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ABSTRACT

Recentin vitro andin vivo studies highlight the strong potential of dimethjdulfide (DMTS) as an
antidote for cyanide (CN) intoxication. Due to tgh oxygen demand, the brain is one of the main
target organs of CN. The blood-brain barrier (BB&julates the uptake of molecules into the brain. |
the literature, there is no data about the abdftpMTS to penetrate the BBB. Therefore, our ainswa
to test than vitro BBB penetration of DMTS and ita vivo pharmacokinetics in blood and brain. The
in vitro BBB penetration of DMTS was measured by usingralfe artificial membrane permeability
assay (BBB-PAMPA), and a triple BBB co-culture moddée pharmacokinetics was investigated in a
mouse model by following the DMTS concentrationhiood and brain at regular time intervals
following intramuscular administration. DMTS showédyh penetrability in bothn vitro systems
(apparent permeability coefficients: BBB-PAMPA 1x.80° cm/s; cell culture 158 x 1cm/s) without
causing cell toxicity and leaving the cellular barintact. DMTS immediately absorbed into the loloo
after the intramuscular injection (5 min), and dpipenetrated the brain of mice (10 min). In aiddit

to the observed passive diffusion in finevitro studies, the contribution of facilitated and/otize
transport to the measured high permeability of DMiRSthe pharmacokinetic studies can be
hypothesized. Earlier investigations demonstratiregantidotal efficacy of DMTS against CN together

with the present results highlight the promise MTS as a brain-protective CN antidote.



INTRODUCTION

Cyanide (CN) is employed in industrial processeshsas electroplating, and gold mining; released in
the smoke of fires; being especially problemati@wimaterials with high nitrogen content are burned,
and naturally synthesized in certain plants suataasava, and bitter almond. Inhalation or ingastio

CN causes severe intoxication. CN binds to andbitdhithe cytochrome oxidase, a member of the
mitochondrial electron transport chain, therebypsapsing oxygen utilization and the aerobic ATP
production (Vogel et al., 1981, Way et al., 1988\ intoxication is followed by lactic acidosis (Bhu

et al., 2002) in anaerobic conditions. The organstrausceptible to CN poisoning are the brain bed t
heart, which use high amounts of ATP. Althoughaoéllular enzymes, such as rhodanese (EC 2.8.1.1)
or 3-mercaptopyruvate sulfurtransferase (EC 2.3.@¢cvert CN to the less toxic thiocyanate, the
efficacy of these enzymes are limited (Wrobel et2004). The brain contains only small amounts of
rhodanese and 3-mercaptopyruvate sulfurtransféfaselari et al., 2002; Eskandarzade et al., 2012;
Shahbazkia et al., 2009; Nagahara et al., 199etftbre it is desirable that antidotes against &hdly
reach the brain. Acute CN intoxication can be gddiy available antidotes (Petrikovics et al., 2015
such as Nithiodofe(comprised of a combination of sodium thiosulfamel sodium nitrite) (Scottsdale,
2011) and CyanoKit(hydroxocobalamin) (Borron et al., 2006; Zakhaetal., 2015), but each of these
have their own limitations of requirement of intemous administration that limits their applicatian
mass scenarios (Maraffa et al., 2012). Additiomaithtion with Cyanokit is that it requires high
injection volume >200 ml. The major limitation addium nitrite is the formation of excess amount of
methemoglobin in certain individuals even at treoramended doses and causing methemoglobinemia
(Klimmek et al., 1988). The antidotal activity adbdium thiosulfate has limitations due to its small
volume of distribution, short biological half-lii@nd high rhodanese dependence (Schulz, 1984; Way,
1988).

The novel CN countermeasure dimethyl trisulfide (D8) showed remarkable anti-CN effeats
vitro andin vivo (Rockwood et al., 2016; Kovacs et al., 2016a; Ksvet al., 2016b). Comparing the
sulfur donor efficacy of DMTS to sodium thiosulfatiee sulfur donor component of Nithiod8t®MTS
was three times more effective than thiosulfatevo. It also converts CN to thiocyanate 40 times faster
than thiosulfatén vitro (Rockwood et al., 2016). These results indicad¢ BMTS is a promising agent
against CN intoxication. As a highly lipophilic nealule, DMTS has low solubility in water and thus
requires special formulation technology to obtaomeentrations that are suitable for intramuscular
administration. Such formulations have the potéfiause in self-administration kits for mass casy

scenarios. A lipid based formulation was developgten DMTS was encapsulated into micelles and



testedin vitro andin vivo, but the encapsulation efficacy of the product waissatisfying (Kovacs et
al., 2016a). Various co-solvents and surfactantseviested for DMTS formulation (Kovacs et al.,
2016b). Polysorbate 80 (Poly80) at 15 % (w/v) a@d(w/v) resulted the best solubilizing properties
for DMTS and was further testdd vivo in mice (Kovacs et al., 2016b). The 15 % (w/v)yB0l
formulated DMTS provided over 3 times LD50 (Letltadse, 50%) protection at the DMTS dose of
100 mg/kg when the LD50 values were determinedhieyup-and-down method (Bruce, 1985). The
antidotal protection was expressed as antidotamuytratio (LD50 of CN with the antidote divided by
the LD50 of CN without antidote (control)). Based the works of Clark et al. (2003) and Lipinski et
al. (2001) DMTS is expected to passively penettiateugh the cellular membranes, because it is a
highly lipophilic compound with a high logP value f 02.93 (predicted value:

http://www.chemspider.com/Chemical-Structure.18B8l), it has small molecular weight (126.26

g/mol) and 76 A polar surface area (predicted valb#p://www.chemspider.com/Chemical-

Structure.18219.htrplDue to the brain is one of the most susceptian (as mentioned earlier) during

CN intoxication, a potential CN antidote needs ross the bloodbrain barrier (BBB) and efficiently
reach the brain. In case of the BBB the drug patietr is hindered not only by cellular membranes or
tight junctions (in the paracellular space), butscerming the BBB actively protect the brain agsti
drugs and toxins by expressing efflux pumps andhleyr high metabolic activity. To the best of our
knowledge there is no data in the literature abloeipermeability of the BBB to DMTS.

