extract contains over 23% of negatively charged phos-
pholipids (PS, phosphatidylinositel and phosphatidic acid), both PBL
and POPC/PS liposomes were negatively charged.

3.3. Sample preparation

Each tested compound - in the amount of approximately 1.5 mg —
was dissolved in 1 mL volume of methanol to give a stock solution.
Prepared stock solutions were mixed with separating HEPES buffer
(40 mM) in a 1:9 ratio and filtered through the 0.45 pm pore size filters
to give final samples, ready for the injection into the capillary.
Methanol, used as a solvent for the compounds, was also the EOF
marker.

3.4. Coating procedure

The inner capillary wall was covered with a LUV layer, according to
the known procedure [35], with only small modifications.

Liposomes may form two types of coatings on the silica surface of a
capillary wall: a supported phospholipid bilayer (SLB) or a supported
vesicular layer (SVL). The type of formation and the effectiveness of the
capillary coating process has been studied, using atomic force micro-
scopy [45-47], or the dissipative quartz crystal microbalance (QCM)
technique. Viitala et al. [48] used the QCM technique to analyze the
formation of a capillary layer, created by liposomes composed of the
same phospholipid components (POPC/PS) as utilized in this study. The
obtained coating was characterized as a viscoelastic and stable SVL
type. The SVL layer is more suitable for the CEC technique, because it
increases the probability of interaction between analytes and lipo-
somes, due to its larger surface area in comparison to the SLB layer.

The coating process was conducted as follows: 10 min of rinsing the
capillary with 0.5 M HCI under the pressure of 93.8 kPa; next, 15 min of
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rinsing with water; and finally, 10 min of rinsing with the 3 mM lipo-
some solution, both also under the pressure of 93.8 kPa. Then the ca-
pillary was left to stand filled with the liposome solution for another
15 min.

The effectiveness of the coating procedure was verified by mea-
suring the EOF changes in the coated capillary in comparison to the
uncoated one. The electroosmotic mobility i, was determined using
methanol as a neutral marker, as it displays almost no interaction with
the capillary wall [49]. In a covered capillary, the EOF was suppressed,
and the methanol ,umfvalue was lower (see results section). The efficacy
of the capillary coating was also confirmed by the separation of the
mixture of tested drugs (Fig. 2).

In a liposome coated capillary, separation of references was influ-
enced by their interaction with the liposomal layer. Compound mi-
gration times were prolonged for all references (due to suppressed
EOF), yet calculated log k parameters varied according to drug affinity
to liposomes. For molecules with weak liposome interaction, almost no
differences in log k values were observed, between experiments con-
ducted in coated and uncoated capillaries.

3.5. Separating conditions

Electrophoretic runs were conducted at the normal polarity mode,
under the 20 kV voltage, resulting in a current of about 10 pA. Also,
13 kV and 10 kV voltages were tested to achieve the best compound
separation. A lower voltage resulted in a small separation improvement,
but an unfavorable prolonged time of analysis was observed (Fig. 3).

The temperature of the capillary chamber was set to 25 °C, ac-
cording to the previously reported procedure [35], as it provides sa-
tisfactory repeatability of the electroosmotic flow both in the uncoated
and the in the coated capillary. Prior to each analysis, the capillary was
rinsed with 40 mM HEPES buffer pH 7.4 for 2 min (93.8 kPa), to
eliminate any unbound liposomes and other contaminations. The
sample was injected into the capillary at a pressure of 4.8 kPa with a
duration time of 6 s (50 pm capillary) or at a pressure of 13.8 kPa with
7 s of duration time (20 pm capillary). After sample injection, the ends
of the capillary were cleaned by immersion in water for 0.05 min, thus
avoiding contamination of other solutions. 40 mM HEPES buffer pH 7.4
was used as a separation solute. The buffer was changed in vials every
six runs to ensure its quality. The time of analysis was approximately
5-7 min for 20 kV voltage, and up to 11-14 min for 10 kV voltage. Each
experiment was performed in triplicate. To remove the capillary lipo-
somal coating, the cleaning procedure was followed by 10 min of water
rinsing, then 40 min of flushing with a mixture of chloroform and
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Fig. 2. Separation of hydrocortisone and pro-
gesterone mixture under applied voltage of
20 kV, in the uncoated capillary (black marked)
and in the POPC/PS liposome coated capillary
(red marked), both 50 pm of internal diameter.
In the presence of the liposomal coating, se-
paration of both steroids occurs. Due to the re-
tention, progesterone migrates toward cathode
with lower velocity. Hydrocortisone interaction
with the phospholipid layer is weak. Black peaks
S in order: methanol, unseparated hydrocortisone
and progesterone peak. Red peaks in order:

| s gan ot e methanol, hydrocortisone, progesterone. (For

interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)

methanol in a 2:1 ratio (v/v) and finally 5 min of air drying, all steps
with 93.8 kPa pressure.

4. Methods — PAMPA-BBB assay

The penetration of the reference compounds across BBB was esti-
mated using the PAMPA-BBB assay in order to obtain the experimental
log P. parameters. In this study, PAMPA-BBB was used as a non-cell-
based in vitro assay [23,25] carried out in a coated 96-well membrane
filter. The filter membrane of the donor plate was coated with PBL
(Avanti, USA) in dodecane (4 yL of 20 mg/mL PBL in dodecane) and the
acceptor well was filled with 300 pL of phosphate buffer saline, (PBS pH
7.4; V). The tested compounds were first dissolved in dimethylsulf-
oxide (DMSO) and then diluted with PBS pH 7.4 to reach the final
concentrations of 50-500 pM in the donor well. The final concentration
of DMSO did not exceed 0.5% (v/v) in the donor solution. A total of
300 pL of the donor solution (V) was added to the donor wells and the
donor filter plate was carefully put on the acceptor plate so that the
coated membrane was “in touch” with both donor solution and acceptor
buffer. In principle, a test compound diffused from the donor well
through the PBL membrane (Area = 0.28 cm?) to the acceptor well.
The concentrations of the tested compound in both donor and the ac-
ceptor wells were assessed after 3, 4, 5 and 6 h of incubation respec-
tively in quadruplicate using a Synergy HT UV plate reader (Biotek,
USA) at the maximum absorption wavelength of each compound
(n = 3) or by HPLC/MS (n = 2), where a low signal was observed by
UV-VIS spectrophotometry (ie barbital, cetirizine, digoxin, hex-
obarbital, phenytoin). In addition, a solution of theoretical compound
concentration, simulating the equilibrium state established if the
membrane were ideally permeable, was prepared and assessed as well.
Concentrations of the compounds in the donor and acceptor wells and
equilibrium concentrations were calculated from the standard curve
and expressed as the permeability (P.) according to Equation (1)
[50,511,

druglaweptor
log Pe = logiC x —In 1—7l Elucey
| druag lequiitiom 1)

where V, is the volume of the acceptor compartment, V;, is the donor
well volume, Area is the accessible filter area and Time is the incubation
time.

4.1. UHPLC-MS specification

UHPLC-MS analysis of selected donor and acceptor solutions was
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carried out using a Dionex UltiMate 3000 RS UHPLC analytical system
coupled with a Q Exactive Plus hybrid quadrupole-orbitrap mass
spectrometer (MS). This equipment was used to determine high-re-
solution mass spectra (HRMS) and unknown concentrations of five
compounds resulting from the PAMPA-BBB assay (barbital, cetirizine,
digoxin, hexobarbital, phenytoin). The chromatographic system in-
cluded the following modules: HPG-3400RS binary pump, vacuum de-
gasser, TCC-3000RS heated column compartment, and WTS-3000RS
autosampler equipped with a 25 pL loop and DAD-3000 detector. A
Phenomenex Kinetex C18 EVO column (3.0 % 150 mm/2.6 pm; 100 ;\]
was chosen as the stationary phase. The temperature in the column
thermostat was set to 27 "C. The chromatographic analyses were per-
formed by the reverse phase gradient elution method with mobile phase
A: 0.1% (v/v) formic acid in ultrapure water of ASTM I type (resistance
18.2 MQ x em at 25 °C) prepared with a Barnstead Smart2Pure 3 UV/
UF apparatus (Thermo Fisher Scientific, Bremen, Germany) and mobile
phase B: 0.1% (v/v) formic acid in LC-MS grade acetonitrile. For the
elution, a simple linear gradient program mixing ultrapure water (MPA)
and acetonitrile (MPB), both acidified with 0.1% (v/v) of formic acid,
was developed: 0-1.0 min 10% MPB, 1.0-4.0 min 10-100% MPB,
4.0-5.0 min 100% MPB, 5.0-5.0 min 100-10% MPB, 5.0-7.5 10% MPB.
The flow-rate of the mobile phase was set to 0.4 mL/min and the in-
jection volume to 5 pL. In MS, heated electro-spray ionization (HESI)
was utilized (setting: sheath gas flow rate 55, aux gas flow rate 15,
sweep gas flow rate 3, spray voltage 3.5 kv, capillary temperature
220 °C, aux gas temperature 220 °C, S-lens RF level 50). Ions were
monitored in the range of 150-1000 m/z in positive mode with the
resolution set to 140,000. The chromatograms and mass spectra were
processed on Chromeleon 6.80 and Xcalibur 3.0.63 software, respec-
tively. The substances were identified according to their high-resolution
mass to charge ratio. In order to determine the unknown concentrations
of the studied compounds in the donor and acceptor solutions, a cali-
bration measurement spanning the range of 5-100 pg/mL was carried
out. The linearity of calibration across its 5 points range was confirmed
with R* > 0.9910 for all compounds.

5. Results and calculations

In the first stage of method development, we selected 25 reference
drugs, with varying BBB permeability, diverse structure and lipophili-
city, neutral or predominantly unionized (also few zwitterions with a
summary charge equal to 0) in analysis conditions (pH 7.4). For these
compounds, the influence of the electric field on their migration times
was minimized and separation was mainly dependent on the interaction
with liposomes, During method optimization, separation conditions
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Fig. 3. Separation of a mixture of 5 reference drugs
(peaks in order: methanol, norfloxacin, hydro-
cortisone, theophylline, hexobarbital, phenytoin),
under applied voltage of 20 kV (marked in black),
13 kV (marked in blue) and 10 kv (marked in
green). A 50 pm of internal diameter capillary,
POPC/PS liposome coating. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this article.)

were established in order to test all 25 references, preserving a rea-
sonable time for their migration in the capillary. At first, we used a
capillary with 50 pm of internal diameter and POPC/PS liposomes
(80:20 mol%). In the preliminary research, the separation time was best
for 20 kV voltage analysis, however, it was still acceptable for an ex-
periment conducted under the voltage of 10 kV. Therefore, we decided
to perform separation of all references under 20 kV and 10 kV voltage
(other parameters of analysis were unchanged) and compare obtained
correlation coefficients in both conditions. After coating the capillary
with POPC/PS liposomes, 25 compounds were analyzed and their log k
parameters were calculated on the basis of their migration times, ac-
cording to the Equation (2),

r = lror
log k= log———
¢ € lor (2)

where tg tgor are the migration times (min) of the solute and the EOF
marker (methanol), respectively.

The retention factor (k) is defined as the ratio of the total number of
moles of analyte in the stationary and aqueous phase [52].

Equation (2) is a simplification of Equation (3) used by Terabe et al.
[52] in micellar electrokinetic chromatography,

g — lror
tror (1 - “xm-) 3)

where tyc is the migration time of micelles ie. pseudo-stationary phase.
In the developed method liposomes, a stationary phase analogical to
micelles, are attached to the capillary wall, so they never exit the ca-
pillary and their migration time becomes infinite(ty,c — oo0).

