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ARTICLE INFO ABSTRACT
Keywords: In addition to antibacterial and antitumor effects, synthetic ruthenium complexes have been reported to inhibit
Organoruthenium nitrophenanthroline several medicinally important enzymes, including acetylcholinesterase (AChE). They may also interact with
complex ) muscle-type nicotinic acetylcholine receptors (nAChRs) and thus affect the neuromuscular transmission and
Acetylcholinesterase muscle function. In the present study, the effects of the organometallic ruthenium complex of 5-nitro-1,10-

Butyrylcholinesterase
Glutathione S-transferase
Mouse neuromuscular system

phenanthroline (nitrophen) were evaluated on these systems. The organoruthenium-nitrophen complex [(n°-p-
cymene)Ru(nitrophen)Cl]Cl; CopoHs;CloN3O2Ru (C1-Cl) was synthesized, structurally characterized and eval-
uated in vitro for its inhibitory activity against electric eel acetylcholinesterase (eeAChE), human recombinant
acetylcholinesterase (hrAChE), horse serum butyrylcholinesterase (hsBChE) and horse liver glutathione-S-
transferase. The physiological effects of C1-Cl were then studied on isolated mouse phrenic nerve-hemi-
diaphragm muscle preparations, by means of single twitch measurements and electrophysiological recordings.
The compound C1-Cl acted as a competitive inhibitor of eeAChE, hrAChE and hsBChE with concentrations
producing 50 % inhibition (ICs() of enzyme activity ranging from 16 to 26 uM. Moreover, C1-Cl inhibited the
nerve-evoked isometric muscle contraction (ICso = 19.44 uM), without affecting the directly-evoked muscle
single twitch up to 40 uM. The blocking effect of C1-Cl was rapid and almost completely reversed by neos-
tigmine, a reversible cholinesterase inhibitor. The endplate potentials were also inhibited by C1-Cl in a con-
centration-dependent manner (ICso = 7.6 pM) without any significant change in the resting membrane potential
of muscle fibers up to 40 pM. Finally, C1-Cl (5-40 pM) decreased (i) the amplitude of miniature endplate
potentials until a complete block by concentrations higher than 25 pM and (ii) their frequency at 10 pM or higher
concentrations. The compound C1-Cl reversibly blocked the neuromuscular transmission in vitro by a non-de-
polarizing mechanism and mainly through an action on postsynaptic nAChRs. The compound C1-Cl may be
therefore interesting for further preclinical testing as a new competitive neuromuscular blocking, and thus
myorelaxant, drug.

1. Introduction coordination chemistry, due to its structural and chemical properties
(e.g. rigidity, planarity, aromaticity, basicity). Therefore, a countless
1,10-Phenanthroline (phen) is a very attractive ligand in library of compounds containing the phen building block has been

Abbreviations: ACh, acetylcholine; AChE, acetylcholinesterase; eeAChE, electric eel acetylcholinesterase; EtOH, ethanol; C1-Cl, organoruthenium-nitrophen com-
plex [(T]6-p—cymene)Ru(nitrophen)Cl]Cl, Co2H,1ClN3O5Ru; ChEs, cholinesterases; EPPs, endplate potentials; hrAChE, human recombinant acetylcholinesterase;
hsBChE, horse serum butyrylcholinesterase; ICso, concentrations producing 50 % inhibition; IQR, interquartile range; MEPPs, miniature endplate potentials; ny, Hill
number; nAChRs, muscle-type nicotinic acetylcholine receptors; nitrophen, 5-nitro-1,10-phenanthroline; PFg, hexafluorophosphate; rVm, resting membrane potential
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C1-Cl C1-PFg

Fig. 1. Chemical structures of organometallic ruthenium complexes C1-Cl and
C1-PFg of 5-nitro-1,10-phenanthroline (nitrophen).

isolated [1]. Phen can be substituted with various functional groups
that tune physicochemical and biological properties. Two nitrogen
donor atoms make phen a bidentate chelating ligand that binds to many
metal ions. Consequently, free ligands, as well as various complexes
with metals of the d and f block, have been used in many applications,
e.g. analytical probes, optoelectronic devices, herbicides, and pharma-
ceuticals [1-3]. The pharmacological effect caused by the DNA-binding
and recognition properties of metal complexes with phen ligands have
been extensively reported for copper, platinum, rhodium and ruthe-
nium complexes which act as metallo-intercalators. Some of them also
trigger DNA cleavage first by photoactivation. The capability of inter-
fering with DNA was further related to their anticancer [1,4] and an-
tibacterial effects, and some are also very active against drug-resistant
strains [5]. Organometallic ruthenium complex C1-Cl of 5-nitro-1,10-
phenanthroline (nitrophen; C1-Cl, Fig. 1) was first isolated by Siiss-Fink
and collaborators [6].

The nitro group is well-known to exhibit an electron-withdrawing
inductive and resonance effects. Aromatic ring systems, to which such
group is bonded, are very electron-poor, and electrophilic aromatic
substitution reactions on such arenes proceed much slower [7]. It was
also reported that the presence of a nitro group affects photochemical
properties [8]. Within the same research group, catalytic properties of
C1-Cl (and other related compounds) were tested in transfer hydro-
genation reactions [6].

During the last years, our group has focused on the synthesis of
ruthenium complexes, including ruthenium(III) complexes with phen
[9] and on their biological activities. Several isolated and characterized
complexes have expressed versatile biological properties, ranging from
antibacterial and antitumor effects to inhibition of several medicinally
important enzymes, such as cholinesterases (ChEs) and glutathione-S-
transferases (GSTs) [9-18]. Acetylcholinesterase (AChE) is the key en-
zyme acting in nerve synapses and neuromuscular junctions, where it
hydrolyses the neurotransmitter acetylcholine (ACh). AChE inhibitors
are therefore commonly used in some medical conditions to treat
myasthenia gravis, glaucoma, postural orthostatic tachycardia syn-
drome, and as non-depolarizing muscle relaxant reversals [19,20].