In this study, our aim was to test the BBB permigtandin vivo pharmacokinetics of DMTS in
blood and brain. For permeability tests, twwovitro models of BBB were applied: 1) parallel artificial
membrane permeability assay (PAMPA) and 2) braofo#relial cells co-cultured with pericytes and
astrocytes. The effects of DMTS on cellular vidpiland on tight junctions were investigated.

Furthermore, the pharmacokinetic profile in blood arain for DMTS was determined on a mice model.

MATERIALS AND METHODS
Chemicals

All chemicals were of the highest purity commetgiavailable. HPLC grade from J.T. Baker (Center
Valley, PA, USA), HPLC grade acetonitrile and etblainom Acros (Thermo Fisher Scientific, Geel,
Belgium), Poly80 from Alfa Aesar (Ward Hill, MA, Ug§, DMTS, dimethyl disulfide (DMDS), sodium
heparin from Sigma-Aldrich (SAFC, St Louis, MO, UBAnd dibutyl disulfide (DBDS) from TCI
America (Portland, OR, USA) were purchased. Hamiljas tight luer-lock syringes (100 pL), micro



centrifuge tubes (1.7 mL), screw cap vials (2 mld & mL) and needles (27G x %) from VWR
International (Radnor, PA, USA) and inserts (250 with polymer feet were purchased from Agilent
Technologies (Santa Clara, CA, USA). A 10 U/ml hapaolution was prepared by diluting a 10000
U/mL heparin stock solution with 0.9 % (w/v) salisgution. Aqueous Poly80 solutions were used at 5
and 15 % (w/v) concentrations. The DMTS stock sofu{50 mg/ml) used for thie vivo studies was
made by dissolving DMTS in 15 % (w/v) Poly80, ambtner DMTS stock solution (10 mg/ml) used
for the BBB-PAMPA and the cell culture was prepaie® % (w/v) Poly80. Acetonitrile was used to
prepare the 0.1 mg/ml DMDS solution, and ethanoiife 1 mg/ml DBDS solution. A twenty millimolar
verapamil stock solution was prepared in DMSO (Sightdrich). Ringer-HEPES (R-H) buffer was
prepared by dissolving the components in distMeder resulting in the final concentrations of 1B

for NaCl, 2.2 mM for CaG| 0.2 mM for MgCs, 5.2 mM for KCI, 5 mM for HEPES, 6 mM for NaHGO
3.3 mM for glucose. Poly80 (0.05 % (w/v)) in Prisid& and Ringer-HEPES buffer was used in the
BBB-PAMPA experiment and for the cell culture sealirespectively.

Testing DMTS Permeability in the BBB-PAMPA System

BBB-PAMPA system was applied to model the passemngability properties of BBB and o vitro

test the diffusion of DMTS through BBB (Di et a&003). Prisma HT buffer was used as a solvent in
the donor compartment in the BBB-PAMPA. Accordigthe manufacturer’s instruction 6.25 ml of
Prisma HT concentrate (PN 110151, plON, Billerig®#y, USA) was filled up with HPLC purity water

to 250 ml and the pH was set to 7.4 by 0.5 M Na®ke stock solution of 10 mg/ml DMTS in 5 %
(w/v) Poly80 was diluted with Prisma HT buffer 1hes to get the working solution of 0.1 mg/ml
DMTS in 0.05 % (w/v) Poly80. Verapamil (pION) wasad as a control for the BBB-PAMPA
experiments. The permeability profile of verapaimiknown from the literature (Mensch et al., 2010).
To test and exclude the effect of Poly80 on DMT 8mbility, verapamil was used with and without
Poly80. Two verapamil solutions with a concentnatad 200 UM were prepared in Prisma HT buffer,
one with 0.05 % (w/v) Poly80 and one without PolyB@ain Sink Buffer (PN110674, pION) with or
without 0.05 % (w/v) Poly80 was used in the acceptmpartment. The arrangement of the solutions

in the donor and acceptor phases are shown in Table

Before loading the solutions into the PAMPA platiég concentrations of DMTS and verapamil
were analyzed by HPLC or UV spectrophotometer, getbgely. The bottom 96-well microplates
(PN120551, pION) with magnetic discs served as dbeor compartment for the BBB-PAMPA
permeability experiments. The wells of the platesenfilled with 180 pl of 0.1 mg/mlI DMTS in 0.05 %



(w/v) Poly80, 200 uM verapamil with or without 0.06 (w/v) Poly80 (Table 1). The BBB-PAMPA
membranes on the acceptor plate (pION) were im@ategnwith 5 pl of BBB lipid cocktail (pION, PN
110672). The donor and acceptor plates were cirehunted (PAMPA sandwich) to prevent any
bubble formation between the compartments. Thepaoceavells were filled with 200 pl Brain Sink
Buffer with or without 0.05 % (w/v) Poly80 (Tablé¢. The mounted plates were placed on the PAMPA
plate stirrer (Gut-Box, pION) and the donor phases\stirred with 40 um Aqueous Boundary Layer.
The DMTS samples from the acceptor phase wereatetleat 30 and 60 min. The DMTS and verapamil
samples were collected from the donor and accebtases after 90-min incubation (Table 1). HPLC-
UV was used for analyzing the DMTS samples and p&csophotometer for the verapamil samples.
For each treatment group 5-10 replicates were medsThe clearance volume was calculated for
DMTS at 30, 60, 90 min and the apparent permeghiléts derived from the line fit to the data of
clearance (see in Supplementary Information) (Ketsal., 2014). For verapamil the apparent
permeability was calculated as described previoygliss et al., 2014, see in Supplementary

Information).

