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A B S T R A C T   

A role for mitochondrial fission in vascular contraction has been proposed based on the vasorelaxant activity of 
the dynamin (and mitochondrial fission) inhibitors mdivi-1 and dynasore. However, mdivi-1 is capable to inhibit 
Ba2+ currents through CaV1.2 channels (IBa1.2), stimulate KCa1.1 channel currents (IKCa1.1), and modulate 
pathways key to the maintenance of vessel active tone in a dynamin-independent manner. Using a multidisci-
plinary approach, the present study demonstrates that dynasore, like mdivi-1, is a bi-functional vasodilator, 
blocking IBa1.2 and stimulating IKCa1.1 in rat tail artery myocytes, as well as promoting relaxation of rat aorta rings 
pre-contracted by either high K+ or phenylephrine. Conversely, its analogue dyngo-4a, though inhibiting 
mitochondrial fission triggered by phenylephrine and stimulating IKCa1.1, did not affect IBa1.2 but potentiated both 
high K+- and phenylephrine-induced contractions. Docking and molecular dynamics simulations identified the 
molecular basis supporting the different activity of dynasore and dyngo-4a at CaV1.2 and KCa1.1 channels. Mito- 
tempol only partially counteracted the effects of dynasore and dyngo-4a on phenylephrine-induced tone. In 
conclusion, the present data, along with previous observations (Ahmed et al., 2022) rise caution for the use of 
dynasore, mdivi-1, and dyngo-4a as tools to investigate the role of mitochondrial fission in vascular contraction: 
to this end, a selective dynamin inhibitor and/or a different experimental approach are needed.   

1. Introduction 

Mitochondria are intracellular organelles that, beyond energy pro-
duction, play a fundamental role in many other biological processes 
crucial for cell survival (Hoppins et al., 2020). In several tissues, they 
operate as an organised network navigating the cytoplasm, charac-
terised by continuous cycles of fusion and fission, the so-called mito-
chondrial dynamics. Hallmarks of fission and fusion are fragmented or 
elongated/hyperconnected networks, respectively. Preserving a 
steady-state balance of fission-fusion rates is critical for both mito-
chondrial and cellular functions. This balance can be affected by 
changes in metabolism, signalling pathways, cell state, as well as 

pharmacological tools. 
In general, cells metabolically active show increased mitochondrial 

dynamics: this allows rapid responses to various stimuli (Lisowski et al., 
2018). However, mitochondrial fission and fusion seem to play a role 
also in pathological conditions, such as ischemia-reperfusion injury 
(Maneechote et al., 2017), neurodegenerative diseases (Reddy, 2014), 
and type 2 diabetes mellitus (Rovira-Llopis et al., 2017). 

Progress in understanding the mechanism of action of the different 
dynamin superfamily GTPases that catalyse the constant fission and 
fusion of the mitochondrial networks (Ramachandran, 2018) has 
benefited from the discovery of inhibitors preventing the recruitment of 
dynamin to plasma membranes, including the GTPase inhibitors of 
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dynamin-1 mdivi-1 (Lackner and Nunnari, 2010) and dynasore (Macia 
et al., 2006). The undesirable properties of dynasore, e.g., binding to 
serum proteins and detergents, later, led to the synthesis of the more 
potent analogue dyngo-4a (McCluskey et al., 2013). However, these 
commonly used inhibitors of dynamin and endocytosis show off-target, 
dynamin-independent effects, e.g., they are potent suppressors of 
mTORC1 activation (Persaud et al., 2018) and robustly inhibit 
fluid-phase endocytosis and peripheral membrane ruffling in engineered 
dynamin 1, 2, and 3 triple knockout fibroblasts (Park et al., 2013). 

