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Rationale: Dihydropyridines are widely used for the treatment of several cardiac diseases due to their blocking
activity on L-type Ca?* channels and their renowned antioxidant properties.

Methods: We synthesized six novel dihydropyridine molecules and performed docking studies on the binding
site of the L-type Ca®* channel. We used biochemical techniques on isolated adult rat cardiomyocytes to assess
the efficacy of these molecules on their Ca?* channel-blocking activity and antioxidant properties. The Ca®*
channel-blocking activity was evaluated by confocal microscopy on fluo-3AM loaded cardiomyocytes, as well
as using patch clamp experiments. Antioxidant properties were evaluated by flow cytometry using the ROS
sensitive dye 1,2,3 DHR.

Results: Our docking studies show that a novel compound with 3-OH substitution inserts into the active binding
site of the L-type Ca®* channel previously described for nitrendipine. In biochemical assays, the novel meta-OH
group in the aryl in C4 showed a high blocking effect on L-type Ca?* channel as opposed to para-substituted
compounds. In the tests we performed, none of the molecules showed antioxidant properties.

Conclusions: Only substitutions in C2, C3 and C5 of the aryl ring render dihydropyridine compounds with the
capacity of blocking LTCC. Based on our docking studies, we postulate that the antioxidant activity requires a

larger group than the meta-OH substitution in C2, C3 or C5 of the dihydropyridine ring.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Voltage-dependent calcium (Ca?™") channels (VDCC) are widely
expressed throughout different tissues and importantly in the cardio-
vascular system, where they represent the main route for cellular
Ca®™ entry that couples electrical excitation to contraction. These
channels are multimeric proteins that consist of a principal o¢; subunit
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forming the permeation pore, which associates with the auxiliary
subunits 0,9, 3 and . Among the different types of VDCC, predomi-
nantly the L-type calcium channel (LTCC) is found in cardiomyocytes,
where it is a key component of the contractile cycle (Ertel et al.,
2000). Due to the relevance of the LTCC in cardiac diseases, this channel
is the primary target of several pharmacological agents. There are dif-
ferent families of LTCC inhibitors; dihydropyridines such as nifedipine
and nitrendipine are the most widely used, followed by phenyl-
alkylamines such as verapamil, or benzothiazepines like diltiazem
(Colecraft et al., 2002). The amino acid sequence of the oy subunit is
organized in four repeated domains (I to IV). Each one of them contains
six transmembrane segments (S1 to S6), a membrane-associated loop
between S5 and S6, as well as both N- and C-termini facing the intra-
cellular side. In each domain, S4 constitutes the voltage sensor. Domains
11l and IV contain the specific binding sites for all Ca?* channel blockers
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found so far; these are located in III S5, III S6, and IV S6 for dihydro-
pyridines, and Il S6 and IV S6 for the other members of the Ca?™
channel blocker family (Ertel et al., 2000; Walsh et al., 2009). The 1,4-
dihydropyridines (DHPs) are the most important of these therapeutic
agents (Krzeminski et al., 2011; Triggle, 2007). By binding to and
blocking the ;¢ subunit, they display a negative inotropic effect,
which is characterized by a decrease in the force of contraction of the
myocardium (Schramm et al., 1983). They also slow down the conduc-
tion of electrical activity during the plateau phase of the action potential
of the heart, resulting in a negative chronotropic effect that lowers the
heart rate (Millard et al., 1983). This negative chronotropic effect of
Ca?™ channel blockers (CCBs) makes them useful drugs for patients
with atrial fibrillation or flutter. Additionally, the resulting lower heart
rates represent lower cardiac oxygen requirements and promote better
adaptability to adrenergic tone (Scholz, 1997).

The relevance of reactive oxygen species (ROS) in cardiovascular dis-
ease has been well established. They are an aggravating and accelerating
factor in the progress of cardiac pathologies. Changes in the cellular
redox environment can affect the gating properties of ion channels,
and because cardiac contraction is highly dependent on the regulation
of intracellular Ca®™* levels ([Ca®™];), redox modification of Ca? ™ chan-
nels and transporters has a profound effect on cardiac function (Kourie,
1998). Key components of the cardiac excitation-contraction (EC)
coupling machinery such as the sarco-endoplasmic reticulum Ca%*
ATPase (SERCA) and LTCC are subject to redox modulation, which is
directly involved in cardiac pathologies. Significant bursts of reactive
oxygen species (ROS) generation occur during reperfusion of the
ischemic heart, and changes in the activity of the major components
of [Ca®*]; regulation, such as ryanodine receptors, Nat-Ca2™
exchangers and Ca®>™ ATPases, are likely to play an important role in
ischemia-related Ca®™ overload (Kourie, 1997; Waring, 2005).