Cell Culture Conditions — BBB Model Construction

Primary cultures of rat brain endothelial cellsagind pericytes were used in the constructiomeirnt
vitro blood-brain barrier (BBB) model as described prasly (Nakagawa et al., 2009; Veszelka et al.,
2013). Endothelial cells and pericytes were isdldtem 3-weeks old Wistar rats, while mixed glial
cultures (containing 90 % astrocytes) from neonWttar rats. The detailed isolation procedure was
published by Nakagawa et al. (2009). For the aalluce studies, all reagents were purchased from
Sigma-Aldrich Kft., Hungary, unless otherwise iratied. Brain endothelial cells were cultured in
DMEM F-12 (Gibco, Life Technologies, Carlsbad, G#5A) supplemented with 15 % plasma-derived
bovine serum (First Link, UK), 100 pg/ml heparint@/ml insulin, 5 pg/ml transferrin, 5 ng/ml sodium
selenite, 1 ng/ml basic fibroblast growth factoo¢Re, Switzerland) and 50 pg/ml gentamycin. For the
establishment of the BBB model, brain microvascpkicytes were passaged to the bottom side of 12-
well tissue culture inserts (Transwell, polycaremraembrane, 0.4 pum pore size, Corning Costar, USA)
coated with collagen IV at a density of 1.5 x* bells/cn?. After attachment of the pericytes, brain
endothelial cells (8 x FOcells/cn?) were seeded to the upper side of the fibroneaih collagen IV
coated membranes. Primary cultures of rat glidsogere passaged to the bottom of 12-well dishes
(Corning, Costar, New York, NY) coated with 100 /mg collagen type 1V in sterile distilled water
and cultured for 2 weeks before using for the éripb-culture model. Pericytes and glial cells were
cultured in DMEM/HAM's F-12 supplemented with 10fétal bovine serum (Pan-Biotech GmbH) and
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50 pg/mL gentamycin. To construct the in vitro BB&-culture model Transwell culture inserts were
placed into 12-well plates containing glial cellshnwendothelial culture medium in both compartments
After two days of co-culture leading to the fornoatiof a confluenimonolayer of brain endothelial cells,

550 nM hydrocortisone was added to the culture oradb tighten junctions (Deli et al. 2005; Walter
et al., 2015).

Cellular Viability - MTT Dye Conversion Assay

For the cell viability assay, the isolated rat brprimary endothelial cells were seeded to 96-well
plates at a density of 6 x A@ells/well and cultured for 3-5 days until confiey (Kiss et al., 2013). To
test the dose-dependent toxicity of DMTS the moymia were treated with DMTS solution in the
concentration range of 1-30@g/ml in 0.05 % (w/v) Poly80 and phenol red free DMIELife
Technologies, Gibco, Carlsbad, CA, USA) for 10 n@ells which received only culture medium served
as a negative control group (100 % viability), vehdells treated with 1 mg/ml Triton X-100 detergent
served as a positive control (100 % toxicity). Tability of cells treated with DMTS was compared t
these positive and negative controls. After theriif-incubation time the DMTS containing treatment
medium was removed, the cells were washed withgitais buffer saline (PBS) and 0.5 mg/ml 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode& (MTT) containing fresh medium was added to
the culture and kept for 3 h in a €ldcubator. The conversion rate of the yellow MTyEdo the purple
formazan reflects the metabolic activity of thdselhe formazan crystals were dissolved in DMS@® an
the amount of the converted dye was determined &gsoring absorbance at 595 nm in a microplate
reader (Fluostar Optima, BMG Labtechnologies, Qréeg, Germany). The cell metabolic activity

(viability) was calculated as a percentage of e abnversion by the non-treated cells.

Integrity of the Paracellular Barrier

Transendothelial electrical resistance (TEER) wesed to determine the tightness of the intercellula
junctions in the BBB model (Deli et al. 2005). TEERasurements were made by an EVOM Volt/Ohm
Meter (World Precision Instruments, USA) combinethv6TX-2 electrodes and expressed relative to
the surface area of the monolayefsX cnt). The resistance of cell-free inserts (I3& cn?) was
subtracted from the measured values. The BBB msidelved a TEER value of 386 + 6¥x cn?

indicating tight barrier properties necessary far permeability assay.