Determined log k parameters (Table 1) were used for quantitative
and qualitative purposes. In terms of qualitative permeability assess-
ment, references can be classified as easy brain penetrators CNS( +) and
poor brain penetrators CNS(—), according to their log k values. Sub-
sequently, approximate ranges of log k for CNS permeable and non-
permeable drugs were established on the basis of their literature CNS
(+)/CNS(—) classification [4,53-64]. References with log k values
lower than — 1.84 or higher than —1.61 (analysis under 20 kV voltage,
with POPC/PS coating) were predominantly (75%) correctly assessed as
CNS(—) or CNS(+) agents, respectively (Table 2). In the case of the
PAMPA-BBB analogical log P. ranges, there are 77% of the correct as-
sessments of the CNS(+) and CNS(-) compounds; both CEC and
PAMPA-BBB analyses are based on the experimentally obtained log k
and log P, values.

log k= log

From the quantitative point of view, the model needs to be eval-
uated for its predictive ability. For this purpose, log k parameters were
compared with experimental literature log BB data [65-69] (in vive
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Table 1

Log k and log P. values determined by experimental methods (CEC and PAMPA-BBB, respectively). Log BB values are experimental data retrieved from the lit-

emmﬁlca‘s .’NII
reference CEC POPC/PS* CEC PBL" log BB PAMPA-BEB

log k* + SD log k* +SD log k* + SD log P.
at 20 kv al 10 kv at 20 kv

acetaminophen -1.603 + 0.001 -1.573 + 0.005 -1.618 =+ 0.010 -0.31 —6.081
alprazolam -1.601 + 0.008 —1.557 = 0.002 —1.639 = 0.020 0.044 —4.968
aminophenazone =1715 % 0.069 -1.810 = 0.013 ~1.815 = 0.003 o —4.822
antipyrine -1.635 *+ 0.022 -1.597 + 0.001 -1700 = 0.009 —0.097 —-5.889
barbital =0.656 *+ 0.016 =0.639 = 0.031 =0.696 = 0.001 =0.25 =6.921
caffeine -1.845 + 0.026 ~1.705 + 0.008 =1.735 + 0.010 =0.055 ~5.405
carbamazepine -1.495 *+ 0.002 -1.525 + 0.001 —1.535 = 0.003 -0.14 —4.894
cetirizine =1.020 = 0.001 ~1.086 = 0.006 = 1041 = 0.004 =13 —5.524
diazepam -1.476 + 0.087 -1.586 + 0.014 —1.524 + 0.008 052 -4.710
digoxin -2209 *+ 0.070 -2.319 *+ 0.063 —2.265 * 0.035 -1.23 —7.097
fexofenadine -2.208 + 0.104 —2.089 + 0.093 nd* -0.98 —4.987
fluconazole -1701 * 0.020 -1.648 *+ 0.005 -1.645 * 0.028 -0.22 -5.241
hexobarbital —1.058 + 0.001 —1.055 = 0.003 -1.075 = 0.004 0.1 —4.655
hydrocortisone ~1610 + 0011 -1.702 + 0.029 ~1.543 + 0.029 -09 ~5.400
lamotrigine -1.527 + 0010 -1.548 + 0.017 —1.481 + 0.004 0.48 -5.106
levodopa -1.458 * 0.009 —1.442 = 0.011 -1.474 = 0.008 -0.77 -5.325
midazolam -1.550 + 0.013 -1.451 + 0.018 -1.600 + 0.008 0.36 —4.695
norfloxacin -2.193 + 0.032 —2032 = 0.051 —2.350 = 0.031 -1 —6.348
omeprazole -1.387 = 0.001 =1.395 = 0.006 =1.421 = 0.004 =0.82 =5.102
oxazepam —1.080 + 0.057 =1.390 + 0.040 -1.526 + 0.005 061 —4.659
phenytoin -0924 *+ 0.005 -0.906 + 0.011 -0.965 + 0.015 -0.04 —5.043
progesterone —1.283 + 0.128 —1.406 = 0.018 —1.438 = 0.004 02 —5.075
theobromine -1631 * 0.001 -1701 *+ 0.002 -1700 = 0.012 -0.28 —5.996
theophylline —1.231 * 0.004 —1.229 = 0.003 —1.307 = 0.001 -0.29 -5.719
zolpidem ~2169 + 0.024 -2122 * 0.037 nd ~0.54 ~4.695
# Capillary with 50 pm intemnal diameter, coated with POPC/PS liposomes (80:20 mol%).
b

© Means of three experiments.
4 In vivo measurements from rats.
Not defined due to overlapping peaks of methanol and reference.

B

measurements obtained from rats), and with log P. values obtained
experimentally in the PAMPA-BBB assay. All data are collected in
Table 1.

The P, value is expressed in [1076cm b1 s’l] units and describes
the penetration rate of the compound across the membrane. The log P.
parameters were calculated, according to Equation (1).

The obtained log k values and permeability parameters were plotted
to give the calibration curves described by linear equations Equation
(4) and Equation (5),

log BB =alogk + b (4)
log P. = clogk + d (5)

where a, ¢ represent the slopes and b, d are the intercepts of the cali-
bration curves, respectively.

Correlation coefficients were determined for both 20 kV and 10 kv
voltage separations. In the case of log k and log BB correlation (Fig. 4A),
four compounds (caffeine, levodopa, cetirizine, and barbital) were ex-
cluded, as their log BB values were reported to be affected by processes
other than only passive diffusion [4,70-75]. Linear regression for log k
and log P, parameters (Fig. 4B) was prepared on the basis of data for 22
compounds, with 3 more excluded from the final analysis (barbital,
fexofenadine, and zolpidem) as outliers (see discussion section).

To compare PAMPA-BBB reference experimental results with in vivo
permeability data, correlation analysis was prepared for log P. and log
BB parameters (Fig. 5). The same 4 drugs were excluded from linear
regression as in case of analogical correlation of CEC retention factors
and log BB (caffeine, levodopa, cetirizine, and barbital). The obtained
R? coefficient was comparable to those calculated for log k and log BB
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Capillary with 50 pm internal diameter, coated with porcine PBL Extract liposomes.

parameters (Fig. 4A). Log k values obtained for 20 kV CEC analysis
correlated even better with in vivo data than log P, values from re-
ference method (R® = 0.4258 versus R*> = 0.3678, for CEC and
PAMPA-BBB, respectively).

Total electrophoretic mobilities of reference compounds were also
calculated (Fig. 6). The electrophoretic mobility i, of an analyte is
defined as the sum of the electroosmotic mobility in the capillary ..y
and the electrophoretic mobility of the analyte itself p,, (Equation (6)).

Hior = Hop F Moo (6)

The total electrophoretic mobility i, was obtained using Equation
(7,

= Yo lem?xVixs™Y

ot =5 7)

where Vj,is electrophoretic velocity [em x s~ '] obtained by dividing
the effective capillary length by the migration time of the analyte, and
E is the magnitude of the applied electrical field, calculated by dividing
the applied voltage by total capillary length [V x em Y.

The electroosmotic mobility . (marked by methanol) was calcu-
lated analogically to total electrophoretic mobility, using Equation (7).
The 11, parameter was used for assessment of the effectiveness of the
capillary coating process (Table 3).

We also tested the separation of reference compounds in a capillary
of 20 pym of internal diameter, with a coating composed of POPC/PS
(80:20 mol%) liposomes. The liposomal layer was stable, as suppressed
EOF was observed (Table 3), but no favorable changes in the separation
of tested references were obtained. Unexpectedly, log k parameters of
tested drugs were lower, indicating weaker interaction of those
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Table 2

CNS( +)/CNS(—) classification of 25 references, based on literature data and in vitro experimental permeability parameters.

digoxin fexofenadine fluconazole

diazepam

cetirizine

carbamazepine

caffeine

barbital

+

CNS + /-~ classification”

+H

+

+

PAMPA-BBB"

H

H

theophylline zolpidem

theobromine

norfloxacin -~ omeprazole

midazolam

levodopa

lamotrigine

hexobarbital hydrocortisone

E

CNS + /-~ classification”

PAMPA-BBB"

2 Literature data™®*~ 41,

ina 50 pm

L] Preliminary results; log k approximate ranges: CNS(+) logk = —1.61; CNS(—) logk < —1.84;uncertain data marketed as CNS( + ) for —1.84 < logk < —1.61; analysis under voltage of 20kV,

internal diameter capillary, with POPC/PS (80:20 mol%) liposomal coating.

© Log P, ranges: CNS(+) log P, > —5.398; CNS(—) log P, < —5.699; CNS( ) —5.699 < log P, < —5.398.
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compounds with the liposomal coating (Table 4). We compared log k
parameters calculated for 5 reference compounds according to their
migration times in capillaries with 50 pm and 20 pm of internal dia-
meter, under an applied voltage of 20 kV. As the obtained correlation
coefficient was very high (R? = 0.9962), we did not conduct the ana-
lysis for all 25 references. Less effective separation of tested com pounds
was probably caused by the worse quality of the obtained liposomal
layer. The type and effectiveness of this coating require verification by
additional studies (e.g., QCM technique).

In the course of method optimization, liposomes prepared from
porcine PBL Extract were also utilized as a coating material for a ca-
pillary with 50 pm internal diameter. The coating was stable, and the
EQF was suppressed, however not as well as in the case of POPC/PS
vesicles (Table 3). Subsequently, the separation was less effective, as
the interaction between the tested references and the covered capillary
wall was in general slightly weaker in comparison to a POPC/PS lipo-
somal coating (lower log k parameters obtained; comparison between
50 pm capillaries, separation at 20 kV voltage) (Table 1). The correla-
tion coefficients calculated from linear regressions of log k and log BB
as well as log k and log P. parameters were also less satisfactory than
the analogical ones obtained for POPC/PS coating (R® = 0. 2601,
F = 5.98, p = 0.0257, n = 19: for log k and log BB analysis and
R% = 0.3447,F = 10.52, p = 0.0041, n = 22: for plotted log k and log
P, values). The PBL liposomal coating type and quality also need to be
verified by additional studies (QCM or other), as well as the size of the
PBL liposomes and their surface charge (e.g zeta potential).