In this regard, dihydropyridines have been the subject of intensive
research over the last four decades. Their discovered antioxidant activ-
ity gave birth to very versatile molecules, which are classified as third
generation DHPs with strong LTCC blocking effects and also with attrib-
uted antioxidant properties. We have been investigating new DHPs that
could combine both properties. In our studies we synthesized six differ-
ently substituted DHP molecules, we studied their LTCC blocking activ-
ity and their antioxidant properties and found that only a novel 3-OH
substituted DHP displayed a strong LTCC blocking activity but did not
exhibit antioxidant effects as well as the rest of these newly synthesized
DHPs.

Materials and methods

Isolation and culture of adult rat cardiomyocytes. Adult rats were bred in
the Animal Breeding Facility from the Facultad de Ciencias Quimicas y
Farmacéuticas, Universidad de Chile (Santiago, Chile). We performed
all studies with the approval of the institutional bioethical committee
from Facultad de Ciencias Quimicas y Farmacéuticas, Universidad de
Chile, Santiago. This investigation conforms to the “Guide for the Care
and Use of Laboratory Animals” published by the United States National
Institutes of Health. Adult rat ventricular myocytes (ARVMs) were
prepared from the hearts of male Sprague Dawley rats (2-3 months,
250-300 g). Animals were anesthetized by an intraperitoneal (i.p.)
injection of ketamine:xilazine 2:1. The heart was removed via thora-
cotomy and transferred to a Gerard ice-cold solution. The aorta was
cannulated and the heart mounted into a Langendorff apparatus then
successively perfused with the following oxygenated solutions: Gerard
buffer (Ca®* 2.6 mM), to allow recovery of spontaneous activity; nom-
inally Ca?*-free Gerard buffer supplemented with EGTA (2.5 mM) until
contraction ceased and then digestion solution supplemented with col-
lagenase type A and 2,3-butanedione monoxime (BDM), for 30 min.
Once flaccid, the heart was rinsed for 2 min without collagenase. Ventri-
cles were removed and finely minced and gently triturated, then placed
in 15 mL of digestion solution, at 37 °C under constant and soft agitation

for 10 min; after which the supernatant was transferred to a Falcon tube
and centrifuged at 500 rpm for 2 min. The pellet was gently resuspen-
ded in a Gerard buffer supplemented with BDM. For microscopy and
patch clamp experiments, ARVMs were then seeded in coverslips pre-
coated with laminin (5 pg/mL). After 20-30 min the buffer was changed
and replaced with M199/HEPES/Ca?* 2 mM, supplemented with
penicillin-streptomycin. Further BDM supplementation was used only
for patch clamp experiments. ARVMs were used on the same day of
isolation (Communal et al., 1998; Snabaitis et al., 2005). Neonatal rat
ventricular cardiomyocytes (NRVM) were prepared as previously
established (Foncea et al., 1997). Briefly, NRVM were isolated from the
hearts from one- to three-day-old Sprague Dawley rats by enzymatic
digestion. Cells were pre-plated to discard non-myocyte cells. NRVM
were maintained in DMEM:M199 (4:1) medium with 10% (w/v) FBS
and penicillin-streptomycin before experiments. NRVM were either
used in suspension, shortly (2 h) after isolation for ROS measurements
and analysis by flow cytometry, or were plated on gelatin-precoated
dishes and treated according to different experimental conditions;
cells were then trypsinized and used in suspension for flow cytometry
analyses to measure cell viability.

Dynamic Ca’* measurements. Dynamic Ca?"™ measurements were

performed on an inverted confocal microscope (Carl Zeiss Axiovert
200 Pascal5-LSM Microsystems). Experiments were performed on the
same day as the cardiomyocytes were isolated. Cardiac myocytes were
washed three times with Ca?*-containing resting media (Krebs buffer
(mM): 145 NaCl, 5 KCl, 2.6 CaCl,, 1 MgCl,, 10 HEPES-Na, 5.6 glucose,
pH 7.4), to remove M199 culture medium, and loaded with 5.4 uM
Fluo 3-AM (coming from a stock in 20% pluronic acid, DMSO) for 30
min at room temperature. After loading, ventricular myocytes
were washed with the same buffer and used immediately thereafter
(Pravdic et al., 2009). The cell-containing coverslips were mounted in
a 1 mL capacity plastic chamber and placed in the confocal microscope
for fluorescence measurements after excitation with a 488-nm wave-
length argon laser beam or filter system. Fluorescence measurements
were performed on individual cardiomyocytes. Line-scan images were
acquired at a sampling rate of 15.8 msec per line, along the longitudinal
axis of the cell, avoiding crossing the nucleus. An objective lens Plan Apo
63X (numerical aperture 1.4) and a pinhole of 1 Airy unit disk were
used. In all acquisitions, the image dimension was 512 x 120 pixels.
Intracellular Ca® ™ was expressed as a percentage of fluorescence inten-
sity. All line scan images of Ca®™ transients were background subtracted
(Pearl et al., 2011). Compounds were added after 30 s of initiating the
recordings. The action peak was defined at 240 s. We used linescan anal-
ysis for the assessment of chronotropy, by quantifying the frequency of
fluorescence spots obtained from the linescan pictures and inotropy
from the fluorescence intensity.