Permeability Experiments on the BBB Culture Model

For permeability studies in cell culture 0.1 mgimdrking concentration of DMTS was selected, which
was approximately 100 times higher concentratiam tthe detection limit in Ringer-HEPES buffer (1.4
png/ml) and was still non-toxic to the cells. In taist to a PAMPA system, in the culture BBB model
the membrane of the inserts is thin (10 pm) andliigermeable, therefore log phase is negligibte fo
a lipophilic compound, like DMTS. A short time padi 10-min for the measurement gffn culture
condition was selected based on these charaatsrigtid to limit any potential effect of cellular
metabolism of DMTS. Inserts were transferred tawkl-plates containing 1.5 ml Ringer-HEPES buffer
in the acceptor (abluminal) compartments. Culturedionom was replaced in the donor (luminal)
compartment for freshly prepared 0.1 mg/ml DMTSusoh containing 0.05 % (w/v) Poly80. After a
10-min incubation on a horizontal shaker, solutiivas both compartments were collected and prepared
for HPLC measurement. DMTS concentrations fromIthminal and abluminal compartments were
determined by HPLC-UV. After the penetration asHay integrity of brain endothelial barrier was
verified by the permeability of the permeability niker molecule fluorescein (Mw: 376 Da; 1@/ml
final concentration in Ringer-Hepes buffer). Theagswith fluorescein was 15 min long. Concentration
of fluorescein in samples were determined by arlscence microplate reader (Fluostar Optima, BMG
Labtechnologies, Germany; excitation wavelength5 48n, emission wavelength: 535 nm). The
apparent permeability coefficientsaff for DMTS and fluorescein and transfer and recp\y@nass
balance) of DMTS were calculated as describedenipus papers (Kdirti et al., 2012; Kiss et al.,£201
Hellinger et al., 2012).

Immunohistochemistry

Morphological changes in brain endothelial monotayeere followed by immunostaining for junctional
proteins claudin-5, zonula occludens protein-1 (BOandp-catenin. After the transport studies, inserts
were washed with PBS and the cells were fixed &i% paraformaldehyde solution for 30 min at room
temperature and incubated in 0.2 % TX-100 solutaynpermeabilization. Non-specific binding sites
were blocked with 3 % bovine serum albumin in PBS8lIs were incubated with primary antibodies
rabbit anti-ZO-1, rabbit anfi-catenin and mouse anti-claudin-5 (Life Technolsgi€arlsbad, CA,
USA) overnight. Incubation with Alexa Fluor-488-&bd anti-mouse and anti-rabbit secondary
antibodies (Life Technologies, Invitrogen, USA)tesfor 1 hour. Nuclei of the living cells wereisid

with ethidium homodimer-1 and Hoechst dye 333425amin before fixation. After mounting the



samples (Fluoromount-G; Southern Biotech, Birmimghd SA) staining was visualized by a Leica TCS
SP5 confocal laser scanning microscope (Leica Migtems GmbH, Wetzlar, Germany).

Animals

Animal studies were conducted using CD-1 male nfi® — 28 g; Charles River Breeding
Laboratories, Inc., Wilmington, MA). Animal procees were conducted in accordance with the
guidelines byrhe Guide for the Care and Use of Laboratory Angldiational Academic Press, 2010),
accredited by AAALAC (American Association for thssessment and Accreditation of Laboratory
Animal Care, International). The mice were fed witBo Rodent Chow (Teklad HSD, Inc., Madison,
WI) and waterad libitum, and were housed at 21°C in light-controlled roqfi®-h light/dark, full-
spectrum lighting cycle with no twilight). At thermination of the experiments animals were eutteahiz
in accordance with th&VMA Guidelines for the Euthanasia of Anima2)13 Edition (AVMA
Guidelines). The Institutional Animal Care and Wsanmittee (IACUC) permission number is 15-09-
14-1015-3-01.

Pharmacokinetics of DMTS in Mouse Blood and Brain

For the absorption kinetics experiment, the DMT8camtration in blood and brain was measured
from samples taken 0, 5, 10, 20, 60 and 120 mar @&itramuscular injection. DMTS stock solution at
50 mg/ml concentration was prepared by dissolviTS in 15 % (w/v) Poly80 solution (Petrikovics
and Kovacs, 2016). A 200 mg/kg DMTS dose was agplig injecting the DMTS stock solution
intramuscularly. The injection volume (approximgt8D - 110ul) was halved and both rear legs were
injected. For the control mouse, the 15 % (w/v)yB0Isolution without DMTS was injected. The mice
were anesthetized by inhalation of isoflurane ketbe blood and the brain samples were taken. Right
after anesthesia blood samples were collectedtinerheart into heparinized tubes. The rest of hed
was washed out from the circulation by performirggdeac perfusion with approximately 8 ml
physiological saline containing 10 U/ml heparin enthe deep terminal anesthesia. The brain was
quickly removed from the skull and divided into twzarts. The measurement of the DMTS
concentrations in the blood and brain samples waégted immediately following collection to
minimize the effect of any post collection reactiaf DMTS with the sample (Kiss et al. 2017). The
volume of distribution and the tissue partitionicgefficient (Kpbrain:biood for DMTS were calculated
(see in Supplementary Information).



Preparation of DMTS Samples for HPLC Analysis

DMTS Samples Originated from the BBB-PAMPA Measentsn

The DMTS concentrations from the Ringer-HEPES smhgt in the BBB-PAMPA system were
determined by HPLC-UV. A 60 ul aliquot of internglandard solution (0.05 mg/ml DMDS in
acetonitrile) was transferred to 250 pl glass itsserthin the HPLC glass vials (Agilent Technolagie
and 40 ul of the BBB-PAMPA DMTS samples were aduabeglach insert. The vials were hand-vortexed
for 10 s, followed by auto-vortexing for 5 min abm temperature, and loaded into the HPLC instramen

for measurement.

DMTS Samples Collected from the Cell Culture Mesisients

A 300 pl aliquot of internal standard solution @:1®g/ml DMDS in acetonitrile) was mixed with
200 pl of the DMTS containing samples. The solgiarre hand-vortexed for 10 s, auto-vortexed for
5 min at room temperature, and centrifuged for B ati4°C with 14000 RCF. The supernatant (150pul)
was transferred to 250 pl glass inserts in the HBlaSs vials, and loaded into HPLC instrument for

measurement.