6. Discussion

Optimization of the operating conditions was the critical step for the
new CEC method development. Many parameters were tested in order
to obtain a satisfactory compounds' separation, simultaneously preser-
ving a reasonable migration time for the tested references and mi-
micking, as far as possible, physiological conditions during analysis. As
a result, we successfully covered the capillary with the liposomal layer,
which enabled us to separate all 25 reference compounds and calculate
their log k parameters based on their migration times. We tested two
different liposome compositions, preparing LUVs composed of POPC/
PS (80:20 mol%, according to literature data [35]) and vesicles com-
posed of porcine PBL Extract. Both types of liposomes were able to
cover the inner capillary wall, and the effectiveness of the created layer
was confirmed by reduced EOF. However, the liposomes composed of
POPC and PS phospholipids seemed to be more suitable for the devel-
oped method, due to their stronger interaction with the tested com-
pounds in the capillary. Also, the composition of POPC/PS is constant,
in contrast to brain lipid vesicles, which contain approximately 31% of
unknown lipids. During method optimization, we used POPC/PS lipo-
somes as a coating material for capillaries of 50 pm and 20 pm internal
diameter. As the liposomal LUV coating has a thickness of only about
70 nm [38] (SVL type layer), it is expected that the narrower the ca-
pillary is, the better should be the interaction between liposomes and
tested compounds. That was not confirmed by the study results. The log
k parameters of tested drugs were lower in the 20 um capillary
(Table 4), so the compounds migrated with higher velocity toward the
cathode, although EOF was more suppressed in comparison to the
50 um capillary (Table 3). This was probably due to the poor quality of
the obtained liposomal layer. Therefore, we decided to conduct the
analysis in a capillary with 50 pm internal diameter, testing if the
change of applied voltage enabled an improvement in the separation
parameters. The voltage of 20 kV was the best to combine the short
migration time of references with their satisfactory separation in the
capillary. However, the time of separation was no longer than 14 min,
even under the application of 10 kV voltage. That is why we decided to
use data received under voltages of 20 kV and 10 kV in the presented
analysis, to compare correlation coefficients obtained in both condi-
tions. Initially, we plotted the received experimental log k parameters
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Fig. 4. Calibration curves obtained by linear regression for the reference compounds (Fig. 4A). Plotted values: log k and log BB parameters (Fig. 4B); Plotted values:
log k and log P, parameters. Electrophoretic analysis in POPC/PS (80:20 mol%) coated capillary with 50 pm internal diameter, under applied voltage of 20 kV and
10 kV; drugs defined as BBB non-permeable (CNS(—)) are marked in pink. Drugs with good BBB permeability (CNS(+)) are marked in black. CNS permeability
classification based on literature data®5* . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)
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Fig. 5. Comparison of permeability data from PAMPA-BBB method and in vivo
experiments from rats. Plotted values: log P and log BB. Drugs defined as BBB
non-permeable (CNS(—)) are marked in pink. Drugs with good BBB perme-
ability (CNS(+)) are marked in black. CNS permeability classification based on
literature data®% = ¢4, (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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with log BB values obtained in vivo. The correlation between log k and
log BB parameters was acceptable only when 4 references (caffeine,
levodopa, cetirizine, and barbital) were excluded from the analysis, and
better for separation under 20 kV voltage. This is in accordance with
the literature data [76], recommending caution while correlating log
BB values with in vitro obtained passive permeability parameters. Brain
and blood drug concentration ratio measured in vivo in rats in a steady-
state takes into account drug distribution through BBB by both passive
diffusion and facilitated (influx and/or efflux) transport. The log BB
value is also affected by other processes such as drug metabolism or
plasma protein binding. Thus obtained CEC log k values should be
correlated with log BB data only for compounds displaying a mainly
passive BBB penetration route. Similar problems were noticed during
the PAMPA-BBB method development. Reference drugs were mis-clas-
sified as false CNS(+) if they underwent rapid metabolism in systemic
circulation or efflux by the P-gp protein, and as false CNS(—) if they
were transported into the brain by both passive diffusion and carrier-
mediated transport. Among the CEC tested references caffeine and le-
vodopa undergo facilitated brain uptake [4,77] (in the case of levo-
dopa, also opposite Na™ - dependent transport from the brain to the
bloodstream is reported [71]) and their permeability data decrease
correlation significance (Fig. 7). In consequence, we decided to exclude
them from the prepared log k and log BB calibration curve. Another
issue concerns references which are easily permeable across BBB
through passive diffusion but are eliminated from CNS by efflux
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transporters. According to the literature data [72,73], cetirizine un-
dergoes efflux elimination, P-gp and not P-gp mediated. Its log BB
parameter value determined in vivo is low (log BB = —1.3 [69]), in-
dicating a low CNS drug concentration in a steady state. However, ce-
tirizine is reported to be able to passively cross BBB and induce weak
CNS related adverse effects (sedation) [73]. The in silico calculated drug
log BB value, based on Abraham descriptors [67], is much higher (log
BB 0.1 [54]). The log k parameter, determined in the CEC method
was also relatively high (log k —1.01; Table 1), indicating the
compound's interaction with the liposomal coating. As a result, the
permeation was overestimated using the CEC method, and the drug was
an outlier in the linear regression analysis (Fig. 7). Among the tested
references, fexofenadine, digoxin, and norfloxacin are also eliminated
from the brain by efflux transporters. Fexofenadine and digoxin un-
dergo P-gp and non-P-gp mediated BBB efflux [72,78], but uptake
transport is also involved in their distribution between blood and brain
[61,79]. As a result, the correlation between fexofenadine and digoxin
log k and log BB values was satisfactory in terms of the presented linear
regression analysis (20 kV). However, for norfloxacin, a substrate for P-
gp and non-P-gp efflux transporters [78], no active uptake mechanism
has been reported. Nevertheless, the drug displayed weak in vitro in-
teraction with the liposomal layer, probably due to its physicochemical
properties (ie. log P = —1.03), that also determine its poor in vivo
membrane permeability, and it was not excluded from the correlation
of log k and log BB parameters.

Log BB as a composite parameter also depends on factors other than
passive and active transport. These are rapid drug metabolism, low
partitioning to the brain tissue, sink effect of cerebrospinal fluid and
high plasma protein binding. The low log BB value may be a signal of
extensive drug binding to serum albumin or other carrier proteins in

Table 3
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Fig. 6. Electropherogram presenting
the separation of mixture of five re-
ference drugs Le (1) theobromine
(e =371 %10 °m? x V"' x s 1,
(2) hydrocortisone (uo = 3.64 x
10°8m? x v'! xs l),(S)thao—
phylline (o 349 x 107 m? x
V' x s, (4) phenytoin (e
328 x 10 ¥ m® x V! x s Y and
(5) barbital (g = 2.99 x 10 % m* x
v! x s l); methanol (the EOF
| marker) peak is marked as M.
i e i | Experimental conditions: 59.1 cm ca-

| 7 pillary (49 cm to detector window)

| with 50 pm internal diameter; POPC/

faen PS liposome coating; temperature:
1 25 °C; separation buffer: 40 mM HEPES
at pH 7.4; sample: 1:9 diluted methanol
stock solution of compound (1.5 mg/
mL) in separation buffer; applied vol-
tage: +20 kV; direct UV detection at
220 nm.

2

A

Table 4

Log k values of selected reference compounds, calculated on the basis of their
migration times in capillary with 50 pm and 20 pm internal diameter, with
POPC/PS liposomal coating, under applied voltage of 20 kV.

Compound log k* = SD for capillary/coating

50 ym POPC/PS" 20 pm POPC/PS”
barbital ~0656 + 0016 -0.815 + 0010
diazepam -1476 + 0.087 -1.768 + 0.010
phenytoin -0924 * 0.005 -1.074 = 0.004
theophylline =1.231 = 0.004 =1.484 = 0.001
theobromine -1631 + 0.002 —~1.898 + 0.003

“ Mean of three experiments.
" Capillary coated with POPC/PS liposomes (80:20 mol%).

blood plasma [74]; on the other hand, the unbound compound's frac-
tion may still be able to cross BBB and cause the desired pharmacolo-
gical effect. Among the analyzed references, barbital displays low log
BB value (log BB = —0.25), and as the acidic drug, it is reported to be
bound by serum albumin [75]. Despite this fact, barbital is classified as
CNS(+) agent [59], penetrating the brain by passive diffusion. Its de-
termined CEC log k parameter was high (Table 1); when plotted with its
low log BB value, the correlation coefficient was significantly weaker
(R* = 0.3206, n = 22 and R® = 0.4258, n = 21; with and without
barbital, respectively, the voltage of 20 kv; Fig. 7). Subsequently,
barbital was excluded from the correlation analysis.

The same references (caffeine, levodopa, cetirizine, barbital) were
excluded from linear regression prepared for PAMPA-BBB log P. ex-
perimental data and log BB values (Fig. 5). Analogically to CEC method,

Suppression of the electroosmotic flow in a coated capillary with 50 and 20 pm internal diameter. Relative standard deviation (RSD) [%] indicates the EOF stability.

Applied voltage: 20 kV.

Capillary/coating 50 pm uncoated 50 pym POPC/PS” 50 pm PBL" 20 pm uncoated 20 pm POPC/PS*
ooy x 1075 m*x 57" x V7] 4.87 4.11 4.26 5.69 4.87

RSD [%)] 7.18 8.40 8.61 0.41 275

number of measurements 45 100 70 3 15

® Capillary coated with POPC/PS liposomes (80:20 mol%).

b Capillary coated with porcine PBL Extract liposomes; the PBL liposomal coating quality as well as the size of the PBL liposomes and their surface charge need to

be verified by additional studies.
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Voltage 20 kV

log BB
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R?=0.1918
F=4.745
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log k

Fig. 7. Correlation coefficient analysis with four references excluded from linear regression presented in Fig. 4A, due to other than passive diffusion processes,
affecting their log BB values. Cetirizine (marked in blue) is an outlier in the presented analysis. Caffeine and levodopa (both marked in violet), along with barbital
(marked in green) diminish the significance of the comrelation; capillary with 50 pm of internal diameter, POPC/PS (80:20 mol%) liposome coating. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

PAMPA-BBB data seemed not to correlate very well with log BB values
for compounds with other than passive diffusion processes involved in
their permeation (R? = 0.2472, F = 7.552, p = 0.0115 for all 25
analyzed drugs, and R? = 0.3678, F = 11.06, p = 0.0036, for 21 re-
ferences).

Finally, we decided to compare log k and log P. parameters de-
termined by the passive diffusion models: CEC and PAMPA-BBB, re-
spectively. Correlation coefficients were calculated (Fig. 4B); however,
3 compounds were classified as outliers and excluded from the analysis.
Obtained R? values were comparable to those from corresponding log k
and log BB regressions (Fig. 4A). It is worth emphasizing, that the
PAMPA-BBB method gives information about the penetration rate of
tested compounds, which are classified as CNS( +) or CNS(— ) based on
their P. values. In turn, using the CEC method we can assess molecules'
affinity to the phospholipid bilayer rather than their permeability rate.
Low lipid-soluble drugs penetrate slowly through the membrane; still,
they display interference with the lipid bilayer. Usually, they are also
able to penetrate CNS and induce pharmacological effects. Such com-
pounds may be characterized by low P. values that do not correlate well
with corresponding log k parameters. That was the reason why barbital
was an outlier in the presented log k and log P. correlation analysis.
Barbital is a known CNS(+) agent but is reported to penetrate slowly
across the membrane [59]. Indeed, its experimental log P, value is more
like this for CNS(— ) drugs. The CEC method gives a better prediction of
its CNS affinity. Determined log k parameter is high, indicating the
compound's interaction with the liposomal layer. Hexobarbital displays
a different permeability profile, as it is characterized by higher lipid
solubility and penetrates the brain very quickly [59]. In the case of this
drug, log k and log P, values correlate well. Another outlier, zolpidem,
also penetrates rapidly across the membrane [80] and, in turn, is better
assessed by the PAMPA-BBB assay. The last one of the excluded drugs,
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fexofenadine, undergoes carrier-mediated influx and efflux transport, so
it is hard to asses drug's permeability, using both “passive methods”.
The PAMPA-BBB assay classifies fexofenadine as a CNS( +) compound,
while the determined log k value indicates its low affinity to the bio-
logical membrane and in fact, the drug's CNS penetration is very lim-
ited. The results obtained for the excluded drugs well demonstrate the
limitations of in vitro techniques for BBB penetration estimation.

As the calculated correlation coefficients for the presented linear
regressions of log k and log BB/log P. parameters are based on ex-
perimental data of a small set of 25 drugs, it is hard and too early to
indicate clear ranges of log k values for CNS(+) and CNS(-) drugs,
similar to those for log P, in the PAMPA-BBB assay. Nevertheless, even
at the early stage of method development, CEC proved to have the
potential to be a quick and useful tool for permeability prediction of
compounds. References with log k < —1.84 or log k > -1.61
(analysis under 20 kV voltage, with POPC/PS coating) are pre-
dominantly correctly assessed as CNS(—) or CNS(+) agents, respec-
tively (Table 2). From a qualitative point of view, the percentage of
correct predictions is comparable to the PAMPA-BBB assay data, as well
as to some other in vitro separation methods proposed for BBB perme-
ability assessment [11,12,17].

7. Conclusions

25 marketed drugs were used as references for the new, perme-
ability prediction CEC method development. The best parameters for
separation of reference compounds were obtained in the capillary of
50 pm internal diameter, coated with a POPC/PS liposome (80:20 mol
%) layer, under the applied voltage of 20 kV. Based on drug migration
times in the capillary, their log k parameters were calculated and then
correlated with experimental log BB and log P. values. The final log k
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and log BB linear regression was based on 21 reference data with
R? = 0.4258, for 20 kV voltage. The obtained R® value was better than
that calculated from the corresponding reference correlation of PAMPA-
BBB log P, parameters and log BB in vive data (R* = 0.3678, n = 21).
The received correlation coefficients indicate obvious limitations of
non-cell based in vitro methods. Due to their simplifications, no such
technique will ever correlate very well with in vivo conditions.
Nevertheless, for screening purposes, the presented CEC tool is com-
parable to the PAMPA-BBB method widely used in early drug discovery.
For most references, CNS(+ )/CNS(—) preliminary predictions are si-
milar in the case of both methods and also in agreement with drugs’
permeability literature classification. The presented model may be
further validated with the extent number of compounds, including
molecules predominantly charged in pH 7.4.