ROS measurements. All tests were performed on a FACSCanto flow
cytometer (BD Biosciences) with a 2-laser configuration, 488/633 nm.
To study the antioxidant capacity of our different DHPs, we used
the fluorescent dye dihydrorhodamine 1 2 3 (DHR 1,2,3) at 25 pM, a
probe to study various species of ROS. Flow cytometry allows the anal-
ysis of cells in suspension, but the particle size ranges from 0.2 to 50 um.
Large cells such as ARVM (>100 um) cannot be analyzed by flow cytom-
etry, therefore we used NRVM, as they provide the closest validated
model for cardiac cell-based studies. To measure ROS levels we used a
previously described protocol (Mashimo and Ohno, 2006). Briefly,
neonatal rat cardiomyocytes suspended at a density of 3 x 10°/mL
with either Krebs-Ringer (mM: 145 NaCl, 5 KCl, 2.6 CaCl,, 1 MgCl,, 10
HEPES-Na, 5.6 glucose, pH 7.4) or Krebs-Ringer plus the compounds.
After 30 min of incubation, the cells were centrifuged again and the
supernatant medium replaced with Krebs-Ringer containing the ROS
producing stimulus H,0, (100 uM) for 1 h. After this, the probe DHR
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1,2,3 was added for 30 min and the samples were then washed and
analyzed by flow cytometry.

Cell viability. NRVM were plated in gelatin-coated plates after isolation.
After 24 h, they were incubated for 24 h with different DHPs or with
H,0, as a positive control to trigger cell death, negative control cells
were treated with the vehicle DMSO (0.1% v/v). Non-adherent cells
were collected and adherent cells were trypsinized. Both adherent
(live) and non-adherent (dead or dying) cells were pooled and stained
with the vital dye propidium iodide to label dead cells. Fluorescence
of dead cells was analyzed using a FACSCanto flow cytometer (BD
Biosciences).

LTCC homology model. We used for this study a previously built homo-
logy model of the LTCC, kindly provided by Dr. Zhorov (Tikhonov and
Zhorov, 2008). This model contains transmembrane segments S5 and
S6 and P-loops from the four repeats. All segments far from the DHP
binding site were not included in the model. Among available X-ray
structures that could serve as templates for modeling different states
of Ca,1.2, Zhorov et al. used KvAP for the open state, which is a
voltage-dependent K™ channel from Aeropyrum pernix (Jiang et al.,
2003), based on the voltage-gating properties shared by both channels.
The closed state of Ca,1.2 was modeled using KcsA, a closed K™ channel
template structure (Jiang et al., 2003). The selectivity filter region was
built using the Na, 1.4 P-loop domain model as a template (a voltage-
gated Na™ channel, which belongs to the superfamily of P-loop chan-
nels, which includes K™ and Ca?™ channels) (Tikhonov and Zhorov,
2005). We designated residues using labels, which are universal for P-
loop channels. A residue label includes the domain (repeat) number
(1 to 4), segment type (p, P-loop; i, the inner helix; o, the outer helix),
and relative number of the residue in the segment. The energy expres-
sion included van der Waals, electrostatic, H-bonding, hydration, and
torsion components, as well as the energy of deformation of bond angles
in DHPs. The bond angles of the protein were kept rigid and the hydra-
tion energy was calculated by the implicit solvent method. Non-bonded
interactions were calculated using the software AMBER force field ver-
sion 12 (Case et al,, 2012), which is consistent with the implicit solvent
approach. The energy was minimized in the space of generalized coor-
dinates, which include all torsion angles, bond angles of the ligand, po-
sitions of ions, and positions and orientations of root atoms of ligands.
The channel models and their complexes with ligands were optimized
by the Monte Carlo minimization (MCM) method. To ensure similar
backbone geometry with the X-ray template, C* atoms of the model
were pinned. The proposed specific interactions between ligands and
DHP-sensing residues were imposed by distance constraints. Thus,
DHP-LTCC H-bonds were imposed with distance constraints that allow
penalty-free separation of the H-bonding atoms up to 2.2 A. The com-
plexes MC minimized with the distance constraints were refined in
unconstrained MCM trajectories to ensure that the proposed models
are energetically stable. All calculations were performed with the
ZMM program (Tikhonov and Zhorov, 2009).