Dynasore and mdivi-1 are effective in animal models of diseases 
associated with altered mitochondrial dynamics (see References above). 
To our knowledge, however, no data in this context are available for 
dyngo-4a, which has been predominantly used to inhibit clathrin- 
dependent endocytosis in vitro (McCluskey et al., 2013). Dynasore and 
mdivi-1 have been assessed in rat aorta and mesenteric arteries to 
investigate the role of mitochondrial dynamics in the development of 
vascular smooth muscle contraction. Both agents relaxed phenyleph-
rine-, endothelin 1-, and KCl-induced contractions by inhibiting mito-
chondrial fission; as a result, a role for mitochondrial dynamics in vessel 
contraction was proposed (Liu et al., 2016; Chen et al., 2017). However, 
this hypothesis has been recently argued by a multi-disciplinary study 
demonstrating that mdivi-1 inhibits also CaV1.2 channels, Ca2+ release 
from IP3-sensitive Ca2+ store sites, and the Rho-A pathway as well as 
stimulates KCa1.1 channels, in a dynamin-independent manner (Ahmed 
et al., 2022), features that can by themselves support its vasorelaxant 
activity. Due to these “secondary effects”, mdivi-1 seems not an 
adequate pharmacological tool to clarify whether mitochondrial fission 
is a required phenomenon for vascular smooth muscle contraction to 
occur. Therefore, in the present study, dynasore and dyngo-4a (Fig. 1) 
were evaluated as potential, selective candidate inhibitors of mito-
chondrial fission in vascular smooth muscle. To this end, a comparable 
multi-disciplinary approach was used to study their effects on vascular 
CaV1.2 and KCa1.1 channel function, on vessel mechanics, as well as 
their interaction in silico with channel protein residues. Results suggest 
that dynasore, displaying a similar profile to mdivi-1, does not possess a 

satisfactory selectivity as a dynamin inhibitor and, therefore, its use to 
dissect the functional interplay between mitochondrial fission and 
vascular smooth muscle contraction is not recommended. Further ex-
periments are needed to clarify whether dyngo-4a, behaving differently 
from its analogue, may be considered selective. 

2. Materials and methods 

2.1. Animal care statement 

Male Wistar rats (250–350 g; Charles River Italia, Calco, Italy) were 
anaesthetized with isoflurane (4%) and O2 gas mixture using Fluovac 
(Harvard Apparatus, Holliston, Massachusetts, USA), before decapita-
tion and exsanguination. The tail main artery and abdominal aorta were 
rapidly removed and immersed in the external solution and modified 
Krebs-Henseleit solution (KHS; see below for composition), respectively, 
and processed as detailed below. 

2.2. Cell isolation procedure 

Smooth muscle cells, previously characterised in depth (see Mugnai 
et al., 2014), were dissociated from an 8-mm long piece of the tail main 
artery incubated at 37 ◦C for 35–45 min in 2 mL of external solution 
containing 0.1 mM Ca2+, 20 mM taurine (equally balanced with NaCl), 
1.1 mg/mL collagenase (type XI), 1 mg/mL soybean trypsin inhibitor, 
and 1 mg/mL BSA, bubbled with carboxygen (95% O2–5% CO2) 
(Budriesi et al., 2009). External solution (in mM): 130 NaCl, 5.6 KCl, 10 
HEPES, 20 glucose, 1.2 MgCl2, and 5 Na-pyruvate; pH 7.4. The cell 
suspension, stored in 0.05 mM Ca2+, 20 mM taurine, and 0.5 mg/mL 
BSA external solution at 4 ◦C, was used for a maximum of two days 
(Mugnai et al., 2014). 

2.3. Whole-cell patch-clamp recordings 

The conventional whole-cell configuration of the patch-clamp tech-
nique was used to record Ba2+ currents through CaV1.2 channels (IBa1.2) 
and K+ currents through KCa1.1 channels (IKCa1.1). Borosilicate glass 
recording electrodes (WPI, Berlin, Germany) had a pipette resistance of 
2–4 MΩ. An Axopatch 200B patch-clamp amplifier (Molecular Devices 
Corporation, Sunnyvale, CA, USA) applied voltage pulses to single tail 
artery myocytes and recorded the corresponding membrane currents. 
The junction potential, whole-cell capacitance, and series resistance 
(between 70% and 75%) were compensated. Low-pass filtered (1 kHz) 
current signals, recorded at 20–22 ◦C, were digitized at 3 kHz (Fusi et al., 
2002). A peristaltic pump (LKB 2132, Bromma, Sweden) was used to 
superfuse (flow rate of 400 μl/min) cells. 