To conclude, the new method proves to have the potential to work
well as a simple tool for early BBB permeability assessment of research
compounds. It is an innovative, fast and relatively cheap alternative to
the PAMPA-BBB technique. Also, it utilizes a liposomal coating of bi-
layer structure, closely mimicking natural phospholipid bilayers of BBB.
Moreover, it preserves the main advantages of the other electrophoretic
strategies, as well as the chromatographic separation models based on
LC. In our opinion, it is worth following up on this method based on its
potential application at the early drug discovery stage.
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Aim: Organophosphorus compounds are irreversible inhibitors of acetylcholinesterase. Without immedi-
ate countermeasure, intoxication leads quickly to death. None of the clinically-used causal antidotes can
ensure a good prognosis for any poisoned patient. When fallen into the wrong hands, organophosphates
represent a serious threat to mankind. Results & methodology: Herein, we describe two novel compounds
as unigue merged molecules built on a tacrine scaffold against organophosphorus intoxication. These re-
activators of acetylcholinesterase have balanced physicochemical properties, and should be able to cross
the blood-brain barrier with a slightly lowered cytotoxicity profile compared to reference tacrine. Con-
clusion: Their efficiency compared with pralidoxime and obidoxime was proved against dichlorvos.
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Nerve agents (NAs), among the most toxic of the chemical warfare agents, have been known for over 80 years. Their

deadly effect has been demonstrated several times throughout recent history 11]. A member of the organophosphorus land
- L I X : . . newilands

compound (OPC) family, OP pesticides, likewise represent a serious burden for mankind 2. Nevertheless there is press
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Figure 1. Design consideration for novel tacroximes 1 and 2 as acetylcholinesterase reactivators. (A) Clinically used reactivators
pralidoxime and obidoxime and the catalytic anionic site ligand presented by French group [8,9]. (B) The optimization of the tacrine
structure in order to decrease affinity to the native enzyme and to incorporate a reactivating moiety.

CNS: Central nervous system; MPO: Multiparameter optimization desirability.

still no reliable antidote that would offer efficient medical assurance for intoxicated patients [31. The only clinically
used causal drugs are pyridinium aldoximes that act as acetylcholinesterase (AChE; E.C. 3.1.1.7) reactivators
(Figure 1). These compounds possess significant drawbacks and their practical use might even be questionable 14,5].
Modern approaches to develop an antidote arose from the standard vision of bis-quaternary compounds and
introduced novel molecules [6,71. Even though they overcame limitations of the older molecules and exceeded their
capability, other downsides were exposed that resulted in their being discarded from the clinical trial pathway (6.

In our approach, we turned out attention to tacrine, the first available therapeutic for Alzheimer's disease, which
has been used as a sympromatic drug to alleviate symptoms related to this neurological condition [10]. Since tacrine
is a potent AChE inhibitor, from this point of view it can be considered as an inappropriate template to be used
for AChE reactivation, where lower enzyme affinity is demanded for appropriate reactivation 111]. Initially, we
reduced its potency by introducing an N-acetyl moiety on the primary amino group (Figure 1). As expected,
this modification decreased the potency of AChE inhibition by hampering protonation of the 9-amino group at
pH = 7.4 (theoretically calculated by MarvinSketch and consequently confirmed experimentally, see Table 1).

Materials & methods

Synthesis

The column chromatography was performed using silica gel 100 at atmospheric pressure (70-230 mesh American
Society for Testing and Materials [ASTM]) grade, Fluka, Prague Czech Republic). Analytical thin-layer chromatog-
raphy was carried out using plates coated with silica gel 60 with fluorescent indicator F254 (Merck, Prague Czech

10.4155/fmc-2019-0027 Future Med. Chem. (Epub: ahead of print) future science group E
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Table 1. The inhibitory activities on human recombinant acetylcholinesterase, human plasmatic butyrylcholinesterase

and cytotoxicity profile against HepG2 cells.

Compound Inhibitory activity’ Cytotoxicity BBB penetration estimation®
hAChE inhibition hEChE inhibition (%) or HepG2, ICsp = SEM (LM)  Papp+ SEM (x 10% cm CNS (+/-)
(%) /hAChE, IC5 + SEM hBChE, ICsp & SEM (1LM)Y sT)
(M)
Tacroxime 1 30% at 100 uM No inhibition at 100 1M 160 +9.4 91+25 +
Tacroxime 2 110+ 12 No inhibition at 100 uM 340+ 21 4.0+0.7 +
Pralidoxime 220 217 140 £ 12 26,000 0 -
Obidoxime 200 + 8.0 5400 + 550 4,300 1.0+03 -
Tacrine 0.3£001 0.09 £ 0.001 170 £3.6 2534 +
N-acetyltacrine 9 +9.8 13% at 100 uM nt. n.t. n.t.
7-methoxytacrine 10£1.0 18£08 44 +34 17£36 +

HC gy values were measured by modified Ellman’s assay [12].
Tthe results are expressed as the mean of at least three independent experiments;

“ICNS + {high BBB permeation predicted): Papp {10 cm s) =4.0; CNS — (low BBB permeation predicted): Papp {10 cms ') <2.0; CNS + (BBB permeation uncertain): Papp (»10%

ems')from 4.0to2.0[13].
The prediction of BBB penetration.
BBB: Blood-brain barrier; CNS: Central nervous system; Papp: Permeability coefficient value; n.t.: Not tested; SEM: Standard error of the mean.

Republic). Thin-layer chromatography plates were visualized by exposure to ulwaviolet light (254 nm) or by the
detection reagents phosphomolybdic acid (PMA) or p-anisaldehyde (PERNOD). NMR spectra were all recorded
on a Varian §500 spectrometer (500 MHz for "H and 126 MHz for "*C). Chemical shifts are reported in 3 p.p-m.
referenced to intemnal standard SiMe, for "H NMR and chloroform-¢ (CHCls-d;; 7.26 [D]; 77.16 [C] p.p.m.),
CD40D (CH;OH-d; 3.35, 4.78 [DI, 49.3 [C] p.p.m.) or hexadeuteriodimethylsulfoxide (DMSO-d; 2.50 [D],
39.7 [C] p.p.m.). Chemicals were purchased from Sigma-Aldrich Co. LLC and were used without additional purifi-
cation. CEM Explorer SP 12 § Class was used for microwave irradiation. Human recombinant AChE (hJAChE, EC
3.1.1.7), human recombinant BChE (#BChE, EC 3.1.1.8), 5,5"-dithiobis(2-nitrobenzoic acid) (Ellman’s reagent,
DTNB), acetylthiocholine (ATC) and butyrylthiocholine (BTC), were purchased from Sigma-Aldrich (Prague,
Czech Republic). The final compounds were analyzed by LC-MS consisting of UHPLC Dionex Ultimate 3000 RS
coupled with Q Exactive Plus orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) to obtain
high resolution mass spectra. Gradient LC analysis confirmed > 95% purity.

Molecular modeling

Structures of AAChE complexed with donepezil were downloaded from RCSB Protein Data Bank (PDB ID:
4EY7) n4). From the receptor structure, donepezil and water molecules were removed and Ser203 was manually
modified by Chimera according to the structure PDB ID: 2Y2U (Mus musculus AChE, nonaged enzyme, inhibited
by nerve agent VX). Residue His447 was protonated and manually modified by the DockPrep function of UCSF
Chimera (version 1.4) and converted to pdbqt-files by AutodockTools (v. 1.5.6) 115,16 The complex was then
minimized by 1000 steps and the receptor was minimized again by Chimera in 100 steps. Flexible residues were
selected with respect to our previous knowledge gained from hAChE docking, using centered region around the
cavity gorge [17-19]. Structures of ligands were constructed by Open Babel (v. 2.3.1), minimized by Avogadro (v.
1.1.0) and converted to pdbqe-file format by AutodockTools [20. The docking calculations were carried out by
Autodock Vina (v. 1.1.2) with an exhaustiveness of 8 [21]. Docking experiment was reproduced 20-times and the
best hit was selected for manual inspection. PyMOL software was used to render three-dimensional poses (PyMOL
Molecular Graphics System, Version 2.0 Schrodinger, LLC, Mannheim, Germany). 2D diagrams were made by
Dassault Systemes BIOVIA, Discovery Studio Visualizer, v 17.2.0.16349, San Diego: Dassault Systemes, 2016
(CA, USA).

Reactivation assay

The reactivation potency of the standard and tacroximes was evaluated on human recombinant AChE and human
plasma BChE. The enzyme was inhibited by a solution of the appropriate cholinesterase inhibitor — tabun, sarin,
paraoxon, dichlorvos or VX — in propan-2-ol at a concentration of 10° M for 60 min. Excess inhibitor was
subsequently removed using an octadecylsilane-bonded silica gel SPE cartridge. Inhibited enzyme was incubated
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for 10 min with a solution of reactivaror at concentrations 104 and 10° M ar 37°C. The reaction was started by
addition of the substrate acetylthiocholine/butyrylthiocholine (ATC/BTC). The activity of AChE/BChE was then
measured spectrophotometrically at 412 nm by the modified method according to Ellman. Each concentration of
reactivator was assayed in triplicate. The obtained data were used to compute reactivation potency (R; Equation
1). Results were corrected for oximolysis and inhibition of AChE/BChE by reactivator.

Ady—AA,
R=1— —— 100 O Eq. 1
( Ay — AA,) ) W Ak
AA; — change in absorbance caused by intact cholinesterases (phosphate buffer instead of AChE/BChE in-
hibitor), AA; — change in absorbance provided by AChE/BChE exposed to inhibitors and AA; — change in
absorbance caused by AChE/BChE incubated with the solution of reactivator.

Inhibition assay
The AChE/BChE inhibitory potency was tested according to protocol of Ellman. Obrained data are shown as ICs;
values (121. ABChE and AAChE enzymes were prepared at the Department of Toxicology and Military Pharmacy
(Faculty of Military Health Sciences, Hradec Kralove, Czech Republic). Phosphate buffer (PB, pH 7.4), (Ellman’s
reagent, DTNB) and BTC, were purchased from Sigma-Aldrich, Prague, Czech Republic. Polystyrene Nunc 96-well
microplates with flac-bottom shape (Thermo Fisher Scientific, MA, USA) were utilized for measuring purposes.
About 0.1 M KH,PO,/K,;HPOy buffer (pH 7.4) was used for all the assays. Enzyme solutions were prepared at
2.0 units/mL in 2 mL aliquots. The assay medium (100 wL) was assembled with 20 pL of 0.01 M DTNB, 40 pL
of 0.1 M phosphate buffer (pH 7.4), 10 L of the enzyme and 20 pL of 0.01 M substrate (ATC iodide solution).
Inhibitor solutions in concentration range 107°-10° M were prepared and ICsy were calculated. Tested com-
pounds were pre-incubated for 5 min followed by immediate addition of the substrate (20 pL). The activity was
determined by measuring the increase in absorbance at 412 nm for AChE/BChE at 37°C at 2 min intervals using
a Multimode microplate reader Synergy 2 (VT, USA). Each concentration was assessed in triplicate. Statistical data
evaluation was done using software GraphPad Prizm 5 (CA, USA).