Docking analysis. Molecular docking of DHPs at the LTCC homology
model was investigated using the Lamarckian genetic algorithm search
method as implemented in Morris et al. (1998) The receptor was kept
rigid, while full flexibility was allowed for the ligands to translate/rotate.
Polar hydrogens were added to the receptors and Kollman-united
atom partial charges along with atomic solvation parameters were
assigned to the individual protein atoms. Previous to docking studies,
the three-dimensional structures of each ligand were generated
and then energy minimized using Gaussian98 software. Rigid root and
rotatable bonds were assigned automatically using AutoDock tools
(Morris et al., 1998), polar hydrogens were removed and the partial
charges from these were added to the carbon (Gasteiger charges). The
atom type for aromatic carbons was reassigned in order to use the

AutoDock 4.0 aromatic carbon grid map. Docking was carried out
using 60 x 60 x 60 grid points with a default spacing of 0.375 A. The
grid was positioned to include the full ligand-binding site in the central
part of the iy subunit so as to allow extensive sampling around residue
Y 216. Within this grid, the Lamarckian genetic search algorithm was
used with a population size of 150 individuals, calculated using 200
different runs (i.e. 200 dockings). Each run had two stop criteria, a
maximum of 1.5 x 10° energy evaluations or a maximum of 50,000
generations, starting from a random position and conformation; default
parameters were used for the Lamarckian genetic algorithm search
(Tikhonov and Zhorov, 2008, 2009).

Patch clamp. Single cell voltage clamp recordings were obtained from
isolated adult rat cardiomyocytes, with an Axopatch 1D patch clamp
amplifier under the whole-cell modality. Holding potential was set at
—80 mV. Glass micropipettes (G85150T-3 Warner Instruments) with
a tip resistance in the range of 1 to 3 M Q were obtained with a pipette
puller and fire polished with a microforge. Once a seal was formed
between the pipette tip and the cell membrane, the whole-cell patch
configuration was obtained by gentle suction applied to the inside of
the pipette. The rupture of the section of membrane sealed against the
tip was monitored by a 2 mV test pulse and verified by the increase in
the transient capacitive current trace. The membrane capacity was
obtained from the integration of the current transient obtained for a
—10 mV pulse. The pipette (intracellular) ionic composition was
(mM): Cs-methanesulfonate 150, EGTA 5, MgCl, 5, Hepes 10 adjusted
to pH 7.3 with CsOH. The external saline composition was TEA-CI 140,
Mg(l, 2, CaCl, 1.5, glucose 10 and HEPES 10. For the voltage clamp stim-
ulus protocol, the pClamp suite of programs was used. Clampex 5.5 was
used to generate the command voltage protocol as family of 16 pulses of
50 ms duration and stepped from 10 mV above the holding potential
(usually —80 mV) with an 8 mV increment between them. In this man-
ner, the protocol voltage range covered from — 70 to +58 mV. The net
current at each voltage step was obtained after the cancelation of the
linear components of the capacity and conductance by subtraction of 6
pulses of the inverse polarity and 1/6 of the amplitude (P/6 protocol).
For data acquisition, the family of the net current signals for a protocol
run was filtered at 5 KHz and digitized at 15 KHz. Data generated was
stored for off-line analysis. For analysis of membrane current from volt-
age clamp recordings, the net inward current obtained during the pulse
protocol was considered to be carried mostly by Ca®* ions due to ionic
composition of the extra and intracellular solutions. With the Clampfit
program, the peak magnitude of this current was tabulated to generate
[-V curves after being normalized for membrane capacity (nA/nF). The
value of the peak current obtained at 20 mV showed throughout the
records to be the largest. Because each cell studied has control and
test values, all the data can be normalized and grouped. The grouped
data was adjusted to a single site dose-response curve.

Reagents and treatments. EDTA, EGTA, butane 2,3 monoxime (BDM),
M199 medium, Dulbecco's modified Eagle's medium (DMEM);
dihydrorhodamine 1,2,3 (DHR 1,2,3), as well as basic grade biochemical
reagents were obtained from Sigma Chemical Co (St. Louis, MO, USA).
Fetal bovine serum (FBS), fetal calf serum (FCS), penicillin and strepto-
mycin were acquired from Biological industries. Laminin and Fluo3-
acetoxymethyl ester (Fluo3-AM) were purchased from Invitrogen. The
synthesis of the DHP compounds used in this study, as well as the purity
analyses conducted have been described previously (Nunez-Vergara
et al., 2007; Salazar et al., 2008). These new DHP molecules were
named according to the substituent(s) in the aryl ring in C4.