Blood Samples Containing DMTS Collected from Amsmal

The method developed for DMTS detection from blaas applied in this study (Kiss et al., 2017).
Briefly, immediately after collection of the DMTSqgosed blood (80 pl), 200 ul of the internal stadda
(0.1 mg/ml DMDS) in ice cold acetonitrile was add&den the micro-centrifuge tubes with the solugion
were hand-vortexed for 10 s, auto-vortexed for 110 a room temperature, and centrifuged for 5 min
at 4°C, and 14000 RCF. The supernatants (80ul) wansferred to 250 pl glass inserts in the HPLC

glass vials, and loaded into HPLC instrument foasugement.

DMTS Analysis by HPLC-UV

A Dionex Ultimate 3000 (Thermo Scientific, WalthamA, USA) HPLC-UV instrument was used
in the analysis (Kiss et al., 2017). Forty micealg of DMTS containing samples were injected onto a
guard column connected to a 250 x 4.60 mm non-g@{8ranalytical column having a Phenomenex
Luna stationary phase (consisting of bonded oaaiits coated on silica support particles, pore size
100A, outer diameter of 5 um). Isocratic elutionsveamployed. A 35 : 65 v/v mixture of water and
acetonitrile flowing at rate of 1 mL/min servedthe mobile phase. The column backpressures ranged
from 1430 to 1450 psi. The analyte absorbance &trith was monitored by a UV detector. The
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calibration curve used for BBB-PAMPA and cell cu#istudies is shown on Figure 1. This method was
also used for experiments with blood, where thet loh detection (LOD) and limit of quantification
(LOQ) were 1.46 and 4.45 pg/ml, respectively. Femttore, the intra- and inter-day precisions varied
from 6.9to 12.2 CV% (relative standard deviation), while thtra- and inter-day accuracies varied from
-3.7 t0 -14.8 %. (Kiss et al., 2017).

DMTS Analysis by GC-MS

GC-MS was used to measure DMTS concentration flarbtain samples with a previously developed
method (Kiss et al, 2017). To every 220-mg mousalirssue 1 ml ethanol was added. The brains were
homogenized by a Precellys 24 tissue homogenizoerti(B Technologies, Montigny-le-
Bretonneux (France), Precellys vials with 1.4 mmangc beads, 6500 RPM, 3 times 1 min). The brain
homogenate (475 pl) was added to 25 pl of 1 mg/BDB (in ethanol) solution. A magnet bar was
placed into the vials and the sample was stirredbfain. PDMS fiber (Agilent Technologies) was
inserted into the headspace of the vials and wexgiated for 10 min. To detect the molecules frioen t
fiber GC-MS was used. For sample analysis an Agildodel 6890A gas chromatograph and Agilent
Model 5973C mass selective detector was used. Thedumn was an Agilent DB-5MS (30 m x 0.25
mm with 0.1 um film). The chromatographic methodapaeters were: 40°C for 1 min, 60°C/min to
280°C, and 280°C for 3 min with a He flow rate ahlfmin. The temperature of the inlet was 250°C.
The source temperature for MS was 230°C, whilegtedrupole temperature was 150°C. Both scan
mode and single ion monitoring (SIM) were applieddetection, in the scan range between 30 and 200
m/z. The following ions were selected for the Sidtattion with 5ms dwell time for DMTS: 44.9, 45.0,
63.9, 64.0, 78.9, 79.0, 110.8, 111.0, 125.9, 18820 The ions used for DBDS quantification included
178 and 178.1 m/z. For data processing Agilent Btation version E.02.02.1431 software was used.
Concentrations were determined by the calibrationes published earlier, and the LOD and LOQ were
determined to be 213 and 645 ng DMTS/g brain, spy (Kiss et al., 2017). The intra- and inter-
day precisions were below 24.3 CV %, while the sacywas between -1.3 and +2.4 %.

UV Spectrophotometric Method for Verapamil Analysis

Samples containing verapamil were collected froemBBB-PAMPA measurements. To the micro-
centrifuge tubes filled with 300 pl of 200 mg/ml B® in water, 140 ul of the collected samples were
added. After vortexing 400 pl of the mixture waansferred to a narrow quartz cuvette (VWR).
Absorbances were measured in the range of 210 nA0By a Shimadzu UV2101 (Shimadzu Corp.,

Kyoto, Japan) spectrophotometer. The absorbancasurerl at 278 nm were used for the calculation.
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Statistical Analysis

All plotted values represent the means + standawiations (SD). Unpooled Student t-tests were used
to assess the significance of changes in the pédihties of verapamil in the presence and abserice o
Poly80. To evaluate the toxic effect of DMTS on etielial cells one-way ANOVA followed by
Dunnett’s test (GraphPad Prism 5.0, GraphPad Sodtima., San Diego, CA, USA) was used. The effect
of the variable under study was considered stediltyi significant, if the random probability (p) tie
observed change in signal associated with a spettdatment was less than 0.05. The number of
replicate samples varied from 3 to 10.