MDCK assay

The MDCK assay evaluates the ability of compounds to diffuse from the donor compartment through the MDCK's
cell membrane into the acceptor compartment. The MDCK cells were seeded on polycarbonate membrane (area
1.12 em?) with 3 um pores of the 12-well plates with 12-mm inserts. The tested compounds were dissolved in
DMSO and then diluted with OptiMEM to reach final concentrations (in range 100 uM); the concentration of
DMSO did not exceed 0.5 % (V/V). About 750 pL of the donor solution was added to the donor compartment
(insert) and the same volume of OptMEM was added into the acceptor. The concentration of the drug in both
compartments was measured in triplicate by UV-VIS spectrophotometry, HPLC-UV or HPLC-MS after 1, 3
and 5 h of incubation. The apparent permeability coefficient (Papp) was calculated from the concentration ratio.
The tightness of the MDCK monolayer is assessed by permeability of fluorescein isothiocyanate in 0.4 mg/mL
(Equation 2) 3]

Papp = (defdi) x V. (4 x Gy) (Eq. 2)

A: area of the well/cell monolayered

dt: amount in the receiver compartment in given time
V.:volume of the receiver compartment

Coy: the initial concentration of tested compounds

Colorimetric cell viability assay (MTT)

The MTT (3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyltetraziolium bromide) (Sigma-Aldrich, MO, USA) reduction
assay was used for cytotoxicity measurement of the compounds according to Mosmann ez al. 1221. MTT is a water-
soluble tetrazolium sale which is converted to insoluble purple formazan by succinate dehydrogenase in the
mitochondria of viable cells [22,23). Viability of cells was detected after 24-h incubation with the tested compounds.
HepG2 cells were seeded into 96-well plates at 100 pl volume with density of 15 x 107 per well. The cells were
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allowed to attach overnight before the treatment. Tested compounds (solution in DMSO, Sigma-Aldrich) were
further diluted in Dulbecco’s Modified Eagle Medium and added to the cells in the 96-well culture plates. The final
concentration of DMSO was less than 0.25% per well.

After 24-h of incubation, the medium containing the serially diluted compounds was removed from each well
and replaced by 100 uL of fresh medium containing MTT (0.5 mg/ml). The plates were subsequently incubated at
37°C ina CO; incubator for 45 min. The medium containing MTT was then removed and the formazan dissolved
in 100 pL of DMSO. The optical density of each well was measured using Synergy 2 MultiMode Microplate
Reader (BioTek Instruments, Inc., VT, USA) at 570 nm. The cell viability was determined as the percentage of
untreated control. Each experiment was carried out in triplicate and repeated independently four-times [24].

The ICs values were calculated using four parametric nonlinear regressions by statistic sofeware GraphPad Prism
(version 5.04, GraphPad Software Inc., CA, USA) from the logarithmic dose-response curve. The [Csq values were
expressed as a mean =+ standard error of the mean.

Results & discussion

All the clinically used reactivators bear an aldoxime (hydroxyiminomethyl) moiety responsible for the reactivation
process. All efforts made to find another nucleophilic group have been more or less fruitless (6. With this in
mind, we amalgamated an aldoxime group into the structure of N-(1,2,3,4-tetrahydroacridin-9-yl)acetamide (V-
acetyltacrine; (Figure 1). As a result, we envisaged two small molecules, namely tacroxime 1 and tacroxime 2. We
presumed that these might have preserved AChE affinity based on the tricyclic core with low-to-moderate activity
toward the native enzyme, together with reactivation ability and balanced physicochemical properties. Indeed,
we predicted that both tacroxime 1 as well as tacroxime 2 might be centrally active based on the CNS MPO
(multiparameter optimization) calculations indicating scores of 5.5 and 5.0, respectively. These values are above
the limit for centrally active drugs (25]. This feature can also help to overcome the well-pronounced issue of low
blood-brain barrier (BBB) permeability reported for all the pyridinium aldoximes [26]. The difference between
tacroxime 1 and tacroxime 2 is in the presence of a hydroxyl group in the position 6 of the tacrine skeleton in
the lacter. Indeed, chis structural feature mimics the previously reported 3-hydroxypyridin-2-aldoxime reactivators
developed by group from the University of Rouen [8,9]. It has been also hypothesized that the 3-hydroxypyridin-2-
aldoxime moiety might prevent the recapture phenomenon in terms of re-alkylation of the phosphyloxime moiety
by formation of a cyclic adduct isoxazolo[4,5-6]pyridine [27,28]. The crucial aspect in the development of oxime
reactivators is also their capability to form active oximate anion under physiological conditions, as indicated by the
dissociation constant (pK;). Accordingly, the optimal range of pK; value for the oxime has been disclosed to lie
between 7.0 and 8.35, where at least 10 % of oxime is in the dissociated state 129]. Tacroxime 1 has a predicted ideal
value of 7.43, while tacroxime 2 has a slightly increased pK, of 8.75 (calculated by MarvinSketch).

As preliminary data, we applied molecular modeling technique for nonaged tabun-, paraoxon-, VX- and sarin-
inhibited AChE complexes. Herein, we selected to display and pinpoint the potential ability of tacroxime 2 to
recover the activity of AChE after VX inhibition (Figure 2). The putative binding mode placed tacroxime 2 into
the bottom of 20 A deep AChE cavity. The 1,2,3,4-tetrahydroacridine core revealed favorable lodging, being m—mn
stacked against Tyr337 (3.7 A) and Phe338 (3.8 A) in parallel and T-shaped modes, respectively. Additionally,
some other hydrophobic interactions between tacroxime 2 and Trp86, Asp74 and Tyr124 were observed. Two
crucial aspects predicted the reactivadon potency: the hydrogen bond between the hydroxyl group of tacroxime 2
and amino group of Glu202 (2.4 A); and more importantly, the harboring of active oximate to the vicinity of the
phosphorus atom of VX agent. Encouraged by the obtained results, we then proceeded to the chemistry part.

The synthesis of the reactivator tacroxime | apparently resembles the well-described preparation of 7-
methoxytacrine, a tacrine derivative with reduced side effects [30]. Thus, benzocaine was used instead of 4-
methoxyaniline and the synthetic route was analogous up to intermediate 5. Acetylation of 5 with acetic anhydride
afforded 6. The final two steps of the procedure included initial reduction of the methyl ester to aldehyde, followed
by reaction with hydroxylamine to yield tacroxime 1 (Figure 3A). The preparation of tacroxime 2 required a
different approach. The key intermediate 7 for its synthesis was obtained as has already been described in the
literature (311, The intermediate 8 was synthesized under optimized conditions using microwave irradiation. The
last three steps were identical to those for tacroxime 1 (Figure 3B). For detailed chemical analysis of intermediates
and final compounds, readers are kindly referred to Supplementary dara.

The inhibitory activities of the compounds were measured on AAChE and ABChE using a slightly modi-
fied method of Ellman 112,321. The results were compared with reactivator standards as well as with tacrine,
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Figure 2. Top-scored docking poses of compounds tacroxime 2 in nonaged VX-inhibited-acetylcholinesterase active site (Protein Data
Bank ID: 2Y2U translated to 4EY7). Close-up is presented as three-dimensional (A) and two-dimensional (B) diagrams, respectively.
Generally, for A - tacroxime 2 is shown in dark blue carben sticks, important amino acid residues in green, catalytic triad residues in
yellow and VX agent in purple. Dashed lines in all figure parts represent crucial intermolecular interactions of different origin (hydrogen
bonds, n—=/m—cation stacking, van der Waal interactions and other hydrophobic forces). (A) Created with The PyMOL Molecular Graphics
System, Version 2.0 Schrodinger, LLC. (B) Rendered with Dassault Systémes BIOVIA, Discovery Studio Visualizer, v 17.2.0.16349, San Diego:
Dassault Systemes, 2016.
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Figure 3. Synthesis procedure for tacroximes 1 and 2. (A) Preparation of tacroxime 1 from commercially available starting materials 1
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In vitro reactivation of organophosphate-inhibited enzymes
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Figure 4. The reactivating potency of tacroximes with standard pralidoxime and obidoxime against organophospha
recombinant acetylcholinesterase and human plasmatic butyrylcholinesterase.

7-methoxytacrine and N-acetylacrine (Table 1). As expected, the novel compounds tacroxime 1 and tacroxime 2
exhibited only poor-to-moderate inhibition potency toward cholinesterases. Such activity was similar to or even
lower than that of standard reactivators and other tacrine derivatives that served as templates. Hepatotoxicity is one
the most pronounced side effects associated with tacrine [33]. Accordingly, we addressed this point by evaluating
cytotoxicity against a human liver cancer cell line (HepG2). Based on the results, we can suggest that the toxicity of
the novel leads was the same as or even lower than of tacrine. Note that the results have to be assessed with caution,
since tacrine exerts its hepatotoxicity in vivo after biotransformation processes [34. Pralidoxime and obidoxime
displayed a less toxic profile against this cell line by one order of magnitude. The CNS availability assay predicted
by MDCK cell lines allowed us to estimate that novel compounds might permeate through the BBB, which goes
hand-in-hand with CNS MPO predictions. In contrast, and under same conditions, pralidoxime and obidoxime
were not effective.

Next, we inspected the reactivation potency of the tacroximes for NA- and pesticide-inhibited AAChE and
HBChE. The reactivating efficacy was compared with that of the clinically approved pralidoxime and obidoxime
(Figure 4). Although tacroximes achieved only low capability to reactive NA-inhibited cholinesterases compared with
pralidoxime, their ability to restore enzyme activity after dichlorvos inhibition was significant. Their reactivating
potential was comparable with that for obidoxime at 100 UM concentration. Note that obidoxime is considered to
be the best reactivator available against pesticide poisoning (35].

The relatively poor reactivation ability of tacroximes to various OPC is probably caused by their bulkiness.
Nowwithstanding preliminary molecular modeling simulations showing favorable orientacion inside the cavity
gorge, this is not corroborated by the #n vitro data. The constricted and narrow mid-gorge region might represent
a major obstacle for tacroximes to approach the site of reactivation, namely the Ser residue, in the catalytic anionic
site (36]. The difference in the reactivation of dichlorvos-inhibited AChE might be explained by the overall complex
topology. In thar case, the residue artached to the phosphorous atom is a methoxy group, which is undoubtedly less

Butyrylcholinesterase
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bulky than other OPC appendages. Accordingly, the reactivators possess more space to better fit into the CAS and
casily attack the phosphorous atom. Despite the use of dichlorvos for pest concrol having been already abandoned
in Europe and USA, in some countries it might still be in practice [37].

Conclusion

In conclusion, tacroximes are unique merged compounds based on a tacrine template possessing reactivating ability.
Their design was rationally supported by molecular modeling studies and CNS MPO calculations. The latcer allowed
us to hypothesize that tacroximes might be centrally active. Indeed, this characteristic was further confirmed by the
assay using MDCK cell monolayer. In general, tacroximes achieved significant efficacy toward dichlorvos-inhibited
AChE, comparable with standards such as pralidoxime or obidoxime. We believe that tacroximes might open new
avenue in transforming well-established cholinesterase binders into reactivators by simply introducing reactivating
moieties (e.g., oxime functionality) into specifically defined region of the molecule capable to contact phosphorous
atom of OPC. Based on the results obtained herein and given the limitation of pyridinium-charged reactivators, this
might also be the case of tacroximes. Oxime reactivators able to revert pesticide intoxication induced by dichlorvos
agent and presumably targeting CNS area in much better way than pyridinium oximes has to be pursued. They
may also impose protection against OP-induced delayed neuropathy caused by dichlorves or other pesticides 38].
Moreover, another aspect that has to be raised is the potential of tacroximes to protect AChE/BChE from OP-
poisoning, serving as prophylactic agents [39] just as 7-methoxytacrine and related derivatives have been shown
to be (40]. Tacroxime represents an interesting starting point to spur the development of novel, centrally active
reactivators/ or prophylactic agents with the potential to become interesting drug candidates for in vive studies.

Future perspective

NAs are the most easily accessible weapons of mass destruction, thus representing a potential tool to be misused
by terrorists or in armed conflicts. Since 1969, when HI-6 was introduced, none of the thousands of novel
compounds has reached practice. Hundreds of novel bis-quaternary compounds failed to surpass clinically used
standards. Hundreds of novel mono-quaternary molecules failed to improve on the physicochemical properties while
maintaining the efficiency of the bis-quaternary reactivators. Neither do any of the hundreds of bulky uncharged
molecules deliver any promise as lead candidates. The closest to that goal is the small uncharged molecule RS194B
that seems to have found favor at US FDA [41,42). We believe that small uncharged compounds are the most
promising candidates. They possess balanced physicochemical properties, are able to cross BBB, and maintain or
even surpass the potency of clinically used bis-pyridiniums. Herein, we followed this strategy and designed a novel
class of compounds, namely tacroximes that might become good starting point in forming new protective agents
against NA,

Summary points

+ A new perspective on development of acetylcholinesterase reactivators was introduced.
« Two unigue merged compounds of tacrine with an oxime functional group were developed.