Cholinesterase inhibitors which pass the blood-brain barrier have
been used for symptomatic treatment in some brain neurodegenerative
diseases. However, some AChE inhibitors, such as physostigmine
[21,22], bis(7)-tacrine [23], BW284c51 [24], and natural alkylpyr-
idinium salts and their synthetic analogs [25-27] can have dual effects
on the cholinergic system. Besides inhibiting AChE, they can interact
with muscle-type nicotinic acetylcholine receptors (nAChRs) in a con-
centration-dependent manner, and disrupt the neuromuscular trans-
mission.

Recently, the organoruthenium compound (n°p-cymene)Ru
(pyrithionato)Cl (Fig. S1a) was reported to act as a potent inhibitor of
the human recombinant acetylcholinesterase (hrAChE). In addition,
this compound, characterized physiologically on the peripheral neuro-
muscular system, showed no undesirable peripheral cholinergic effects
and therefore, represents an interesting potential candidate for
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symptomatic treatment of Alzheimer’s disease [15].

The present study is focused on C1-Cl, an organoruthenium com-
plex, based on nitrophen, that also shows very potent inhibitory effect
of the electric eel acetylcholinesterase (eeAChE) and human re-
combinant acetylcholinesterase (hrAChE). To our knowledge, no bio-
logical experiment with C1-Cl has been conducted so far. Therefore, we
have decided to test the eventual anticholinergic effects of this com-
pound on the neuromuscular junction properties. Based on its observed
in vitro activity against hrAChE, and assuming that some AChE in-
hibitors can interact with muscle-type nAChRs, we studied the effects of
C1-Cl on the mouse peripheral neuromuscular system where the
muscle-type nAChRs play a critical role in neuromuscular transmission
and muscle function. We found that, at the tested concentrations, C1-Cl
did not affect the neuromuscular junction AChE but reversibly blocked
the neuromuscular transmission. Therefore, this compound may be an
interesting candidate for further preclinical testing as a potential
myorelaxant drug.

2. Materials and methods
2.1. Compound synthesis

C1-Cl was prepared according to previously reported procedure [6].
As crystallization attempts of C1-Cl were unsuccessful we substituted
the chlorido counterion with hexafluorophosphate (PF¢~) to obtain
crystals of C1-PF¢ containing the same ruthenium complex species
which were suitable for X-ray structural analysis (Fig. S2).

Ruthenium chloride cymene precursor [RuCl,(p-cymene)], and li-
gand nitrophen were purchased from commercial suppliers (Strem
Chemicals and Acros Organics, USA), and used as received. Pre-coated
TLC sheets ALUGRAM® SIL G/UV,s4 (Macherey-Nagel, Germany) were
used to follow the progress of the reactions and were visualized under
UV light. The orange solution of [RuCl,(p-cymene)], (48.0 mg, 0.078
mmol, 1 mol eq.) and nitrophen (35.3 mg, 0.156 mmol, 2 mol eq.) in
dichloromethane (20 mL) was refluxed for 2 h. Then, the solvent was
evaporated, the residue was redissolved in acetone (20 mL), an excess
of KPF¢ (8 mol eq.) was added and left to stir at room temperature for
1.5 h. The solvent was concentrated, the solution filtered over Celite
and clear yellow mother liquid was again evaporated under reduced
pressure to approximately 2 mL. Diethyl ether was added and the
precipitated yellow solid was filtered under reduced pressure, washed
with diethyl ether and left to dry overnight at 45 °C. The product was
isolated in quantitative yield. The NMR spectra of C1-Cl and C1-PFg are
presented in the Supplementary Information (Figs. S4a and S4b, re-
spectively).

C1-Cl: '"H NMR (500 MHz, (CD;0D)): § = 10.00 (dd, 1H, J = 5.3,
1.1 Hz, Ar-Hpjrophen), 9.98 (dd, 1H, J = 5.3, 1.1 Hz, Ar—Hpiprophen), 9.39
(dd, 1H, J = 8.6, 1.1 Hz, Ar-Hpirophen)s 9-23 (5, 1H, Ar—Hpirophen)s 9.05
(dd, 1H, J = 8.3, 1.1 Hz, At-Hpirophen), 8:29-8.21 (m, 2H, At—Hupiropher)s
6.27 (d, 2H, J = 6.7 Hz, Ar-H,x), 6.06-6.02 (m, 2H, Ar-H,yp,), 2.72
(hept, 1H, J = 6.9 Hz, Ar-CH(CH3)2cym), 2.26 (s, 3H, Ar—CH3y,), 1.05
(d, 6H, J = 6.9 Hz, Ar—CH(CH3)2¢ym)-

C1-PFg: 'H NMR (500 MHz, (CD3),C0)): § = 10.14 (dd, 1H, J =
5.3, 1.1 Hz, At-Hpiirophen)s 10.11 (dd, 1H, J = 5.3, 1.1 Hz, At-Hupiirophen)s
9.39 (dd, 1H, J = 8.6, 1.1 Hz, Ar-Hyirophen), 9-31 (5, TH, Ar=Hpirophen),
9.20 (dd, 1H, J = 8.3, 1.2 Hz, Ar-Hpirophen), 8.36-8.30 (m, 2H,
At-Hpitrophen), 6-38 (d, 2H, J = 6.7 Hz, Ar-H,,,,), 6.16 (d, 2H, J = 6.7
Hz, Ar-Hyn), 2.85 (hept, 1H, J = 7.0 Hz, Ar—-CH(CH3)2cym), 2.28 (s, 3H,
Ar-CHjseym), 1.10 (d, 6H, J = 7.0 Hz, Ar-CH(CH3)acym). >'P NMR (202
MHz, (CD3)2CO)) § = -144.31 (hept, Jpr = 708 Hz, PF6)