RESULTS
Permeability of DMTS in the BBB-PAMPA System

The BBB-PAMPA system is a widely used surrogate ehofl BBB permeability, therefore the passive
penetration of DMTS was tested on it (Di et alQ2@nd 2009; Mensch et al., 2010; Miller et al1,30

The clearance volume of DMTS was determined at680),and 120 mins after injection and the
permeability was calculated from the data showRigure 2A. In the BBB-PAMPA system thepFof

DMTS was 11.8 x 1®cm/s. A lag time of 6.41 mins in DMTS appearanctie acceptor compartment
was measured. Verapamil, used as control, shoviaghaf 25.7 x 16 cm/s in the absence of Poly80.
In the presence of 0.05 % (w/v) Poly80, the perntiabf verapamil decreased by 16 %, to 21.5 x 10

6cmls.

Effect of DMTS on Viability of Cultured Brain Endot helial Cells

The viability of brain endothelial cells in the pe:ce of DMTS at different concentrations was teste
by the MTT dye conversion assay (Figure 3). A 1@-imeatment with DMTS in a concentration range
of 1-300 pg/ml did not significantly decrease tlnbility compared to the non-treated control group.
However, at the concentrations of 30, 100 and 3§uUDMTS enhanced the metabolic activity of the
cells. Triton X-100 was the positive control fodlageath and resulted in complete toxicity withid 1

min.
Permeability of DMTS Through the Triple Co-Culture Model of BBB

A very high permeability was measured for DMTS e BBB culture model (158 + 14 x §@m/s)
indicating a complete distribution between the tmmpartments (Table 2). The permeability of DMTS
in the cell free inserts (159 + 7 x-4@m/s) was similar to those measured with celluraltThe 70 %

recovery of the highly lipophilic DMTS is in good@rdance with the recovery of more than 100 tested
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compounds on BBB culture models in our previousdgt{Hellinger et al., 2012). The passive
paracellular permeability of hydrophilic fluoreseehrough the cellular barrier remained lowpP4.1

+ 0.9 x 1 cm/s) following a 10-min DMTS treatment, indicagithat the barrier integrity was not
compromised by DMTS treatment. The DMTS permeabiitas ~40 times higher than that of

fluorescein.

Effect of DMTS on Cell Junctions

Following the transport experiments, the cellslominserts were stained for junctional proteins:ZO
and p-catenin stainings show that the monolayer intggist not disturbed in agreement with the
fluorescein permeability values (Figure 4). Thdutat distribution of claudin-5 was slightly chame
with more cytoplasmic staining. The cell nuclei etained for both ethidium homodimer-1 (red) and
Hoechst dye 33342 (blue). No red labeling of nusias observed, denoting intact cell membranes after
the DMTS treatment. The untreated cells showedlaimorphology following each immunostaining

treatment.

Pharmacokinetics of DMTS

The pharmacokinetics of DMTS was investigatesdtivo in blood and brain (Figure 5A and B).
The concentrations of DMTS were determined at timervals of O, 5, 10, 20, 60, 120 min after the
intramuscular injection of 200 mg/kg dose of DMTSng previously developed methodology (Kiss et
al., 2017). A comparison of the first three timenp® in Figures 5A and 5B, shows that DMTS uptake
into the blood is largely complete by 5 min, whijgtake into the brain is still climbing stronglytlveen
the 5 and 10 min sampling points. For both sampiptgake is rapid, andnexis achieved in less than 10
min in blood, and very close to 10 min in the brdihe volume of distribution () of DMTS was
calculated after 10 min treatment, where th&was measured in blood, and resulted 0.21 + 0.03é.

tissue partitioning coefficient for brain (KRin:biood Was 0.0179 (1.79 %).
DISCUSSION

The present studies focus on the BBB permeabitity gharmacokinetics of the promising CN antidote
candidate DMTS. To the best of our knowledge thithe first publication investigating the absorptio
of DMTS into blood, then vitro BBB permeability and thm vivo distribution in the brain.

The penetrability of DMTS through the BBB was measdun both a BBB-PAMPA system and in
a cell culture model of BBB. Both these systemsnadely used by pharmaceutical companies to screen
the permeability profile of drug candidates (Menstlal., 2010; Di et al., 2009; Hellinger et aD]12;
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Helms et al., 2016). Compound lipophilicity is anportant physicochemical property which has an
impact on the penetration to the central nervosgesy, the partitioning into other organs, the memér
permeability and the plasma protein bindetg (Lipinski et al., 2001). The octanol/water paotiing
coefficient  (lod®) describes the lipophilicity. The I|&g for DMTS is 2.93

(http://www.chemspider.com/Chemical-Structure.18RfAl) and for verapamil 3.79

(http://www.drugbank.ca/drugs/DB00661). Lipophiticis a determining factor for the penetration
ability of DMTS and verapamil in the BBB-PAMPA sgst. Verapamil was used as a high permeability
standard in BBB-PAMPA experiments. Our permeabilégult with verapamil (25.7 x fcm/s) as a
control in the BBB-PAMPA is comparable with theehature data (16.0 x $@m/s; 18.5 x 18 cm/s;
23.7 x 1 cm/s; Di et al., 2003; Chlebek et al., 2016; Ménst al., 2010). Although verapamil has
higher permeability (P) and I&gthese values of DMTS are large enough to categdras a molecule
with high permeability in the BBB-PAMPA system.