« We provide basic in vitro characteristic of novel compounds.

» Molecular docking simulation was performed to investigate potential enzyme interactions.

s Significant reactivation potency against dichlorvos-inhibited acetylcholinesterase was detected.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: www. future-science/doi/suppl/10.
4155/fmc-2019-0027
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Abstract: Background: In the last decade, the concept of uncharged reactivators potentially able
to penetrate the CNS has been introduced as an alternative to the classic charged oxime reactiva-
tors. However, this concept brings with it several associated drawbacks such as higher lipophilic-
ity, difficulty in administration, lower affinity to cholinesterases, and higher toxicity risk.

Objective: In this study, we compare data obtained for a set of five classie charged reactivators and
a set of three recently published uncharged oximes supplemented by two novel ones.

Methods: This time, we used only irsilico prediction and in vifro approaches.

Results: Our data showed that tested uncharged oximes have low affinity for cholinesterases, do
not possess high reactivation potency, and certainly represent a greater toxicity risk due to higher
lipophili¢ity. We assume that balanced physicochemical properties will be required for the suc-
cessful treatment of OP poisoning. Nevertheless, the compound meeting such criteria and pin-
pointed in silico (K1280) failed in this particular case.

Conclusion: From the presented data, it seems that the concept of uncharged reactivators will have
to be modified, at least to improve the bioavailability and to satisfy requirements for in vive ad-

ministration.

Keywords: Anxiety, acetylcholinesterase, organophosphate, oxime reactivators, quaternary oximes, non-quaternary oximes,

neurotransmission.

1. INTRODUCTION

Organophosphorus nerve agents (NAs: G-agents — tabun,
sarin, soman, cyclosarin, V-agents — VX, Russian VX) and
pesticides (e.g. chlorpyrifos, methamidophos, malathion) are
highly toxic compounds that represent a permanent threat to
the population in both armed conflicts and in civilian society
(e.g. Gulf War, Tokyo subway attack, Syria in 2013 and
2017, assassination of Kim Jong-nam). Their mechanism of

*Address correspondence to this author at the Biomedical Research Centre,
University Hospital, Sokolska 581, 500 05 Hradec Kralove, Czech
Republic; Tel: +420-603-289-166; E-mail: kamil kuca@fnhk.cz

1875-6638/18 $58.00+.00

action involves irreversible inhibition of acetylcholinesterase
(AChE, E.C. 3.1.1.7) which under physiological conditions
cleaves acetylcholine (ACh) and ensures neurotransmission
[1]. Acute toxicity leads to the accumulation of ACh at neu-
ronal synapses and the neuromuscular junction, and mani-
fests as two types of symptoms: muscarinic (e.g. salivation,
blurred vision, sweating, bradycardia, hypotension, GIT hy-
permotility) and nicotinic (e.g. muscle weakness, fascicula-
tion and paralysis). The lipophilic nature of organophos-
phates allows direct blood-brain barrier (BBB) penetration
and leads to poorly-controlled central symptoms (e.g. anxi-
ety, confusion, ataxia, seizures). Untreated organophosphate
(OP) poisoning inhibits the respiratory center and together
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with bronchoconstriction and muscle paralysis leads to death
by suffocation [2].

Acute intoxication with OP agents can be managed via a
general strategy consisting of administration of a parasym-
phatholytic agent (e.g. atropine), oxime reactivator or anti-
convulsant drug (e.g. diazepam) [3]. Besides the generally
accepted fact that there is no universal reactivator [4], the
main drawback of atropine administration is the protection of
only the muscarinic receptors, despite the fact that in vitro
inhibition of nicotinic receptors has been also reported by
some authors [5]. Another disadvantage of atropine is its
limited availability in the brain. Unfortunately, oxime reacti-
vators also show very limited bioavailability in the brain.
Even though pralidoxime has been reported to be available
in the brain by approximately 10% [6], such availability
seems to be overestimated, especially in the case of bis-
pyridinium oximes [7]. During recent decades, many oxime
reactivators (mostly based on the pyridinium scaffold) have
been synthesized and evaluated for their reactivation potency
against different types of OP inhibitors (for review see [8].
Unfortunately, low CNS availability and limited versatility
usually persist. The high end of the pursuit for the optimal
quaternary reactivator can be represented by oxime-
hydroxamate hybrids capable of AChE reactivation and OP
agent degradation at the same time, leading to high protec-
tive ratios against soman, sarin, cyclosarin and VX peisoning
[9]. However, even in this study data on the CNS availability
and efficacy against tabun are missing.

In the last decade, the concept of uncharged reactivators
able to penetrate the CNS has been introduced in order to
protect the brain (for review see [10]. However, this concept
also brings some practical drawbacks which are associated
with the change in molecular properties. Specifically, higher
lipophilicity leads to low solubility, lower reactivation abil-
ity, higher promiscuity of the compounds, off-targeting and
increased toxicity, which may be even more pronounced in
the central compartment [1 1}

The concept of non-quaternary reactivators was origi-
nally proposed by Mercey et al. linking a phenyltetrahydroi-
soquinoline building block, ensuring an anchor to the pe-
ripheral anionic site (PAS) of AChE, to a hydroxylated pyri-
dincaldoxime as the reactivation-ensuring moiety [12]. On-
going studies have shown good to excellent in vitro
reactivation potency against tabun and VX-inhibited AChE
[13]. However, after selected candidates had been used in the
mouse model, the “gold standard” reactivator asoxime (HI-6)
showed much higher efficacy [14]. When linked to an imida-
zolium aldoxime, phenyltetrahydroisoquinoline derivatives
were also reported to have good reactivation potency in vitro
compared to asoxime, obidoxime, trimedoxime and
methoxime [15]. Unfortunately, there are no ir vivo data
which would confirm the druggability and effectiveness of
such compounds. Further, non-quaternary ketoximes based
on benzhydryl-piperidine were synthesized and evaluated in
vitro against sarin-, VX- and tabun-inhibited AChE, and
showed higher efficacy than 4-PAM but lower than asoxime
[16]. A non-quaternary series of imidazolium aldoximes fur-
ther extended by an azepane analog (lead compound
RS194B) were reported as promising AChE reactivators
[17]. Unfortunately, the low toxicity and good CNS avail-
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ability of those compounds in vive are somewhat knocked
down by low efficacy against tabun-inhibited AChE, and by
the fact that high efficacy against VX-, sarin- and cyclosarin-
inhibited AChE in vifro is only comparable to that of 2-
PAM. The same can be postulated about the amidine-oxime
series, showing low acute toxicity and in vive protection, but
only superior to MINA and not even to 2-PAM [18]. Other
standard reactivators such as asoxime or obidoxime were not
tested in these studies. Altogether, although non-quaternary
oximes undoubtedly represent an innovative group of com-
pounds, their potential clinical benefit has never been truly
validated. The question whether non-quaternary oximes sur-
pass quaternary ones cannot be easily answered as there is no
thorough comparison of both families. The above-mentioned
studies often correlate the findings to less effective standards
(2-PAM, MINA), use only surrogates of nerve agents, or
omit some of the nerve agent representatives.

The aim of this study is to compare in vitro data of both
groups in order to estimate the benefits of non-quaternary
oximes over the classic charged reactivators (asoxime, obi-
doxime, trimedoxime, methoxime and pralidoxime). Sum-
marized here are full sets of data describing physicochemical
parameters, reactivation efficacy against sarin, tabun and
paraoxon, affinity to native cholinesterases, and in silico
prediction of toxicity, eytotoxicity and estimation of blood-
brain barrier penetration. We have chosen already-published
representatives of uncharged AChE reactivators, optimized
their synthetic procedures and further extended the group by
two novel prospective non-quaternary oximes (Fig. 1).

2. MATERIALS AND METHODS

For the whole material and methods part see Supplemen-
tary Information.

3. DESIGN, OPTIMIZATION AND SYNTHESIS OF
UNCHARGED REACTIVATORS

In this work, we have envisaged and carried out the syn-
thesis of three known non-quaternary reactivators, namely
6-(5-(3.4-dihydro-1H-pyrido[3.4-blindol-2(9 H)-yl)pentyl)-3-
hydroxypicolinaldehyde oxime (K1279) (17), 6-(5-(6,7-
dimethoxy-1-phenyl-3 4-dihydroisoquinolin-2(1H)-y )pent-
yl)-3-hydroxypicolinaldchyde oxime (K1278) (18), and 2-
(hydroxyimino)-N-(2-(pyrrolidin-1-yl)ethyl]ethanamide (K1
280) (24) [12, 13¢, 17a], and also applied the chemical pro-
cedure to the synthesis of two new oxime derivatives,
namely 6-(5-(3,4-dihydroisoquinolin-2(1H)-yl)pentyl)-3-hy-
droxypicolinaldehyde oxime (KI1281) (19) and 6-(5-(4-
benzhydrylpiperazin-1-yl)pentyl)-3-hydroxypicolinaldehyde
oxime (K1358) (20). The design of 19 was inspired by the
motif from 18, namely the 6,7-dimethoxy-1-phenyl-3,4-
dihydroisoquinoline moiety, which by a reduction approach
yielded the 1,2,3,4-tetrahydroisoquinoline core. This altera-
tion led to an overall molecular weight decrease to introduce
more drug-likeness into 19, with retained lipophilic character
for potential BBB permeation by passive diffusion. The 4-
benzhydrylpiperazin-1-yl moiety in 20 was selected to an-
chor the bulky site of AChE, 7.e. PAS in a plausibly more
favorable way compared to 18.

Compounds 17 and 18 have been previously reported by
Renard et al. [12, 13¢], but their overall synthetic yields
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Fig. (1). Currently available pyridinium-based reactivators with uncharged reactivators explored in the study.

were low (1.3% and 7.3% for 17 and 18 over 11 and 10
steps, respectively) [12, 13¢]. This highlights the difficulty
of preparing these products on a large scale as standards for
in vivo testing. Herein, we report improved reaction condi-
tions resulting in increased overall yields of the uncharged
reactivators. To shorten the reaction time, we have exploited
a microwave system for some reaction steps. In general, 17
and 18 were prepared in yields of 16.5% and 13.3% respec-
tively after 11 steps in both cases. In addition, we have also
developed two novel uncharged aldoximes, 19 and 20 in
overall yields of 12.9%, and 8.3%, both after 11 reaction

steps (Scheme 1). The synthetic approach leading to com-
pound 24 has already been published (Scheme 2) [17a]. In
the case of this oxime reactivator we have followed the re-
ported procedure, obtaining almost the same results. The first
step consisted in simultaneous esterification and introduction
of the oxime group to afford ethyl 2-(hydroxyimino)etha-
noate (22) in good yield (65%). In the second step, acyl sub-
stitution of intermediate 22 by commercially available 1-(2-
aminoethyl)pyrrolidine (23) provided the final product 24 in
slightly lower yield (70%) than that published in the litera-
ture.
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Tablel. ADMET properties predicted using in silico ADMET predictor software.
Compound | S+tlogD | S+Peff | S+MDCK | DiffCoef | LogBB | Vd | PrUnbnd m‘lt__nAstme Rar LD | Momse TDS)
(mg/kg/day) (mg/kg/day)
(mg/kg)
Obidoxime -5.02 0.56 2.52 0.77 2126 | 078 100.0 540 24 1075
Trimedoxime =522 0.55 146 0.75 <125 1.08 100.0 513 9 163
Methoxime -5.54 0.58 23.6 0.82 -9 | 081 100.0 464 26 982
Pralidoxime -3.19 0.73 94.7 1.14 -0.68 | 0.84 100.0 358 33 516
Asoxime ~527, 0.34 24 0.77 2139 | 087 100.0 686 46 69
K1278 544 5.80 19.0 0.56 049 | 177 0.74 410 23 57
K1279 323 251 9.6 0.65 -0.39 37 467 380 40 377
KI1280 0.94 1.85 294 0.97 032 | 1.00 8.4 480 17 975
KI1281 351 338 20.7 0.67 005 | 329 622 456 50 97
KI1358 4.63 2.50 119 0.56 001 482 203 477 30 964

S+ indicates software predicted parameter. Octanol-water distribution coefficient (S+logD), human jejunal effective permeability (S+Peff, cm/s x10™), apparent
MDCK permeability (S+MDCK, em/s x10°), molecular diffusion coefficient in water (DiffCoef, cm/s xl()i), logarithm of the blood-brain partition coefficient
(S+LogBB), volume of distribution (Vd, L/kg), percentage unbound to blood plasma proteins (S+PrUnbnd, in %), LDs,- the lethal rat acute toxicity-lethal dose
in 50% of rats (mg/kg), TDs - the oral dose of a compound required to induce toxie effect in 50 percent of a rat or mouse population after exposure over a

standard lifetime (mg/kg/day).