2.2. Physicochemical characterization
NMR spectroscopy was performed using Bruker Avance III 500

spectrometer at room temperature. H NMR spectra were recorded at
500 MHz. Chemical shifts are referenced to the deuterated solvent
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residual peaks of CD30D or (CD3),CO at 3.31 or 2.05 ppm (both re-
ferenced against the central line of quintet), respectively. >'P spectrum
was recorded at 202 MHz and chemical shift is reported relative to
external standard. The splitting of proton resonances is defined as s =
singlet, d = doublet, t = triplet, hept = heptet or m = multiplet.
Chemical shift (§) and coupling constants (J) are given in ppm and Hz,
respectively. All NMR data processing was carried out using
MestReNova version 11.0.4.

X-ray diffraction data were collected on an Oxford Diffraction
SuperNova diffractometer with Mo/Cu microfocus X-ray source (Ka
radiation, Apo = 0.71073 A, Acy =1.54184 A) with mirror optics and
an Atlas detector at 150(2) K. The structure was solved in Olex? gra-
phical user interface [28] by direct methods implemented in SHELXT
and refined by a full-matrix least-squares procedure based on F? using
SHELXL [29]. All non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were placed at calculated positions and treated
using appropriate riding models. The crystal structure has been sub-
mitted to the CCDC and has been allocated the deposition number
1937228. Additional details on structural properties and refinement
details are given in the Supplementary Information (Table S1, Fig. S3).

2.3. Cholinesterase inhibition assay

Cholinesterase activity was measured by Ellman’s method [30]
adapted for microtiter plates, as described in [31]. Stock solutions of
C1-Cl (1 mg/mL), or neostigmine bromide (Sigma-Aldrich, USA) as a
positive control, were prepared in 100 % ethanol (EtOH) and progres-
sively diluted in 100 mM potassium phosphate buffer (pH 7.4) in the
final volume of 50 pL. Then, 100 pL of acetylthiocholine chloride and
5,5’-dithiobis-2-nitrobenzoic acid, at concentrations of 1 mM and 0.5
mM, respectively, dissolved in the same buffer, were added to the wells
of the microtiter plate. The three ChEs used as the source of enzyme
were dissolved in the same buffer at the final concentration of 0.0075
U/mL: eeAChE, hrAChE and hsBChE (Sigma, USA). 50 pL of each ChE
solution were added to start the reaction which was followed spectro-
photometrically at 405 nm and 25 °C for 5 min using a kinetic micro-
plate reader (Dynex Technologies, USA). Blank reactions, without the
inhibitors, were run in the presence of the appropriate dilution of EtOH.
Each measurement was repeated at least three times. For the determi-
nation of inhibitory constants (K;), the kinetics was monitored using
three different final substrate concentrations (0.125, 0.25 and 0.5 mM,
respectively).

2.4. Glutathione S-transferase inhibition assay

GST activity was measured according to the method described by
Habig et al. (1974) [32], using a VIS microplate reader (Anthos, UK).
The stock solution of C1-Cl (1 mg/mL) was prepared in 100 % EtOH
and progressively diluted in 100 mM sodium phosphate buffer (pH 6.5).
1-Chloro-2,4-dinitrobenzene (Sigma, USA) was dissolved in EtOH to
obtain a 50 mM solution, which was afterward diluted with 100 mM
sodium phosphate buffer (pH 6.5) to a final concentration of 4 mM. This
solution (50 pL) was mixed with 100 pL of 2 mM reduced glutathione
(Sigma, USA) in 100 mM sodium phosphate buffer (pH 6.5), and with
50 pL of diluted C1-Cl. 50 pL of glutathione S-transferase from horse
liver (Sigma, USA), diluted in 100 mM sodium phosphate buffer (pH
6.5), were added to start the reaction. The final enzyme concentration
was 0.044 U/mL. A blank reaction was performed by replacing C1-Cl
with the appropriate dilution of EtOH. The reaction was followed
spectrophotometrically at 340 nm and 25 °C for 4 min using a VIS
multiplate reader (Anthos, UK).

2.5. Experimental animals and neuromuscular preparations

Conventional 16 —20-week adult male Balb/C mice (22 — 26 g) were
obtained from the animal breeding facility at the Veterinary Faculty
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(University of Ljubljana, Slovenia). Five mice were housed in each cage
(1284 L EUROSTANDARD TYPEII L, 365 X 207 X 140 mm, floor area
530 cm?; Tecniplast, Italy) in temperature and relative humidity con-
trolled room (T = 20-24 °C; RH = 40-60 %), on a 12/12 light/dark
cycle (lights on at 02:00 a.m.). For bedding were used autoclaved wood
fibers (LIGNOCEL 3/4-S; J. Rettenmaier & Sohne GmbH + Co KG,
Germany). Food (Teklad global 16 % protein extruded, irradiated,
2916; Envigo, Italy) and tap water acidified with the addition of HCI
(pH 3-4) were provided ad libitum. The experiments on isolated neu-
romuscular preparations followed ethical standards, were carried out in
strict accordance with the Slovenian legislation, as harmonized with the
European Communities Council Guidelines (Directive 86/609/EGS on
24 November 1986; Directive 2010/63/EU on 22 September 2010), and
were approved by the Administration of the Republic of Slovenia for
Food Safety, Veterinary and Plant Protection (permit no. 34401-12/
2012/2).