Statistical analysis. Results are presented as mean + SEM. Treatment
was analyzed by one-way ANOVA with post-hoc examination by
Bonferroni test, and it was considered statistically significant if P <
0.05. For the frequency chart a Student's t-test was performed.
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Statistical evaluation was carried out using Graph Pad Prism 5
(GraphPad Software, San Diego, Calif., USA).

Results

Para-substitutions on the aryl ring in C4 keep DHPs out of the LTCC
binding pocket

We synthesized six new DHP molecules based on the structure
of the DHP nitrendipine (NIT, Fig. 1a), replacing the meta-
substituent NO, in the bowsprit zone of the molecule for different
groups as well as introducing new para-substitutions on the aryl
ring (Nunez-Vergara et al., 2007; Salazar et al., 2008). This resulted
in 6 new DHP molecules: C4(4-phenyl)-1,4-dihydropyridine
(PDHP, Fig. 1b), C4(3-hydroxyphenyl)-1,4-dihydropyridine (3-
OH, Fig. 1¢), C4(3,5-dihydroxyphenyl)-1,4-dihydropyridine (3,5-
OH, Fig. 1d), C4(4-hydroxyphenyl)-1,4-dihydropyridine (4-OH,
Fig. 1e), C4(4-vanillin)-1,4-dihydropyridine (VDHP, Fig. 1f),
C4(4-isovanillin)-1,4-dihydropyridine (IDHP, Fig. 1g). In our first
approach, we checked theoretically if all our new compounds

a
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enter inside the binding pocket of a previously built LTCC model,
kindly provided by Dr. Zhorov (Tikhonov and Zhorov, 2009). The
model was validated by using nimodipine, which docked itself in
the same spot where DHP previously docked on this model, and
for which the interactions were already described (Tikhonov and
Zhorov, 2009). NIT was the molecule docked as control (Fig. 2a),
and we observed that its interactions were the same as those de-
scribed for nimodipine. For the new DHPs, our findings showed
that only three of our novel molecules bound to critical amino
acid residues of the binding pocket, namely 3,5-OH, 3-OH and
PDHP (Figs. 2b-d), and these DHPs were those lacking the para-
substitution in the aryl ring in C4. The only DHP that interacted
with the channel in the same way as NIT was 3,5-OH (Fig. 2b),
prompting us to expect a similar inhibitory effect in cell culture
based experiments. In the case of 3-OH (Fig. 2c), the presence of a
hydroxyl group in the aryl ring opposite to the critical M4i12
residue suggests that an interaction can happen, specifically as
this hydroxyl group could freely rotate; however, the distance
between the oxygen atom of the hydroxyl group and the sulfur
atom of the methionine residue at M4i12 would be too far
(7.07 A), making an interaction unlikely or too weak. In the case

bowsprit
NO,
°
3 S
(‘é’ Et0O! COOMe §
S &
Me Me
H stern
NIT
b c d
OH HO. OH
EtOOC OOEt EtOOC OOEt EtOOC COOEt
Me N Me Me Me Me N Me
H H H
PDHP 3-OH 3,5-OH
e OH f H g OCH,
CH, H
EtOOC COOEt EtOOC COOEt EtOO COOEt
Me N Me Me N Me Me N Me
H H H
4-OH VDHP IDHP

Fig. 1. Structure of 6 novel DHP molecules tested in this study. a) Nitrendipine (NIT) was used as control throughout the study. b) C4(4-phenyl)-1,4-dihydropyridine (PDHP). c) C4(3-
hydroxyphenyl)-1,4-dihydropyridine (3-OH). d) C4(3,5-dihydroxyphenyl)-1,4-dihydropyridine (3,5-OH). e) C4(4-hydroxyphenyl)-1,4-dihydropyridine (4-OH). f) C4(4-vanillin)-1,4-

dihydropyridine (VDHP). g) C4(4-isovanillin)-1,4-dihydropyridine (IDHP).
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b

Fig. 2. Orientation of NIT and new DHP molecules in the homology model of LTCC. S6, P, and S5 helices are shown, respectively, as by smooth ribbons, sharp ribbons, and strands. Repeat I1I
is green, repeat IV is purple, and repeats I and Il are cyan. Ca?* ions are shown as yellow spheres. DHP-sensing residues are shown by thin sticks and ligands are shown by thick sticks.
a) Cytoplasmic view of the model with NIT, the bowsprit interacts with M4i12. b) Cytoplasmic view of the model with 3,5-OH, similar interaction was observed with M4i12. c) Cytoplasmic
view of the model with 3-OH, no direct interaction but a close disposition between the aryl ring and the M4i12 residue is observed. d) Cytoplasmic view of the model with PDHP, no
interaction with M4i12 was observed. For all molecules, the portside group does not approach the Ca?* ion chelated by the selectivity filter glutamates in repeats IIl and IV.

of PDHP (Fig. 2d), the unsubstituted aryl ring indicates that any
possible interactions between the substituents and amino acid
residues would be missing, diminishing its theoretical effect on
blocking the channels. Therefore, we could expect a Ca>* antago-
nist effect in cell culture experiments for these three molecules.
Regarding the new para-substituted DHPs and their inability to
get inside the binding pocket of LTCC, we propose that this might
be due to a sterical hindrance, so we set out to test them all in cell
culture using adult rat cardiomyocytes, to further corroborate
what we had just seen in our docking studies.