Starting from 3-hydroxypicolinic acid 1, successive reac-
tions, namely esterification, bromination and protection by a
benzyl group were performed according to known proce-
dures [12, 13c]. This afforded 2 in 71% yield after three
steps (Scheme 1). Subsequently, a microwave-accelerated
Sonogashira coupling was performed in CH;CN at 40 °C for
5 minutes to obtain aromatic alkyne 3 in excellent yield
(99%). The reaction time was shortened under these condi-
tions, whereas pursuant to the reported protocol the reaction
was carried out in CH,CL at room temperature overnight
[13c¢]. The alecohol 3 was converted to the corresponding
bromide 4 by Appel reaction with CBr; and Ph;P. The next
step was the nucleophilic substitution of the cyclic amines 5-
8 with bromide 4. To shorten the reaction time, coupling was
carried out under the microwave conditions at 80 °C in DMF
affording intermediates 9-12. A sequence of four reaction
steps was conducted with intermediates 9-12 according to
the described procedure in the following order [13¢]: i) cata-
Iytic hydrogenation of the alkyne and the deprotection of the
benzyl group, one pot,, ii) formation of the TBS ether, iii)
reduction of the methyl ester to the corresponding aldehyde
using DIBAL-H, iv) deprotection of the TBS group with
TBAF to give aldehydes 13-16 in 33-45% yields after these
four steps. The last step was the addition-elimination reac-
tion of the aldehyde group with NH,OH (50% aqueous solu-
tion) to generate the final aldoxime derivatives 17-20
(Scheme 1). To conclude our chemical data, the final un-
charged reactivators 17-20 were obtained in overall yields of
16.5% (17) 13.3% (18) 12.9% (19) and 8.3% (20) after 11
reaction steps in sufficient quantity for in vitre and also in
vivo evaluation. The structures of all compounds were de-
termined by 'H and '*C NMR analysis and by HRMS, Based
on LC with UV detection (4 = 254 nm), the purity of the fi-
nal products 17-20 was > 95%.

Details on the organic syntheses are given in the Experi-
mental section.

4. RESULTS

4.1. In silico Prediction of ADME and Toxicological
Properties

Employing in silico prediction, we confirmed that all ter-
tiary amines except K1280 (K1358, K1278, K1279 and
K1281) have logD;4, which favors transmembrane perme-
ability across the BBB. By contrast, quaternary oximes have
logD+ 4 range from -5.5 to -3.2. These in silico data correlate
well with our experimental results (Table 2). In silico, all
non-quarternary compounds were predicted to have good
permeability across MDCK cells (S+MDCK) or human jeju-
num (S+Peff), as well as across the blood-brain barrier
(BBB) as determined by the LogBB coefficient (Table 1). In
the MDCK model, compounds with permeability (Papp (A-
B)) >3 x 10 cm/s have high brain potential to enter the
CNS, and compounds with Papp (A-B) <1 x 10 *cm/s are
have very low penetration across the BBB [19]. With respect
to logBB interpretation, CNS-permeable compounds have
logBB > 0.3, by contrast, in non-permeable compounds
logBB is negative and lower then —0.3 [20]. Although
K1278, K1279 and K1280 have logBB values only slightly
below the threshold value of -0.3, other parameters refer to
their potential BBB permeation. Interestingly, some quater-
nary oximes with low molecular weight have shown also
good permeability in the MCDK cellular model of trans-
epithelial transport, such as 2-PAM, trimedoxime, metho-
xime, ranging from 14.5 to 94.7 em/s x 10°°. However, these
predictions are not confirmed by experimental findings in the
PAMPA assay, MDCK assay (see below) nor by in vive
evaluation [7]. Some tertiary amines with high logD such as
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Table 2. pK,, logP and log$ values for standard oximes and uncharged reactivators. Results are the mean of at least three inde-
pendent measurements. * Values obtained by in silico prediction by ADMET Predictor. ** Interval predicted due to very
high and very low experimental water solubility for K1280 and K1279 respectively.

Compound pK. = SD pK.+SD pK., £ SD pK..+SD logP +SD log§
Pralidoxime 7.88 £0.01 - -2.81* -2.48%
Obidoxime 7.63+0.05 8.33+0.10 - -4.61% -3.48%
Trimedoxime 7.97 £0.01 8.62+0.03 - -4.42% -3.53*%
Asoxime 7.36 £0.03 - -5.03* -3.29*
Methoxime 7.32+0.02 8.13+0,00 - -5.03* -3.50*
20 (K1358) 8.15+0.04 3.63+0.05 8.05+0.11 5264 0.04 -6.84
19 (K1281) 8.16+0.06 3.54+0.06 8.70 +£0.06 4.19+0.01 -4.26
24 (K1280) 8.79+0.01 871 +£0.05 0.04 +0.01 > -3.65%*
17 (K1279) 8.13+0.03 3.36=+0.10 8.02 +£0.08 437+0.05 <-5.71%*
I8 (K1278) 8.12+0.01 331+0.10 7.77+0.09 4.99+0.02 -5.367

K1358 and K1278 have very high plasma protein binding
(higher than 97%) which might be a potential obstacle in
distribution and transfer across the BBB (see Table 1). How-
ever, compounds K1279, K1280 and K1281 (logD ranges
from -0.9 to 3.5) have satisfactory BBB permeability and
satisfactory free drug plasma concentration (at least 2% of
free unbound compound) for potential drug candidates. [n
silico analyses using ADMET Predictor also indicate the
negative affinity of all tested quaternary and tertiary amines
to the major BBB efflux transporter P-glycoprotein [19b],
indicating that this factor does not favor non-quarternary
compounds over quarternary ones (data not shown). Our
predictions also clearly demonstrate that the more lipophilic
compounds (K1278, K1279, K1281 and K1358) will be
widely distributed in the body and in fat tissues as indicated
by high Vd parameters (Table 1). This distribution will ex-
tend the body half-life and also decrease the plasma concen-
trations of these compounds.

In the in-silico toxicity analyses, we found very low pre-
dicted risk of toxicity or mutagenicity for these compounds
(data not shown). Some compounds displayed some risk of
cardiotoxicity as indicated by a plausible interaction with the
hERG potassium ion channel (e.g. asoxime and K1281).
This risk was independent of the tertiary or quarternary
amine status in the tested compounds, and does not seem to
be connected strongly with the oxime moiety. All analyzed
compounds have relatively high LDsg and TDs, values in rats
or mice, which are independent of charge in the molecule
(Table 1).

In conclusion, with respect to the prediction of ADME
properties, compound K1280 seems to be a good drug candi-
date.

4.2. Determination of Physicochemical Properties

The physicochemical properties of AChE reactivators
play a key role in the reactivation of the enzyme. The disso-
ciation constant (pK,) indicates the ratio between the ionized
and un-ionized form at a given pH. The un-ionized state to-

gether with lipophilicity of the compound (logP) and its
solubility (logS) are essential parameters determining the
bioavailability and distribution within the body. Hence we
have determined the pK, of the standard reactivators as well
as pK,, logP and logS values of our novel uncharged reacti-
vators, to compare and predict their druggability in the hu-
man organism (Table 2).

For several compounds more than one pK, value was de-
tected, as a result of their chemical structures. Bispyridi-
nium-oxime reactivators (asoxime, methoxime, trime-
doxime, obidoxime) have two pK, values (pK,1, pK,2). Non-
quaternary reactivators have another one or two pK, values
corresponding to the basic groups in their structures (pKk,3,
pK:4). Due to their very high water-solubility and hydrophil-
icity, logP and logS of quarternary reactivators were not de-
termined, and were only evaluated by in silico prediction.

The pK, (A) values of the novel non-quarternary reacti-
vators K1278, K1279, K1281 and K1358 are in the recom-
mended range of pK, 7.00 - 835, which ensures good
reactivation capability at physiological pH [21]. However,
the pK, value of K1280 is slightly outside of this recom-
mended range. Further, logP data showed that KI1278,
K1279, K1281 and K1358 are quite lipophilic, in contrast to
the standard quaternary oximes and K1280 (> 41.5 mg in 1
ml).

As K1278, K1279, K1281 and K1358 have identical
oxime moieties, it seems that the reactivation potency is not
solely dependent on this fragment, and that the non-oxime
moiety also plays an important role in this property. The
basic moiety probably affects formation of the oximate as
well as the affinity of the reactivator for the anionic binding
site of the enzyme [22].

4.3. In vitro Anti-Cholinesterase Assay

All the newly-synthesized compounds exhibited a low
inhibitory activity towards cholinesterases (Table 3). The
most potent inhibitors were asoxime for AChE and prali-
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Table 3. Inhibitory activity of pyridinium-based and
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quaternary oxime reactivators towards native AChE and BChE

expressed as the ICs; values £ SEM (n=3), or % of inhibition at the highest concentration tested (10 pM), marked by*.
Compound K1280 showed no effect even at higher concentration than 10 pM, marked by**.

Compound hAChE ICs = SEM (uM) hBChE ICs £ SEM (uM)
Pralidoxime (2-PAM) 217+17 138 +12
Obidoxime 197+8 5440+ 552
Asoxime (HI-6) 47.7+53 1950 +257
Methoxime 556+ 29 1870 £200
Trimedoxime 278 +20 2552 +754
K1279 19%* 0%*
KI1278 35%* 0%*
KI1280 0%** 0%*
KI1281 199%* 0%*
KI1358 5%* 0%*
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Fig. (2). Overall reactivation potency of quaternary and non-quaternary oxime reactivators against AChE inhibited by tabun, sarin and par-

aoxon at concentrations of 100 pM and 10 pM after 10 min. Values

doxime for BChE. Methoxime showed only marginal inhibi-
tory activity for AChE. In cases where the ICs, value was not
determined due to limited solubility, the inhibition is pre-
sented as a percentage at the highest concentration tested, i.e.
10 pM. Except for 2-PAM, the ability of all the pyridinium-
based reactivators to inhibit BChE was less pronounced
compared to AChE, being expressed mostly in the mM
range. The highest feasible concentration in this experimen-
tal setup (10 pM) for non-quaternary oximes resulted in no
inhibition of BChE.

showed as the mean £ SEM (n=3).