Mice were sacrificed by cervical dislocation followed by immediate
exsanguination. After dissection of diaphragm muscle with both
phrenic nerves, the neuromuscular preparations were prepared by
splitting the diaphragm muscle into two hemidiaphragms. Each hemi-
diaphragm was maintained in oxygenated standard Krebs-Ringer solu-
tion composed of 154 mM NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 5
mM HEPES, and 11 mM b-glucose (pH 7.4). Just prior to experiments,
C1-Cl was dissolved in a Krebs-Ringer solution containing 10 % (v/v) of
EtOH at a stock concentration of 2 mg/mL. The final concentration of
EtOH in the organ bath was always 0.11 % (v/v). Neostigmine methyl
sulfate (Tokyo Chemical Industry CO./LTD, Japan), 3,4-diaminopyr-
idine (3,4-DAP; Sigma-Aldrich, USA) and p-conotoxin GIIIB (Bachem,
Switzerland) were of the highest grade of purity available. All experi-
ments were performed at room temperature (22-24 °C).

2.6. Muscle contraction recordings

The hemidiaphragm was pinned to the bottom of the organ bath on
its lateral side. It was connected to an isometric mechano-electrical
transducer (Grass Instruments, West Warwick, RI, USA) by silky thread
via a stainless-steel hook attached to its tendinous end. The corre-
sponding motor nerve was stimulated using an S-48 square pulse sti-
mulator (Grass Instruments, West Warwick, RI, USA) via a suction
electrode with pulses of 0.1 ms duration and supramaximal voltage
(typically 5-8 V) applied at a 0.1-Hz frequency. Direct muscle stimu-
lation was evoked by electric field stimulation via two parallel platinum
electrodes in the organ bath connected to the S-48 Grass stimulator and
producing pulses of 0.1 ms duration and 50-80 V applied at a 0.1-Hz
frequency. Directly- (muscle stimulation) or indirectly- (nerve stimu-
lation) evoked tetanic contraction was obtained with a pulse train
duration of 1000 ms and a stimulation frequency of 80 Hz. To achieve
the maximal contractile response upon nerve-evoked stimulation, the
stable resting tension for each neuromuscular preparation (typically
1.5-2.5 g) was adjusted approximately 20-30 min before starting the
experiment. Muscle single twitch or tetanic contraction was recorded
using a Grass FT03 force transducer (Grass Instruments, West Warwick,
RI, USA) connected to P122 strain gauge amplifier (Grass Instruments,
West Warwick, RI, USA). The amplified signal was digitized using a
data acquisition system (Digidata 1440A; Molecular Devices,
Sunnyvale, CA, USA) at a sampling rate of 1 kHz. The inhibitory re-
sponse of C1-Cl was continuously measured during 60 min after com-
pound application. The muscle twitch or tetanic contraction blockade
produced by C1-Cl was expressed as the percentage of the initial
maximal response. The concentrations of C1-Cl studied were 5, 10, 20,
25 and 40 pM.

2.7. Membrane potential recordings

Electrophysiological recordings on hemidiaphragm muscles fibers
were performed using conventional microelectrode techniques.
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Hemidiaphragm preparations were equilibrated for 30 min in standard
Krebs-Ringer physiological solution supplemented with 1.6 uM p-con-
otoxin GIIIB, which selectively blocks the Nayl.4 sodium channel
subtype of muscle fibers [33,34]. Under these conditions, endplate
potentials (EPPs), miniature endplate potentials (MEPPs) and resting
membrane potential (rVm) were recorded from superficial hemi-
diaphragm muscle fibers using intracellular borosilicate glass micro-
electrodes and Axon Axoclamp 900A microelectrode amplifier (Mole-
cular Devices, Sunnyvale, CA, USA). Microelectrodes were pulled using
a P-97 Flaming/Brown micropipette puller (Sutter Instruments, Novato,
CA, USA) and were filled with 3 M KCl solution. Only microelectrodes
having a 10-20 MQ resistance were used. EPPs were recorded by sti-
mulating the phrenic nerve via the bipolar suction electrode with su-
pramaximal square pulses of 0.1 ms at 0.1 Hz using the S-48 Grass
stimulator. MEPPs and EPPs were digitized at 25 kHz using Digidata
1440A and pCLAMP 10.7 (Molecular Devices, Sunnyvale, CA, USA),
and were stored for later analysis using pCLAMP-Clampfit 10.7 soft-
ware (Molecular Devices, Sunnyvale, CA, USA). The recordings were
performed (i) before applying C1-Cl, (ii) 1, 30 and 60 min after the
compound application, and (iii) 15 min after the compound wash-out.
MEPP and EPP amplitudes were normalized to a r'Vm of —70 mV using
the formula Vc = Vo (—70)/rVm, where Vc is the normalized ampli-
tude of MEPPs and EPPs, and Vo is their recorded amplitude [35]. The
concentrations of C1-Cl studied were 5, 10, 20, 25 and 40 pM.

2.8. Data analysis and statistics

The results are presented as means = S.D. The C1-Cl concentrations
producing 50 % inhibition of initial responses (ICso) and the Hill
number (ny) were determined from the theoretical concentration-re-
sponse relationships calculated from typical sigmoid nonlinear regres-
sions through data points (correlation coefficient = r?), using the four-
parameter nonlinear regression model (GraphPad Prism version 6.00).
The data were statistically analyzed using Sigma Plot for Windows
version 12.5 (Systat Software Inc., USA). Data were first tested for
normality (Shapiro-Wilk test) and equal variance for assignment to
parametric or nonparametric analysis. For paired comparison between
two groups, when equal variance were not met, nonparametric analysis
was performed using Mann-Whitney Rank Sum Test and are presented
as box-and-whisker plots using median and the interquartile range
(IQR). A P-value < 0.05 was considered to be statistically significant.
Student’s two-tailed t-test was used for statistical analysis of the nor-
mally distributed data. Statistical significance was set at a P-value <
0.05.