Effects of new DHPs on inotropy and chronotropy

We subjected primary adult rat cardiac myocytes to dynamic Ca®>*
measurements using confocal microscopy in line scan mode. We evalu-
ated two parameters in all compounds, inotropy and chronotropy.
Inotropy was assessed as the ability of the compounds to inhibit Ca?™
transients, which correlates to a reduction in the fluorescence intensity
of spontaneous Ca™ activity. We first validated that vehicle itself had
no effect (Supplementary Fig. 1) and that our positive control (NIT)
exhibited inhibitory properties on fluorescence intensity. We tested
three different concentrations of NIT, 0.1, 1 and 10 uM. The lowest con-
centration tested exhibited a significant reduction on fluorescence

intensity after 120 and 180 s (Fig. 3a). We continued to test the same
concentrations in our different compounds, but only 3-OH behaved sim-
ilarly to NIT, exhibiting significant inhibitory properties after 180 s at a
low concentration (Fig. 3b). The rest of the compounds failed to show
any significant inhibitory properties (Fig. 3c and Supplementary Fig. 2).

We then tested the chronotropy inhibitory properties of the com-
pounds using the above-mentioned three concentrations. Chronotropy
was assessed as their ability to reduce the frequency of spontaneous
Ca?™ activity. Similarly to the observed effects on inotropy, only 3-OH
exhibited a significant reduction in the frequency of spontaneous
Ca2™ oscillations, at comparable levels to NIT (Figs. 4a and b). The mol-
ecules 3,5-OH and PHDP showed no inhibitory properties (Figs. 4c and
d). The molecules 4-OH, VDHP or IDHP showed no properties on
chronotropy (Supplementary Fig. 3).

Based on the previous results, we performed patch clamp experi-
ments to test the effect of 3-OH, the one compound that antagonized
the channel in confocal microscopy experiments, compared to the
control, NIT. The rates of conductance decrease between 3-OH and NIT
exhibited similar shapes, and their IC50 values were similarly found in
the nM range (Fig. 5a). 3-OH showed to be a very consistent trigger
of current inhibition at different concentrations in the nM range
(Fig. 5b). These whole-cell patch clamp experiments clearly confirmed
our fluorescence microscopy experiments, indicating that the novel 3-
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Fig. 3. Effect of novel DHP molecules on basal calcium oscillations in isolated adult rat ventricular myocytes. Quantification of global cytosolic Ca>* levels by fluorescence intensity from
fluo-3 loaded adult rat cardiac myocytes using confocal microscopy. a) Normalized values of fluorescence intensity to baseline, in the presence of different concentrations of NIT as
indicated, studied dynamically at different times. b) Normalized values of fluorescence intensity to baseline, in the presence of different concentrations of 3-OH as indicated, studied
dynamically at different times. ¢) Summary of all molecules at 180 s used at a concentration of 0.1 uM. Data are expressed as mean + SEM, n = 3-5. *P < 0.5 and **P < 0.05 vs. control.

OH is a potent blocker of LTCC. This type of substitution characterized by
a hydroxyl in meta-position of the aryl ring has never been described be-
fore in the literature, representing a novel type of DHP molecule with
strong calcium channel antagonist properties.

The effects of new DHPs on ROS levels and viability

We subsequently tested these compounds and their antioxidant
capacity in cultured neonatal cardiomyocytes by flow cytometry using
the redox-sensitive dye DHR 1,2,3. We started by measuring baseline
ROS levels in the absence or presence of the ROS scavenger N-
acetylcysteine (NAC). The addition of H,0, to the cell suspension in-
creased ROS levels and NAC significantly reduced the elevation in ROS in-
duced by peroxide (Fig. 6a). Using this setting we moved to study the
effect of each one of the novel DHP compounds on ROS production.
There were no differences in the amount of ROS detected at baseline
with or without the addition of NAC or any of the Ca?* antagonist
compounds except for IDHP. In the presence of H,0,, IDHP significantly
reduced the amount of ROS (Figs. 6a and h). However, these results
were not replicated by any of the other Ca>* antagonists, with no effect
observed for 3,5-OH, 3-OH, 4-OH, VDHP, or the control drug NIT
(Figs. 6b, d, e, f and g) in the presence of H,05. In fact, and contrarily to
what we expected, the addition of PDHP actually increased the levels of
ROS (Fig. 6¢). These results do not replicate the previously reported chem-
ical based assays in which DHPs showed antioxidant activity, with only