4.4. In vitro Assay of Reactivation Potency

Standard oximes obidoxime and trimedoxime (10° M,
10° M) showed the highest reactivation potency for sarin-
inhibited human AChE from the whole set of the tested
compounds (Fig. 2). Trimedoxime (107 M = 37.9%, 107 M
= 9.0%) was the best reactivator for tabun-inhibited AChE.
Note that K1279, the most effective non-quaternary oxime,
achieved 16.7% ability at 10°* M, and was more potent for
instance than pralidoxime. Obidoxime and trimedoxime
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Fig. (3). Overall reactivation potency of quaternary and non-quaternary oxime reactivators against BChE inhibited by tabun, sarin and par-
aoxon at concentrations of 100 pM and 10 uM afler 10 min. Values showed as the mean £ SEM (n=3).

were found potent for paraoxon-inhibited human AChE, but
nevertheless were surpassed by reactivator K1281 which
showed excellent results in reactivation of hAChE inhibited
by this erganophosphate (94.9% at 10 M). However, the
reactivation abilities of K1279, K1278, trimedoxime and
obidoxime were similar and almost as effective as K1281. A
similar trend was observed at the lower tested concentration
(10™ M).

None of the quaternary reactivators is able to satisfacto-
rily reactivate tabun-inhibited BChE. K1279 is the best of
the non-quaternary oximes, although the reactivation was no
higher than 10%. A similar situation can be observed for
paraoxon-inhibited BChE, where non-quaternary reactivators
K1279 and K1281 showed better reactivation potency than
the standard oximes. Trimedoxime followed by pralidoxime,
asoxime and K 1279 were the best oximes for reactivation of
BChE inhibited by sarin (Fig. 3).

4.5. Cytotoxicity and Prediction of BBB Penetration

All the reactivators under study were inspected for their
potential cytotoxic effect on renal and hepatic cell lines
(Table 4). Non-quaternary oximes (K1278, K1279, K1281
and K1358) generally possessed a more cytotoxic profile
than the pyridinium-based oximes for both tested cell lines.
The cytotoxicity of the novel non-quaternary compounds,
except for K1280, lies in the micromolar range. However,
the limited solubility does not allow an accurate 1Cs, deter-
mination in most of the cases. The analogs bearing a 3-

hydroxypyri-dinaldoxime fragment were found to possess
similar ICsy values (K1278, K 1279, K1358) of about 1 pM.
On the other hand, the N-substituted 2-hydroxyimino-
acetamide K 1280 did not influence cell viability at a concen-
tration around 2 mM, which can be ascribed to its lower
lipophilicity. No substantial difference was observed for dif-
ferent cell limes.

In the PAMPA assay, the penetration across the blood
brain barrier (BBB), expressed as the Pe value, was corre-
lated with standard CNS-available and unavailable drugs.
Our data showed a high resemblance to previously reported
penetrations of standard drugs as well as with general
knowledge about the availability in the CNS in vive [23].
The assay predicted good penetration for non-quaternary
compounds K1278, K1279 and KI1281. Oxime KI1280
showed a lower probability to permeate BBB, although this
can be categorized as uncertain, as the Pe value is higher
than that of the non-permeable standards (atenolol and pi-
roxicam) but lower than that of CNS-available drugs (tacrine
and donepezil).

In the assay employing MDCK cell we evaluated also the
possibility of active transport over the cell monolayer as
have been suggested by the in silico model. In this model
compounds showing Papp >3 x 10 cm/s have high brain
potential to enter the CNS, and compounds with Papp < 1 =
10 em/s are have very low penetration across the BBB [19].
Studied compounds followed the trend of the PAMPA
evaluation and data obtained for quaternary obidoxime,
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Tabled4. Cytotoxic effects of the standard oxime reactivators expressed as 1Cs. (95% confidence interval are not shown), and the
prediction of their blood-brain barrier penetration expressed as Pe £ SEM (n=2-3).
((:]yé:;z:g Prediction of BBB Penetration
Compound MDCK
ACHN HepG2 Pe (*l;ﬁﬂrs-%sr;z M* CHCH) (* lor :rn:fs") + CH
SEM
obidoxime 547 4.28 0.68 0.09 CNS - 1,0£0.3% CNS -
trimedoxime 18.34 8.50 0.073+£0.017 CNS - 0.4+0.2* CNS -
methoxime 1.31 1.28 025+0.13 CNS - 0* CNS -
pralidoxime 19.52 25.68 036+0.16 CNS - 0* CNS -
asoxime 8.90 3.08 0.84+0.19 CNS - o* CNS -
KI1278 0.002 0.001 54+08 CNS + 31.8 £5%* CNS +
KI1279 >0.001 =0.001 57+1.2 CNS + 20.8+7.8*%* CNS +
KI1280 >2 =2 24401 CNS +i .5 1.2%* NS -
K1281 0.011 0.012 69+02 CNS + 11.6+ 1.8** CNS +
KI1358 >0.001 > 0.001 N.D, N.D. N.D** N.D.
donepezil N.T. NT. 73+£09 CNS + 162.£1.1* CNS +
tacrine N.T. N.T. 3.75+£049 CNS + 254+£34*
atenolol N.T. NT. 1.02 +£0.37 CNS - N.T. N.T.
piroxicam N.T. N.T. 22+0.15 CNS - N.T. N.T.

N.T. not tested, N.D. not determined due to solubility reasons, when the solubility was below the limit of detection of the UV/VIS method. * stands for data
obtained spectrophotometrically, ** stands for data obtained using HPLC/MS detection.

trimedoxime, pralidoxime and for non-quaternary K1280 are
in high contrast of software prediction listed above. Whereas
CNS availability of those compounds is predicted by the in
silico model, both PAMPA and MDCK assays experimen-
tally denied this suggestion. In general, both assayed con-
firmed the hypothesis that quaternary oximes are not able to
cross the BBB, non-quaternary are (with exception of
K1280).

In both methods applied, the compound K 1358 was not
assessed due to low solubility in the assay medium, which
meant that it was below the detection limit of both the
UV/VIS spectrophotometry and LC/MS detection.

5. DISCUSSION

The concept of non-quaternary reactivators [12] has been
developed to ensure the protection of the central compart-
ment, which is barely affected by either atropine or the clas-
sic quaternary reactivators such as obidoxime and asoxime
(HI-6). On the other hand, non-quaternary reactivators are
associated with several drawbacks which result from their
lipophilicity [11]. Low solubility, difficulty with parenteral
application, lower reactivation ability and higher toxicity are
often discussed in such particular cases. Hence we have
taken five representatives of non-quaternary and five repre-

sentatives of quaternary reactivators and compared in vitro
their basic parameters, those crucial for potential treatment
of OP poisoning.

The ability of a reactivator to form an ionized oximate at
physiological pH is important for sucecessful reactivation, On
the other hand, the un-ionized state, together with its lipo-
philicity (logP) and solubility (logS), is essential for passive
diffusion of a compound through biological membranes. If
we consider parenteral application, such property is essential
for crossing of the blood-brain barrier. Based on previous
SAR studies, the recommended pKa values for the oxime
group are 7.00-8.35, when at least 10% of oximate is present
at pH 7.4 [21]. Except for K1280, all tested reactivators fit
into this range. Indeed, the evaluation of reactivation potency
at pH 7.4 confirmed potent reactivation ability of both sub-
sets. However, K1280 having the highest pKa (8.79) was the
least effective reactivator. To summarize reactivation data,
the set of quaternary oximes showed better efficacy against
sarin and tabun than non-quaternary oximes and approxi-
mately the same efficacy has been observed in the case of
paraoxon. Notably, compound KI1280 showed weak
reactivation potency. It is important to accept that
reactivation is probably not the only mechanism responsible
for protection, and other non-reactivating factors play an
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important role [24]. Compound K 1358 was not soluble at the
tested concentrations, and hence its reactivation ability was
not assessed. This leads to another issue associated with non-
quaternary oximes, which is the water solubility. LogP re-
sults show that K1278, K1279, K1281 and K1358 are highly
lipophilic, and as such are presumed to achieve good pene-
tration through biological membranes. However, the poor
solubility in water impedes administration of the drug.
Moreover, highly lipophilic compounds bind significantly to
plasma proteins, which results in a low free fraction of the
compound for distribution across the BBB or to other tissues
(Table 1). Very low water solubility also limits in vitro
evaluation, as in the case of K1358, and makes practically
impossible the in vivo validation and parenteral application
required for fast onset during OP poisoning. In contrast,
K1280 possesses better solubility in water (> 41.5 mg in 1
ml), and based on the ADME predictors it can be regarded as
a promising centrally-bioavailable candidate. However, this
prediction was not confirmed in the PAMPA evaluation,
where good penetration for the non-quaternary compounds
K1278, K1279 and K1281 was proposed, whereas oxime
K 1280 was found to be hampered with uncertain permeabil-
ity probably due to its low lipophilicity (logP = 0.04). Even
though the correlations between higher lipophilicity and in-
creased permeability have been established, lipophilicity
itself is not always predictive of permeability [25]. Further-
more, some quaternary oximes (2-PAM, trimedoxime,
methoxime) were software-predicted for good permeability
in the MCDK cellular model of trans-epithelial transport
[19]. However, these predictions were not at all confirmed
by experimental findings in the PAMPA and MDCK assays,
nor by in vivo experiments [7]. Standard charged reactivators
showed low Pe values, which mean that these standard drugs
cannot be administered per os [26], and they scarcely pene-
trate to the brain [7, 27]. In a further development, based on
the in sifico predictions, attention needs to be paid to com-
pounds with logP closer to the reported optimal value for
CNS active drugs (logP~2.1, <3) and with lower molecular
weight (below 310) [19b, 28].

Even though in silico prediction has not revealed sub-
stantial differences between the acute toxicity of quaternary
and non-quaternary oximes, lipophilicity is an important
factor from the toxicological point of view [29]. Lipophilic
compounds are more persistent (possessing higher Vd) in the
organism and thus may accumulate and later redistribute.
There is also a higher probability of toxic metabolite forma-
tion in the case of lipophilic drugs, as these have higher pro-
pensity to be metabolized [30]. Furthermore, lipophilic com-
pounds have a higher affinity for any hydrophobic regions of
proteins, which results in off-targeting and may lead to side
effects [29]. In our study, we examined the cytotoxicity of
both subsets on both renal and hepatic cells. Even though
there is no clear correlation between acute toxicity and cyto-
toxicity, there was an apparent correlation between lipophil-
icity and cytotoxicity. While classic quaternary oximes exert
cytotoxicity in the millimolar range, non-quaternary oximes
displayed anti-proliferation activity in the micromolar range.
In some cases, the cytotoxic [Cs, value was not reached, due
to low solubility.

Soukup et al.

The toxicity of reactivators may also be associated with
their affinity to AChE. Whilst affinity of AChE reactivators
to AChE is essential for the reactivation process, oxime reac-
tivators should not be strong chelinesterase inhibitors them-
selves, as this may aggravate the toxic symptoms [31]. Cor-
relation of the inhibitory activities of the quaternary and non-
quaternary subsets to AChE is hampered by the fact that
non-quaternary oximes have limited solubility, and the con-
centration required to inhibit the enzyme by 50% (ICsp)
could not be achieved. By simple extrapolation of the inhibi-
tion obtained at 10 pM we can observe that non-quaternary
oximes using a peripheral site anchor have higher inhibitory
activity to AChE than quaternary ones, and thus may repre-
sent a higher risk for native AChE. Higher affinity to AChE
would be plausible in the case of excellent reactivation po-
tency, but such conclusion could not be drawn from the pre-
sented data. The lower reactivation rate of OP-inhibited
BChE probably reflects lower affinity for this enzyme.

CONCLUSION

Non-quaternary and quaternary oxime reactivators repre-
sent opposite ends of a spectrum. /n vitro evaluation of clas-
sic charged oximes and representatives of recently-published
uncharged reactivators indicates that uncharged oximes do
not offer extraordinary reactivation potency, but without
doubt they represent a higher toxicity risk. Whether protec-
tion of the central compartment will outweigh the risks asso-
ciated with lipophilic compounds must be definitively de-
termined in vive. However, even parenteral the administra-
tion of such lipophilic drugs is problematic. More likely,
balanced physicochemical properties will be required for the
successful treatment of OP poisoning. Nevertheless, one
such compound pinpointed by in silico assessment and
evaluated in this study (K1280) failed in this particular case.
From the presented data, the concept of uncharged reactiva-
tors will have to be improved, at least in respect of bioavail-
ability and the prerequisites for administration in vivo.
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