3. Results
3.1. Synthesis and crystal structure of C1-Cl

C1-Cl was first synthesized and characterized by Siiss-Fink and
collaborators, using standard physicochemical methods [6]. However,
no crystal structure has been reported so far. We have managed to
obtain suitable crystals of C1-Cl with a hexafluorophosphate (PF¢ ™) as
a counterion, i.e. C1-PFg (Fig. 1). The exchange of counterion is one of
the common methods to obtain crystals for ionic compounds that
otherwise do not crystallize. The crystal structure of C1-PF¢ revealed
the expected pseudo-octahedral geometry (Fig. 2) with the cymene li-
gand st-bonded to the central ruthenium ion, while the remaining three
coordination sites are occupied by the chloride and the N,N-bound ni-
trophen ligands. All bonds and angles are within the expected range of
values for previously reported structures of organoruthenium-phen
complexes [36-38].

Refinement of this structure presented a unique challenge as the
determined asymmetric unit consists of one half of the molecule of C1-
PF¢ with a mirror plane intersecting the cymene ring and the central
ruthenium ion. Details on crystallization, structure solution and
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Fig. 2. Crystal structure of C1-PFe¢. Thermal ellipsoids are shown at 25 %
probability level. Hydrogen atoms and hexafluorophosphate anion are omitted
for better clarity of presentation (this part of the structure is the same in C1-Cl
and C1-PFg).

refinement as well as structure analysis are given in the SI (Table S1,
Fig. S3).

3.2. Inhibition of cholinesterase and GST enzymes by C1-CL, nitrophen and
ruthenium precursor

The inhibitory potential of C1-Cl towards ChE enzymes of animal or
human origin was within a pharmaceutically interesting range, with
ICso values of 26.2, 24.2 and 16.1 pM against eeAChE, hrAChE and
hsBChE, respectively. Our results also illustrate that nitrophen ligand is
a potent inhibitor of eeAChE and hsBChE, with respective ICs, values of
5.3 and 4.0 uM. However, its activity was not so pronounced against
hrAChE, with an ICso value of 40 uM. In our previous study we have
shown that the ruthenium precursor complex does not inhibit eeAChE
or hrAChE, while moderate inhibition of hsBChE (ICsy value 32.7 uM)
was observed (Table 1) [15].

The C1-Cl inhibition of all three ChEs was apparently of a reversible
competitive type, suggesting that the tested inhibitor interacts with the
enzyme active site inside the gorge (Fig. 3).

The inhibitory constant against both tested AChEs was the same (17
uM) and it was considerably lower against BChE (5 uM). Interestingly,
and despite the fact that ruthenium-based compounds are often asso-
ciated with GST inhibitory properties, C1-Cl failed to inhibit the GST of
animal origin (data not shown).

3.3. Effect of C1-Cl on skeletal muscle contraction in vitro

The effects of C1-Cl (5-40 uM) were first determined on nerve-
evoked and directly muscle-elicited isometric single twitch and tetanic
contraction in mouse hemidiaphragm preparations. Fig. 4 shows re-
presentative recordings of the C1-Cl effects on indirectly and directly
evoked single twitch and tetanic contraction, as well as graphs illus-
trating concentration-response relationships for C1-Cl induced inhibi-
tion of muscle contraction. The results reveal that C1-Cl (20 uM) re-
duced the amplitude of nerve-evoked muscle single twitch by
approximatively 50 %. This effect was reversible since washing the
preparation with a standard physiological solution free of C1-Cl, for
about 15 min, completely restored the nerve-evoked muscle twitch
(Fig. 4a). In contrast, directly muscle-elicited single twitch and tetanic
contraction were not affected by the same (20 uM) and even a highest
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Table 1

Inhibition of eeAChE or hrAChE, and hsBChE by C1-Cl, its ligand nitrophen (5-nitro-1,10-phenanthroline) and ruthenium precursor [RuCl,(p-cymene)],.
Compound eeAChE hrAChE hsBChE

ICso (UM)? K; (uM) ICso (UM)? K; (uM) ICso (UM)* K; (uM)

C1-Cl 26.2 17 24.2 17 16.1 5
nitrophen 5.3 1.8 40.0 18.7 4.0 0.7
[RuCl,(p-cymene)], / / / / 32.7 23.3
Neostigmine bromide 6.16 n.d. n.d. n.d. 75.09 nd.

? ICso was determined as the concentration of the compound inducing 50 % inhibition of the enzyme activity. n.d.: non determined. (eeAChE) electric eel
acetylcholinesterase; (hrAChE) human recombinant acetylcholinesterase; (hsBChE) horse serum butyrylcholinesterase.

(40 uM) C1-Cl concentration (Fig. 4a, d and e). The C1-Cl -induced
inhibition of muscle contraction evoked by nerve stimulation occurred
in a concentration-dependent manner (Fig. 4d and e). The ICs, values,
determined from the concentration-response curves, were 19.44 uM for
nerve-evoked muscle contraction (Fig. 4d) and 9.68 uM for nerve-
evoked tetanic muscle contraction (Fig. 4e). It is worth noting that
small drop in muscle twitch amplitude (1-3 %) were observed during
60 min of exposure of neuromuscular preparations to 0.11 % (v/v) of
EtOH, and that no decrease of muscle twitch amplitude occurred during
60 min control experiments during which neuromuscular preparations
were kept in the Krebs-Ringer solution, as shown in representative re-
cordings (Fig. 5a).