one of the novel DHPs possessing the antioxidant activity expected.
Altogether, our results clearly indicate that 3-OH substitution in the aryl
ring renders DHP molecules with a strong Ca®* channel blocking activity,
without clear effects on ROS reduction. To determine if our new DHPs
have toxicity effect we tested cell viability in NRVM through flow cytom-
etry analysis of the incorporation of the vital dye propidium iodide. Only
PDHP 10 uM showed a small but significant more cell death from the con-
trol (Fig. 7). These data suggest that our DHPs did not have cytotoxicity ef-
fects in the cardiomyocytes at lower concentration and only PDHP
exhibits a low toxicity effects in the cardiomyocytes.

Discussion

The compounds tested and described here base their chemical struc-
ture upon the potent LTCC inhibitor NIT, with several chemical alter-
ations made to study their Ca?> ™ antagonist properties, as well as their
antioxidant properties. While the modeling of the compounds was en-
couraging with PDHP, 3-OH and 3.5-OH, where all modeled to bind to
the LTCC, Ca® ™ transient experiments followed by patch clamp studies
revealed that only 3-OH was able to inhibit the LTCC. The inhibition
observed with 3-OH was comparable to that observed with NIT, with
similar IC50 values observed for both drugs (1.2 x 10~ M for NIT and
2.9 x 10~7 M for 3-OH). The ability of these compounds to reduce the
antioxidant stress induced by H,0, was also tested. Only one of our
compounds, IDHP mediated a significant reduction in ROS, despite not
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being a potent Ca?™" antagonist. In summary, none of the compounds
tested here inhibited both the LTCC and provided protection against
antioxidant stress.

Based on our LTCC inhibition studies, where we observed quite a
disparity between the positive hits from the computing modeling and
the cell based assays, we conclude that it is necessary to test the effects
of modeled drugs in cell-based experiments. The docking studies
utilized Zhorov's model of the LTCC, in which they modeled LTCC inhi-
bition using the antagonist nimodipine (Tikhonov and Zhorov, 2009).
Nimodipine is very similar to NIT with the only difference being a larger
alkyl chain in C3. They reported a favorable stern-to-Y3i10 orientation
of nimodipine in the LTCC pore and went on to verify the key DHP-
sensing residues for nimodipine identified in previous mutational stud-
ies. In all docking models for the novel ligands described here, the LTCC
was in a Ca® " deficient state with the selectivity filter region loaded

with a single Ca?™ ion. This configuration was selected because the
Ca?™ deficient state is proposed to favor binding of DHP antagonists
(Peterson and Catterall, 2006). The LTCC model for docking studies
represents the molecule in an ideal state but does not account for alter-
native interactions of the ligand outside its binding site or the ability of
the DHP to enter the binding pocket. An example of this, and possibly
the biggest disparity between the modeling and cell-based experi-
ments, was observed with 3,5-OH. 3,5-OH is predicted to fit into the
binding site in exactly the same manner as NIT, proposing it to be a
potent LTCC inhibitor. However, the compound had no effect in cell-
based assays. The reason for this disparity could be the two polar
hydroxyl substituents that 3,5-OH possesses. As such, the ability of
3,5-0H to form hydrogen bonds with other proteins is greatly increased,
which may inhibit its ability to actually access into the LTCC. Concerning
all para-substituted DHPs used in our studies: 4-OH, VDHP and IDHP, all
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Fig. 5. Effect of NIT and 3-OH on patch clamp currents. Whole-cell patch clamp was performed on adult rat cardiomyocytes. a) Ratio of conductance decrease values for NIT and 3-OH
respectively, using different mol/l concentrations. NIT, IC50 = 45 x 10~° M. 3-OH, IC50 = 57 x 10~ M. b) Average traces of current inhibition in whole cell experiments, using 3-OH
at different concentrations as indicated. Data are representative of 3-5 independent experiments.
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of them bound to the LTCC, but not in the binding pocket; confirming
our hypothesis that a steric hindrance inhibits their ability to bind to
the action site.

In 3-OH, as well as in NIT, the NH group at the stern forms an H-bond
with Y3i10. The starboard methyl group fits into a hydrophobic pocket
formed by 13i14 and M3i18. The portside group is bound in a hydro-
phobic pocket formed by M3i19, F3p49, and 14i19. For 3-OH, the polar
OH group at the bowsprit accepts an H-bond from the side chain of
Y4i11. The carbonyl oxygen at the starboard accepts an H-bond from
Q3018. The side chain of T3014 does not interact with the DHP molecule
directly, but it is exposed toward the starboard group in such a way that
its enlargement would sterically prevent DHP binding, as showed by our
docking results.