The presence of Poly80 was required to achievécgeritly high concentrations of DMTS. Due to
its surfactant properties Poly80 may indirectlylushce the lipid membrane permeability in BBB-
PAMPA. To check its effect on the lipid membrareeserapamil control was applied in the system with
and without Poly80. One would expect a permeabdithancement effect for verapamil in the presence
of Poly80 due to its absorption enhancer propeft@ss et al., 2014; Rege et al., 2002). However, a
slight decrease in the permeability of verapamibtigh the BBB-PAMPA model was observed in the
presence of 0.05 % (w/v) Poly80 (Figure 2B). Tlasr@ase in permeability may be due to the assouiati
between the Poly80 and the BBB-PAMPA membrane. €ffict is not expected to be significant
vivo, because (1) Poly80 will be diluted upon entetimg circulation and will have many competing
opportunities to partition out of blood into tissubefore reaching the BBB; (2) earlier studies
demonstrated that Poly80 at 0.1 % (w/v) (1 mg/rmd)ribt cause any cell damage after 1 hour in Caco-
2 and RPMI 2650 cell culture (Kdurti et al., 2012s&et al., 2014).

The triple co-culture model for BBB is suitable farvitro permeability measurements and the
drug permeability is generally comparable witlvivodata (Nakagawa et al., 2009). In our experiments,
this culture model was applied to estimate the patility of DMTS through the BBB. Results showed
that the endothelial cell layers did not presenbaarier against DMTS as indicated by similar
permeability values in culture models and cell-fireserts. The pof DMTS was similar to that of the
highly lipophilic and BBB penetrating drug caffeina the same model (Hellinger et al., 2012). The
recovery (mass balance) of DMTS was 67.7 % and%Sniculture and in cell free permeability assays,

respectively. These results indicate 32.3 % an@ 30loss of DMTS in these systems. Our unpublished
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preliminary data show that DMTS attach with highirafy to the surface of glass and plastic. Therefo
we assume that the loss of DMTS was mainly causeduse of the binding of DMTS to culture insert
membranes or to the walls of plastic plates. Catlmhetabolism can also eliminate DMTS as it was
mentioned in our previous paper (Kiss et al., 200here the DMTS amount decreased by time in sheep
blood. However, due to the little difference betwége recovery data in the presence of cells adlin
free assays we assume that cellular metabolisnbearegligible as compared to the binding of DMTS
to surfaces and this phenomenon may cause the DIBEESn the assay systems. Based on the high
TEER values and the low permeability of fluoresctia cellular barrier remained intact ten minutes
after the treatment. Furthermore, proteins buildipgthe tight junctions, ZO-1 and claudin-5, and
adherent junctionsf-catenin, showed a typical morphology with strongirsng between the
neighboring endothelial cells after the DMTS treattn(Figure 4).

Double-nuclei staining is an indicator of membrdaeage and cell death (Kiss et al., 2013) which
was performed after the DMTS permeability measurgniEne endothelial cells were alive with intact
membranes and no staining of ethidium homodimeras wbserved. Furthermore, DMTS did not
decrease the metabolic activity of the brain enelaihcells at tested concentrations, but everhdiyg
enhanced this activity at higher concentrationslasvn by the MTT assay. These cell culture data
indicate that DMTS can be safely used at 0.1 mgbnkentration within 10 minutes, while the effect
of longer exposure of DMTS should be tested inftare.

The permeability of DMTS measured in the BBB cudtanodel (158x10 cm/s) was ~13 times
higher than in the BBB-PAMPA system (12x9€m/s). This difference between the permeabilityes
measured in PAMPA and cell culture models can la¢sobserved for other drugs. For example, caffeine
and alprazolam have permeabilities of 2.03 ¥ a@d 11.12 x 18 cm/s through the BBB-PAMPA,
respectively, and 44.40 x #&nd 103.63 x 10 cm/s through the Caco-2 cellular barrier membranes
(Mensch et al., 2010). Caffeine (Pg@freine= -0.07,
https://pubchem.ncbi.nlm.nih.gov/compound/2519#sastl_ogP) can pass through the cellular barrier
with passive and facilitated diffusion (McCall dt, d982), while alprazolam (I&Quprazolam= 2.12;
https://pubchem.ncbi.nim.nih.gov/compound/alpraadtsection=LogP)  penetrates by passive
diffusion and active transport using human orgasation transporter 2 (Chiba et al., 2013). The
significant difference in permeability of DMTS ihé BBB-PAMPA — containing only lipids — and the
BBB model, which expresses transporters (Waltealet2015) suggests that in addition to passive

diffusion DMTS may cross the BBB by an other, féiaied or active transport mechanism.
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DMTS uptake into the blood and soon thereafter thebrain occurred fast enough to reach the
Cmax Within 10 min following intramuscular injection.h€ toxic effects of CN can appear from a few
minutes to an hour after exposure depending oodheentration. The rapid penetration of a CN am¢ido
is essential to efficiently defend the body in caséacute intoxication. In the previous paragragh
discussed a possible active transport mechani€bMarS and the quick and significant penetration into
the brain observeth vivo, which together do not contradict tie vitro experimental results. The
concentration of DMTS reached the maximum of 25g4nk in the blood and 1.07 ug DMTS/g in the
brain ten minutes after the injection. To prevéetlbiasing effects of blood in the brain experiragtite
cerebral blood was flushed out of the brain byloeeperfusion prior to extracting the brain foabysis.
This ensured that the DMTS determination from trerbwas not affected by the DMTS in the blood
and only the DMTS that entered the brain was aealyZhe disappearance of blood from brain tissue
during perfusion can easily be observed. The voloméistribution for DMTS showed higher value
than the mouse total body water (approximately Idl.5Davies and Morris, 1993). This highb\é
typical for lipophilic drugs, and may indicate agter amount of tissue distribution.

Detailed studies of the mechanisms of DMTS penetrahrough BBB were beyond the scope of
the present work. DMTS may also undergo chemiealsfiormations in the brain, as it appears to happen
in the blood (Kiss et al., 2017). Ongoing effomsaur lab are focused on the investigation of these
interactions between the DMTS and the blood oibtiagn and will be published separately.