During the development of the muscle twitch block, obtained within
30 min after the mouse hemidiaphragm exposure to 20 uM C1-Cl, 3 uyM
neostigmine, known to almost completely inhibit AChE in mouse dia-
phragm neuromuscular junctions [39], rapidly restored muscle single
twitch (Fig. 5¢). Additionally, 300 uM 3,4-diaminopyridine, a well-
known potassium channel blocker in nerve terminals [40], significantly
increased single twitch and tetanic contraction amplitudes to approxi-
mately 114 = 1 % (n = 4) of their initial value (data not shown).

3.4. Effects of C1-Cl on membrane potentials

To gain further mechanistic insight of the C1-Cl blocking action on
nerve evoked skeletal muscle single twitch and tetanic contraction, the
compound effects were investigated on rVm, MEPPs and EPPs.

3.4.1. C1-Cl did not affect rVm of muscle fibers

C1-Cl, at concentrations (5-40 pM) that partially or completely in-
hibited nerve-evoked single twitch and tetanic contraction of mouse
hemidiaphragms (see Fig. 4), did not affect the rVm recorded in the
endplate regions of the surface muscle fibers after 1, 30 and 60 min of
compound exposure (Fig. 6). In particular, the mean rVm was
—67.5 = 0.5 mV under control conditions (i.e. at time zero, just before
C1-Cl application), and —67.1 = 0.5 mV and —66.1 + 0.6 mV, 30 and
60 min after exposure to 40 uyM C1-Cl, respectively.

3.4.2. C1-Cl produced decreased EPP and MEPP amplitudes

Electrophysiological recordings of EPPs from the endplates of the
mouse hemidiaphragm exposed to C1-Cl (5-40 uM) for 60 min revealed
that the compound caused a concentration-dependent decrease of EPP
amplitude (Fig. 7). The ICsq value for the C1-Cl -induced reduction of
EPP amplitude was 7.61 uM (Fig. 7b). No significant change in the EPP
half-decay time was observed among the various C1-Cl concentrations
studied (Fig. 7a).

The effects of C1-Cl on the MEPP frequency and amplitude are
shown in Fig. 8. The compound (5-40 pM), in a concentration-depen-
dent manner, significantly reduced the amplitude of MEPPs recorded in
superficial muscle fibers of the mouse hemidiaphragm (Fig. 8a and b),
without significant decrease of their frequency at low C1-Cl con-
centration (Fig. 8c). At the highest concentration (40 pM), C1-Cl com-
pletely abolished MEPPs (Fig. 8b). No significant change in the MEEP
half-decay time was observed among the concentrations studied
(Fig. 8a). Estimations of the frequency of MEPPs when these potentials
were blocked by about 45 % (by 5 uM C1-Cl), but easily recognized
from basal noise, revealed that the MEPP frequency was not sig-
nificantly modified by C1-Cl.

4. Discussion

Due to the possible applications of organoruthenium compounds in
medicine the synthesis of new series of organometallic compounds
[15], including C1-Cl, has been vastly extended. This study newly re-
ports: (i) crystal structure, (ii) the mode of AChE inhibition, and (iii) the
effects on neuromuscular transmission and contractility, the most fun-
damental skeletal muscle function, of 5-nitro-1,10-phenanthroline-
based organoruthenium compound C1-ClL

Almost seven decades ago, it was shown that tris(1,10-phenan-
throline)ruthenium(II) complex (Fig. S1b) can act as inhibitor of AChE
[41]. Since then, several ruthenium-based complexes have been de-
scribed as ChE inhibitors [15,42-47]. Anti-ChE compounds represent
the main class of drugs used in the therapeutic strategy in some neu-
rodegenerative, eye and autoimmune diseases [48]. In this study, C1-Cl
was evaluated for its ChE inhibitory activity as a potential anti-ChE
compound. Inhibition type of all three ChEs was apparently reversible
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Fig. 3. Determination of the type of inhibition and inhibitory constant (K;) for C1-Cl towards eeAChE (a), hrAChE (b) and hsBChE (c). The concentrations of the
substrate acetylthiocholine were 0.125 mM (full triangles), 0.25 mM (open circles) and 0.5 mM (full circles).
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and competitive, suggesting that the inhibitor interacts with the en-
zyme active site inside the gorge. The inhibitory potential of C1-Cl
towards ChE enzymes from animal origin was in a pharmaceutically
interesting range, comparable to that of other ruthenium-based ChE
inhibitors, whose ICsy values span in the range from 0.2-50 pM
[15,42-45,47]. The inhibitory constant against both tested AChEs was

(caption on next page)