2.4. IBa1.2 recordings 

Single myocytes were initially superfused with a 0.1 mM Ca2+ and 
30 mM tetraethylammonium external solution. The internal solution 
contained (in mM) 100 CsCl, 10 HEPES, 11 EGTA, 2 MgCl2, 1 CaCl2 (free 
Ca2+ concentration pCa 8.4), 5 Na pyruvate, 5 succinic acid, 5 oxalo-
acetic acid, 3 Na2ATP, and 5 phosphocreatine (pH 7.4 with CsOH). IBa1.2, 
elicited with 250-ms clamp pulses (0.067 Hz) to 10 mV from a Vh of − 50 
mV and recorded in 30 mM tetraethylammonium and 5 mM Ba2+

external solution, stabilized in 7–10 min after the whole-cell configu-
ration had been obtained, and did not run down for at least 40 min (Fusi 
et al., 2008). Tetraethylammonium and Cs+, in the external and internal 
solution, respectively, blocked K+ currents, whereas 10 μM nifedipine, 
completely blocking IBa1.2, allowed leakage and residual inward or 
outward currents subtraction offline. The external solution containing 
30 mM tetraethylammonium and 5 mM Ba2+, and the internal solution 
had an osmolarity of 320 mosmol and 290 mosmol, respectively (as 
measured by an Osmostat OM 6020 osmometer, Menarini Diagnostics, 
Florence, Italy). Fig. 1. Molecular structures of the dynamin modulators.  
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2.5. IKCa1.1 recordings 

IKCa1.1 was recorded using an external solution (containing, in mM: 
145 NaCl, 6 KCl, 10 glucose, 10 HEPES, 5 Na-pyruvate, 1.2 MgCl2, 0.1 
CaCl2, 0.003 nicardipine; pH 7.4) and an internal solution (containing in 
mM: 90 KCl, 10 NaCl, 10 HEPES, 10 EGTA, 1 MgCl2, 6.41 CaCl2; free 
Ca2+ concentration pCa 7.0; pH 7.4) with an osmolarity of 310 mosmol 
and 265 mosmol, respectively (as measured by an Osmostat OM 6020 
osmometer, Menarini Diagnostics, Florence, Italy). IKCa1.1, recorded for 
500 ms from a Vh of − 40 mV to avoid voltage-dependent K+ channels 
activation, stabilized in about 6–10 min and remained stable for the 
following 20–30 min [Iozzi et al. (2013). Tetraethylammonium (1 mM), 
proved to be a specific blocker of KCa1.1 channels at this concentration 
(Tykocki et al., 2017), was added at the end of each experiment to allow 
current correction for leakage (offline). 

2.6. Aorta ring preparation 

Rings (3 mm wide) were cut from the abdominal aorta and mounted, 
under a passive tension of 1 g, in organ baths, filled with KHS 
(composition in mM: 118 NaCl, 4.75 KCl, 1.19 KH2PO4, 1.19 MgSO4, 25 
NaHCO3, 11.5 glucose, 2.5 CaCl2, gassed with carboxygen; pH 7.4) for 
isometric tension recordings using a digital PowerLab data acquisition 
system (PowerLab 8/30; ADInstruments, Castle Hill, Australia). After a 
60-min equilibration period, ring viability was accomplished by 
measuring the response to both 0.3 μM phenylephrine (pharmaco-me-
chanical coupling) and 60 mM KCl (electro-mechanical coupling). The 
endothelium was removed by gently rubbing the lumen of the ring with 
a forceps tip. The absence of a functional endothelium was proved by the 
lack of response to the addition of 10 μM acetylcholine at the plateau of 
phenylephrine-induced contraction (Fusi et al., 2000). 

2.7. Functional experiments 

Cumulative concentrations of dynasore or dyngo-4a were added to 
aorta rings stimulated either by 0.3 μM phenylephrine or high KCl 
concentrations [25 mM or 60 mM KCl; Cuong et al., 2014). In some 
experiments, rings were pre-incubated with 10–80 μM dyngo-4a before 
constructing a concentration-response curve to either KCl or phenyl-
ephrine. Nifedipine (1 μM) and/or sodium nitroprusside (100 μM) was 
added at the end of each experiment to test the viability of smooth 
muscle. 