For, PDHP, the interactions were all the same but in the aryl ring in
C4 it was different, as there was no substituting group, the interaction

with Y3i10 is absent. The lack of this interaction might explain why
PDHP did not block at 1 and 0.1 uM concentrations, as it would render
its interaction with the binding site weak, thus inhibition only being
observed at very high concentrations (10 uM).

Our experimental findings showed that only 3-OH inhibited the
LTCC at all concentrations tested. When studying the chemical struc-
tures of the DHPs tested, 3-OH most closely resembles that of the DHP
control, NIT—the main difference being the 3-OH substituent in the
aryl rings in C4 at meta position. The nature of the substituent is differ-
ent in each compound, for instance NIT bears a nitro group, which is an
electron withdrawing substituent, whereas 3-OH having a hydroxyl
group, is an electron releaser group. Both have the capacity to form
hydrogen bonds, but as the literature states, the one with an electron
withdrawing substitution would appear to be most effective in blocking
LTCCs (Coburn et al., 1988; Triggle et al., 1980), which is absolutely in
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by Dunnett test. *P < 0.1 and ***P < 0.01 vs. control.

agreement with our results, where at all concentrations requires less
time to start blocking the calcium channels.

There is increasing evidence indicating that the degree of free radical
generation correlates with the progression of cardiovascular diseases.
This has stimulated research for molecules that can conjugate several
pharmacological activities (Nakamura et al., 2009). As it was described
previously, our group has conducted extensive research in developing
new DHP molecules with an antioxidant capacity. These drugs have
been successfully tested in cell-free assays and in rat brain slices
(Diaz-Araya et al., 1998; Lopez-Alarcon et al., 2003; Nunez-Vergara
et al.,, 2003, 2007). Our present results show that only IDHP possesses
any antioxidant effect. These results are inconsistent with those already
published in molecule based assays. A possible explanation for this
could be in the experimental approach using DHR 1,2,3, which may be
insufficient to demonstrate the molecular antioxidant properties. For
all DHP molecules, an antioxidant effect is expected in the plasma mem-
brane, in close proximity to the LTCC. DHR 1,2,3 is a dye that distributes
throughout the entire cell, and therefore may be indicating responses in

locations or microdomains out of the target of interest. Regarding the
chemical structure of the compounds, substituents in C4 of the DHP
ring have been reported to be very effective antioxidants in compounds
such as vanillin (Diaz-Araya et al., 1998; Nunez-Vergara et al., 2003,
2007). However, the molecules studied here lack a large substituent in
C2 or C3 of the dihydropyridine ring which has been reported to be an
absolute requirement for antioxidant properties in in-vitro assays
(Mason et al., 1999b). Such large substituents are characteristic features
of third generation DHPs, such as amlodipine or felodipine (Hishikawa
and Luscher, 1998; Sugawara et al., 1996). The long substituent in C3
or C5 of the dihydropyridine ring allows these third generation com-
pounds to easily penetrate the plasma membrane and interact with
the LTCC while possessing additional antioxidant/pleiotropic actions.
These highly lipophilic DHPs insert into the plasma membrane and are
capable of donating protons to lipid peroxide molecules, thereby
preventing lipid peroxidation (Bauerle and Seelig, 1991; Mason and
Trumbore, 1996; Mason et al., 1999a). Therefore, to improve the anti-
oxidant action of the novel DHPs tested here, the addition of a long
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substituent in either C3 or C5 on dihydropyridine ring appears to be
beneficial. Another possibility why we did not detect any antioxidant
activity from our DHP compounds may be due to technical reasons,
where we measured ROS with a protocol that uses cardiomyocytes in
suspension for the treatments and for further analysis by flow cytome-
try. Our protocol used cardiac myocytes shortly after isolation to mini-
mize the time between isolation and the stimulation of ROS, which
can happen if cardiac myocytes are kept too long without cell adhesion,
leading to cell death. A similar protocol has been used previously for
measuring Ca®* transients (Xu and Gopalakrishnan, 1991), without
an impact on cell viability as it could be expected due to working with
cardiomyocytes in suspension. In addition, we validated internally the
efficacy of our protocol by using a positive control—NAC, which did
decrease ROS levels as expected (Fig. 6).

In summary, we present here novel evidence in favor of a 3-OH
meta-substitution in the aryl ring of DHP molecules, with a potent effect
inhibiting LTCC. Further or more meticulous studies are necessary to
ascertain the efficacy of this substitution on reducing ROS levels.
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