the same (17 uM) and was considerably lower (5 uM) against BChE.
Interestingly, despite the fact that ruthenium-based compounds are
often associated with GST-inhibitory properties, C1-Cl failed to inhibit
GSTs from horse liver. Furthermore, ruthenium precursor [RuCl,(p-
cymene)], showed no activity against eeAChE or hrAChE, and only
moderately inhibited hsBChE, whereas the free ligand nitrophen was
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Fig. 4. Effects of C1-Cl on nerve-evoked and directly muscle-elicited single twitch and tetanic contraction of isolated mouse nerve-hemidiaphragm preparation. (a)
Representative time-course of C1-Cl (20 uM, arrow) effects on muscle contraction showing the partial and reversible block of nerve-evoked and no change in
contractile response of directly muscle-elicited twitch and tetanic contraction. N denotes nerve-evoked muscle single twitch; D denotes directly muscle-elicited single
twitch; Tn denotes nerve-evoked muscle tetanic contraction; Td denotes directly muscle-elicited tetanic contraction; W denotes wash out. (b1) Traces of nerve-evoked
twitch recorded before (N1) and 60 min after (N2) the application of 20 uM C1-Cl. (b2) Traces of tetanic contraction recorded before (Tn1) and 60 min after (Tn2) the
application of 20 pM C1-Cl. (c1) Representative recordings of twitch elicited by direct muscle stimulation, before (D1) and 60 min after (D2) the application of 20 uM
C1-Cl. (c2) Representative recordings of tetanic contraction elicited by direct muscle stimulation, before (Td1) and 60 min after (Td2) the application of 20 pM C1-CIL.
(d) Concentration-response curves for the inhibition of directly muscle-elicited and nerve-evoked twitch by C1-Cl. Muscle twitch was expressed as a percentage of its
maximal initial value. Each value represents the mean + S.D. obtained from four-six different muscles. The ICso and ny values, determined from typical sigmoid
nonlinear regressions through data points (r® = 0.996), were 19.44 + 1.05 pM and 3.3 + 0.5, respectively, for nerve-evoked single twitches. (e) Concentration-
response curves for the inhibition of directly muscle-elicited and nerve-evoked tetanic contraction by C1-Cl. The tetanic contraction was expressed as the percentage
of its maximal initial value. Each value represents the mean = S.D. obtained from four-six different muscles. The ICso and ny values, determined from typical sigmoid

nonlinear regressions through data points (r* = 0.992), were 9.68 + 1.14 uM and 1.6 * 0.3, respectively, for nerve-evoked tetanic contractions.
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Fig. 5. Kinetics of C1-Cl effects on muscle single twitch and tetanic contraction of isolated mouse nerve-hemidiaphragm preparation. (a) Representative control
tracing. (b) Representative ‘positive’ control tracing using neostigmine (3 uM, arrow). (c) Reversal effects of neostigmine (3 uM, arrow) on the blockade of nerve-
evoked single twitches produced by C1-Cl (20 uM, arrow). N denotes nerve-evoked muscle single twitch; D denotes directly muscle-elicited single twitch; Tn denotes

nerve-evoked muscle tetanic contraction; Td denotes directly muscle-elicited tetanic contraction; W denotes wash out.

active against all three ChEs. However, we need to emphasize that the
free ligand is only poorly soluble in the aqueous solution used for
electrophysiological experiments and precipitates upon the addition of
Krebs-Ringer solution. In contrast, its organoruthenium(II) complex C1-
Cl was readily dissolved in the same solution. In the view of drug de-
velopment, the solubility is an important parameter that must be con-
sidered when planning new potential drugs. Therefore, we see the or-
ganoruthenation of nitrophen as a big advantage also due to increased
solubility of the ligand, which otherwise could not be examined by itself
in our electrophysiological experiments with required conditions. The
latter experiments are of utmost importance as some of the AChE in-
hibitors can produce unwanted cholinergic side effects in the neuro-
muscular system, like single twitch potentiation in skeletal muscle, and
the inability of skeletal muscle to sustain tetanic contraction [49-51].
Therefore, it was of interest to examine the effects of C1-Cl on the
skeletal neuromuscular transmission to reveal its eventual unwanted
side-effects on neuromuscular transmission and underlying molecular

mechanism of action. According to the literature, bidentate N,N-donor
ligands (like nitrophen) bind strongly to ruthenium(II) metal core and
are not easily substituted [52]. Although there might be possibility of
some release of nitrophen, the use of metal complex represents many
advantages over the free organic ligand as either complex itself triggers
the biological effect, or it acts as an efficient shuttle to transfer the
ligand to the site of the action where the ligand could be released [53].

The results from muscle twitch experiments revealed that C1-Cl at
concentrations ranging from 5 to 40 uM, progressively decreased the
amplitude of nerve-evoked isometric muscle twitch and tetanic con-
traction without a noticeable change in their decline phase. In contrast,
the well-known competitive AChE antagonist neostigmine induced
characteristic facilitation of neuromuscular transmission associated
with anti-ChE treatment. Neostigmine produced the complete block of
tetanic contractions evoked by repetitive nerve stimulation and had no
effect on the amplitude of directly evoked muscle twitch and tetanic
muscle contraction. Additionally, a relatively small decrease of
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Fig. 7. Effects of C1-Cl on EPP amplitude in mouse hemidiaphragm skeletal muscle fibers. C1-Cl blocked EPPs in a concentration-dependent manner. (a)
Representative EPP traces recorded under control conditions and 60 min after exposure of muscle to various concentrations of C1-Cl (5-40 pM). (b) Concentration-
response curve for the inhibition of EPP amplitude by C1-Cl, expressed as a percentage of its maximal initial value. Each value represents the mean values of absolute
values EPP + S.D. recorded from 4-8 different hemidiaphragms (n = 7-10 muscle fibers from each). The ICso and ny values, determined from typical sigmoid
nonlinear regressions through data points (r> = 0,997), were 7.61 = 1.04 uM and 1.6 + 0.1, respectively.