Our results with DMTS showed better pharmacokinpicameters than commercially available
CN antidotes, the thiosulfate or the hydroxocobaarfihiosulfate, the sulfur donor component of
Nithiodote?, has limited ability to cross the BBB (Pollay akdplan, 1971; Neuwelt et al., 1998) and
has a shorter half-life (15 - 20 mins; Schulz, 1,98dps://www.drugs.com/pro/sodium-thiosulfate-

injection.htm) in the blood than DMTS. The half-life of DMTS biood is 36 mins (De Silva et al.,
2016) and it can effectively cross the BBB as #wilts of this paper proved. Van den Berg et 8082
measured the concentration of hydroxocobalamin poomant of Cyanokf) in the cerebrospinal fluid
(CSF) and plasma after intranasal or intravenousirddtration. The partitioning coefficient (Kp
csr:plasmp Of hydroxocobalamin was between 0.5 - 0.6 %. Hawgn our paper the DMTS was measured
from whole brain and blood instead of CSF and p&sbut if we compare the two Kp-s DMTS
(Kp brainbiood = 1.79 %) has 10 times higher partitioning to br#ian hydroxocobalamin to CSF.
Furthermore, hydroxocobalamin hardly appeared ik @& min after the administration, while DMTS

reached its highest concentration in brain witfimiinutes.
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CONCLUSION

The permeability of DMTS through the BBB was measiuin a BBB-PAMPA system and in a cell
culture BBB model. The high penetrability of DMTI8dugh the BBB-PAMPA indicates that the rate
of passive diffusion is significant. The thirteemes greater penetrability of DMTS through the BBB
cell culture model suggests that the possibilitamfactive transport mechanism for DMTS in the BBB
of living systems can not be excluded. The resfithhe pharmacokinetics investigations in a mouse
model (blood and brain) were consistent with thoflsthein vitro experiments. The DMTS reached a
peak brain concentration in alive mice within 10nnfiollowing the intramuscular injection. These
permeability and pharmacokinetic results highligiet promise of DMTS as a brain protecting antidote.
Together with the prior observations of high vivo antidotal efficacy against CN, these results

strengthen the potential of DMTS for clinical stesli
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Tables

TABLE 1. BBB-PAMPA experimental setup of the DMTS and veraj treatments, buffer solutions and sample

collection times. The donor compartments and thieesponding acceptor compartments are placed inahee

row.
Donor compartment Acceptor compartment
Sample collection Sample collection
Sample . . Sample . .
times (min) times (min)
0.1 mg/mlI DMTS in A
0.05 % (w/v) Poly80 and 0; 90 O%rg'(; “?\'Ar/‘/'\‘/)B;‘c':flego 30: 60; 90
Prisma HT buffer ' 0 y
200 uM verapamil in DMSO + N
0.05 % (w/v) Poly80 and 0: 90 oo f\',\r,‘/'\‘l)BF‘,‘(‘:flego 90
Prisma HT buffer ' 0 y
200 pM verapamil in DMSO . s
and Prisma HT buffer 0; 90 Brain Sink Buffer 90

TABLE 2. Apparent permeability @3y, transfer and recovery of DMTS in threvitro BBB model and
in cell-free inserts. Values are presented as nie€ad, n = 4. The apparent permeability calculatsn
described in the supplementary materials.

Papp (10° cm/s)
Samples BBB model Cell-freeinsert
DMTS permeability 158 + 14 159 +7
Transfer of DMTS (%) 21.2+1.9 214+1.1
Recovery of DMTS (%) 67.7+2.4 69.4+1.3

& Transfer of DMTS (%) = (ug of measured DMTS inabeeptor compartment after the experiment / DNTS

in the donor compartment at the beginning of thgeerment) x 100

® Recovery of DMTS (%) = [(ug of measured DMTS @dhceptor compartment after the experiment + pg of
measured DMTS in the donor compartment after tiperaxent) / ug of DMTS in the donor compartmerthat
beginning of the experiment] x 100
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Legends

FIG. 1. Calibration curve for BBB-PAMPA and cellltture studies. Data are presented as mean + SD,

n = 3. Error bars are not visible due to the lowsSD

FIG. 2. Clearance volume and apparent permealdditypMTS and verapamil in the BBB-PAMPA
system. A) The clearance volume of DMTS was plo#tgainst time. Data are presented as mean + SD,
n = 10. B) Apparent permeability of verapamil condd with Poly80, and verapamil alone. Data are
presented as mean + SD, n = 5. Significance arsalyas performed using unpaired Student t-test:
statistically significant difference was detectetvizeen verapamil + Poly80 and verapamil permegbilit
(* p < 0.05).

FIG. 3. Cell viability measured by MTT dye conversiassay after a 10-min treatment with DMTS
solutions in 0.05 % (w/v) Poly80. The viabilitygesen as the percentage of the control group. \&lue
are presented as means + SD, n = 6 - 8. Statistia/sis: ANOVA followed by Dunnett’s test, p <
0.05 as compared with the control groups. Contrah-treated cells; TX, Triton X-100.

FIG. 4. Effects of DMTS (10-min treatment) on juocial morphology of the brain endothelial cells.
Immunostaining for zonula occludens-1 (ZO-1), ciatsl andB-catenin junction proteins are shown in

green color. Blue color: staining of cell nuclearB= 25 um.

FIG. 5. Concentration-time profile of DMTS in (a)Jobd and (b) brain. Values are presented as

means £ SD, n =3 - 4.
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