To analyse the effects of dynasore and dyngo-4a on Ca2+ release from 
intracellular stores and extracellular Ca2+ influx triggered by phenyl-
ephrine, rings were pre-incubated with each compound or vehicle 
(DMSO), first for 30 min in normal KHS, and then for 5 min in a Ca2+- 
free KHS containing 1 mM EGTA. The subsequent addition of 10 μM 
phenylephrine (this maximal concentration was required to obtain a 
measurable contraction in the absence of extracellular Ca2+) evoked a 
contraction representing the release of Ca2+ from the sarcoplasmic re-
ticulum. The following addition of 3.5 mM Ca2+ caused a further 
contraction due to the influx of extracellular Ca2+ (Fusi et al., 2015). 
Responses were measured as a percentage of the contraction induced by 
60 mM KCl in KHS. 

2.8. Transmission electron microscopy 

Rings (1.5-mm wide) were pre-incubated with vehicle (DMSO) or 80 
μM dyngo-4a for 20 min before stimulation with 0.3 μM phenylephrine 
or left untreated in the organ bath (control). Then the preparations were 
unmounted, rinsed 4 times in 0.1 M sodium cacodylate buffer (pH 7.2) 
and fixed in 2.5% glutaraldehyde diluted in cacodylate buffer for 3 h at 
4 ◦C, washed in cacodylate buffer overnight, and then post-fixed in 1% 
osmium tetroxide for 1 h at 4 ◦C. Following an additional rinse in 
cacodylate buffer, samples were dehydrated with a graded series of 
ethanol and embedded in Epon epoxy resin, positioning the samples to 

obtain cross-sections. Aortic vessel 70-nm thin sections, prepared with a 
Reichert Ultracut E ultramicrotome (Reichert-Jung AG, Wien, Austria) 
and collected on 150 mesh copper grids, were routinely stained with 
uranyl acetate and lead citrate and observed with an FEI Tecnai G2 Spirit 
transmission electron microscope (FEI Company, Hillsboro, OR, USA) at 
an electron accelerating voltage of 120 kV, equipped with a TVIPS 
TemCam-F216 CMOS camera (TVIPS GmbH, Gauting, Germany). Im-
ages of the samples were acquired at 6800X and later the mitochondria 
were manually measured using ImageJ software (ver 1.53j, NIH, http://i 
magej.nih.gov/ij/), taking into account the following parameters: aspect 
ratio (major axis/minor axis) and roundness [4 x area/(π x major axis2)]. 

2.9. In silico methods 

The Rattus norvegicus CaV1.2 channel α1C subunit and KCa1.1 channel 
3D structures were obtained through a homology modelling procedure 
as previously described (Trezza et al., 2022; Ahmed et al., 2022). The 3D 
structures of dynasore and dyngo-4a (compound CID: 135533054 and 
136227923, respectively) were downloaded in sdf format using the 
PubChem database (Kim et al., 2019). OpenBabel tool (O’Boyle et al., 
2011) generated and converted the structure in a pdbqt 3D format 
adding gasteiger partial charge. Dock Prep application (Pettersen et al., 
2004) optimized the structure before the docking procedure, while the 
MGLTOOLS script (Morris et al., 2009) converted in pdbqt format the 3D 
model structures, as previously described (Fusi et al., 2016; Teodori 
et al., 2019). To identify the potential binding pose of compounds on 
CaV1.2 and KCa1.1 channels, a docking simulation was performed with 
Autodock/VinaXB (Koebel et al., 2016), building a box of 14x15x10 Å 
and 10x15x10 Å for the X, Y, and Z dimensions, respectively, enclosing 
all binding pocket residues; the other parameters were set by default. 
The interaction profile was analysed by P.L.I.P. software using all 
parameter settings by default (Salentin et al., 2015). To propose a po-
tential mechanism of action, a classical molecular dynamics simulation 
of 100 ns was performed for the CaV1.2 channel 3D model bound to 
compounds, as previously described (Trezza et al., 2022). GROMACS 
2019.3 was used to carry out the classical molecular dynamics simula-
tions, while molecular dynamics trajectories were analysed by GRO-
MACS 2019.3 package using all parameter settings by default 
(Berendsen et al., 1995). PyMOL v2.5 was used as Molecular Graphics 
System to generate Figures (The PyMOL Molecular Graphics System, 
Version 2.5, Schrödinger, LLC). 