maximal amplitude was observed on directly muscle-elicited twitch and
tetanic contraction probably due to the effects of EtOH since a similar
small drop of twitch amplitude were observed in experiments with the
EtOH only. These results altogether indicate that C1-Cl affects neuro-
muscular transmission, but does not affect excitation-contraction cou-
pling of the skeletal muscle fibers. Exposure of neuromuscular pre-
paration, treated with 20 uM C1-Cl which produced approximately 50
% muscle twitch amplitude block, was exposed to the 3 yM AChE in-
hibitor neostigmine which inhibits AChE in mouse diaphragm muscle
by 96 % [39,54]. At his concentration neostigmine produced rapid and
almost complete recovery of single twitch response in the presence of
C1-Cl. These results strongly suggest that C1-Cl does not inhibit AChE
in the neuromuscular junction at the concentration used since con-
centration-dependent blockade of muscle twitch produced by C1-Cl and
no potentiation of single twitch were noticed in the presence of C1-Cl.
Furthermore, no functional evidence for anti-ChE activity in the

neuromuscular junction of C1-Cl was obtained from measurements of
the decay phase of synaptic potentials (MEPPs and full-size EPPs) in the
present study. Their eventual prolongation would have resulted in po-
tentiation of twitch amplitude and a prolongation of decay phase of
EPPs and MEPPs due to persistence of ACh in the synaptic cleft and
repetitive nAChRs activation [55]. However, if such an action was
masked by C1-Cl -induced nAChR antagonism, the number of functional
receptors available for repetitive ACh binding is expected to be re-
duced. AChE inhibition characteristics such as an increase in the EPPs
and MEPPs amplitude, as well as increased MEPPs frequency [56,57],
were also not observed. The postsynaptic extra junctional effect of C1-
Cl related to muscle twitch amplitude was excluded by the observation
that C1-Cl even at the highest concentration (i) did not affect the am-
plitude of direct muscle stimulation, (ii) did not change the passive
membrane properties, and (iii) did not produce an increase in basal
muscle tension (contracture), which is a sign of myotoxic action [54].
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Fig. 8. Effects of C1-Cl on the MEPP amplitude and frequency in the muscle fibers of isolated mouse hemidiaphragm. (a) MEPP traces recorded under control
conditions and after the indicated concentrations of C1-Cl applied for 60 min. (b) MEPP amplitude recorded from mouse hemidiaphragms exposed for 60 min to
different C1-Cl concentrations. At 40 uM, C1-Cl completely blocked MEPPs. (¢) MEPP frequency in the same preparations exposed for 60 min to different C1-Cl
concentrations. Box plots indicate the median values of the data obtained from 4-8 different hemidiaphragms (n = 7-10 fibers from each), as well as its IQR, with
whiskers showing the full range of data, and all outliers. *P < 0.05 versus control (Shapiro-Wilk with Mann-Whitney Rank Sum test).

Muscle twitch and tetanic contraction evoked by nerve stimulation
were rapidly and almost completely reversed by neostigmine and
washing of the nerve-muscle preparations with a compound-free
medium, suggesting competitive blocking action of C1-Cl. In-
dependently on the concentration and time of exposure to C1-Cl, the
resting membrane muscle fibers potential at the end-plate region re-
main unchanged. The intracellular electrophysiological technique has
been used to record the effect of C1-Cl on membrane potentials to find
out if reduced muscle contraction by C1-Cl was associated with changes
of evoked EPPs amplitude. The concentration and time-dependent
block of EPPs amplitude to the subthreshold for the generation of a
muscle fiber action potential can explain observed concentration de-
pendent evoked nerve block of muscle twitch and tetanic muscle con-
traction produced by C1-Cl. Postsynaptic action of C1-Cl in the neu-
romuscular junction by reducing the activity of muscle-type nAChR
receptors is strongly suggested altogether by (i) the reduction of the
amplitude of spontaneous MEPPs without significant change in the ACh
quantal release as indicated with no effects on the MEPPs frequency up
to 5 pM, (ii) stable resting membrane potential of muscle fibers, and
(iii) the block of EPPs without altering muscle fiber passive membrane
properties. Results obtained from MEPPs frequency measurements
(without change), where the amplitude of MEPPs has decreased ap-
proximately to 45 % indicate that C1-Cl does not have a pre-synaptic
action that would modify the rate of quantal ACh release. Additional
evidence that C1-Cl exerts postsynaptic action on muscle-type nAChR
comes from muscle contraction experiments in which 3,4-diaminopyr-
idine antagonized neuromuscular block produced by C1-Cl. 3,4-diami-
nopyridine is a well-known potassium channel blocker [40,58-60],
which increases ACh release from motor nerve terminals and antag-
onizes the competitive blocking action of the muscle type nAChR
competitive antagonists. Taken together, the physiological data ob-
tained in the present study indicate that C1-Cl blocks mouse neuro-
muscular transmission, which can explain the skeletal muscle paralysis.

5. Conclusion

This study is the first report which reveals that organoruthenium
compound C1-Cl inhibits nerve-evoked skeletal muscle twitch and te-
tanic contraction with no effect on directly muscle-elicited twitch and
tetanic contraction. The inhibition is concentration-dependent, with
ICso being observed in the low micromolar range. The most likely
mechanism underlying for this inhibitory activity of C1-Cl includes
reversible inhibition of muscle-type nAChRs since C1-Cl reduced the
number of open nAChRs by altering neither skeletal muscle fiber pas-
sive membrane properties nor neurotransmitter ACh release at low
concentrations of C1-Cl at which it affects the amplitude of MEPPs. This
blocking nAChR activity remains, however, to be confirmed by studying

the natural compound effects of C1-Cl on muscle-type nAChRs in-
corporated into the membrane of Xenopus oocytes. Despite the evidence
of considerable inhibitory activity against mammalian AChE in vitro, no
evidence from the electrophysiological measurements was found in the
present study for an eventual anti-AChE effect of C1-Cl in the neuro-
muscular junction. The blocking effect of C1-Cl in vitro is rapid and
almost completely reversal by the reversible AChE inhibitor neos-
tigmine and maybe therefore interesting for further preclinical testing
as a new competitive neuromuscular blocking drug.
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