2.10. Materials 

The chemicals used were: acetylcholine, BSA, collagenase (type XI), 
dyngo-4a, nifedipine, phenylephrine, taurine, tetraethylammonium 
chloride, and soybean trypsin inhibitor (Sigma Chimica, Milan, Italy); 
sodium nitroprusside (Riedel-De Haen AG, Seelze Hannover, Germany); 
dynasore and mito-tempol (Abcam, Milan, Italy); sodium cacodylate, 
(Acros organics Geel, Belgium); glutaraldehyde and osmium tetroxide 
(Ted Pella, Inc. Redding, CA, USA); Epon epoxy resin (Serva Electro-
phoresis GmbH, Heidelberg, Germany); uranyl acetate (Fluka Chemie 
AG, Buchs, Switzerland); and lead citrate (Carlo Erba Reagents Srl, 
Cornaredo, Milan, Italy). Phenylephrine was solubilized in 0.1 M HCl, 
nifedipine in ethanol, dynasore and dyngo-4a in DMSO, mito-tempol in 
distilled water. Neither DMSO nor ethanol (maximal concentration of 
0.1%, v/v) affected vascular responses (data not shown). 

2.11. Statistical analysis 

LabChart 7.3.7 Pro (PowerLab; ADInstruments, Castle Hill, 
Australia), pCLAMP 9.2.1.8 (Molecular Devices Corporation, Sunnyvale, 
CA, USA), and GraphPad Prism 5.04 (GraphPad Software Inc.) per-
formed the analysis of data, which are reported as mean ± SD; n is the 
number of rings or cells analysed (indicated in parentheses), isolated 
from at least three animals. GraphPad Prism 5.04 (GraphPad Software 
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Inc.) performed the statistical analysis by one-way or repeated measures 
ANOVA (followed by Dunnett post-hoc test) or Student’s t-test for either 
paired or unpaired samples (two-tailed). P < 0.05 was considered sig-
nificant. Nonlinear regression analysis provided pIC50 or pEC50 values 
and Emax values, i.e., drug potency and efficacy, respectively. 

3. Results 

3.1. Dynasore but not dyngo-4a inhibits IBa1.2 

The effect of dynasore was studied on IBa1.2, elicited with a clamp 
pulse to 10 mV from a Vh of − 50 mV (0.067 Hz), recorded in single rat 
tail artery myocytes. As shown in Fig. 2, dynasore caused a marked, 
though slow, concentration-dependent inhibition of peak IBa1.2 (Fig. 2A 
and B). 

Dynasore (80 μM) reduced IBa1.2 amplitude elicited with various 
depolarising steps (from − 30 mV to 50 mV) without modifying the 
voltage-dependence of the current (Fig. 2C). 

To investigate whether dynamin inhibition was responsible for the 
Ca2+ antagonistic activity of dynasore, a different modulator (namely 
the inhibitor dyngo-4a) was studied. When myocytes were challenged 
with 80 μM dyngo-4a (0.38 μM being required to inhibit dynamin-1 by 
50%; McCluskey et al., 2013), the current amplitude was similar to that 
recorded under control conditions (Fig. 2D). Dyngo-4a did not modify 
the current-voltage relationship (data not shown). 

A biophysical analysis of the effect of the two dynamin inhibitors on 
IBa1.2 kinetics was performed. Dynasore and dyngo-4a prolonged the 
activation time constant, but only the former significantly prolonged 
also the inactivation one (Fig. 3). 

3.2. Dynasore inhibits whereas dyngo-4a potentiates KCl-induced 
contraction 

The effect of dynasore on electromechanical coupling was assessed in 
rings depolarized by high KCl concentrations. Cumulative addition of 
the compound caused concentration-dependent relaxation of aorta 
preparations depolarized by either 25 mM or 60 mM KCl with pIC50 
values of 5.61 ± 0.56 (n = 7) and 4.19 ± 0.29 (n = 5; P = 0.0005), 
respectively (Fig. 4A). In contrast to dynasore, its analogue dyngo-4a 
caused an increase in vessel tone induced by 60 mM KCl that seemed 
to be concentration-dependent (Fig. 4A). Furthermore, it was capable to 
raise basal tone under control conditions (Fig. 4B) and trigger muscle 
contraction in rings depolarized by moderate concentrations of KCl (i.e., 
25 mM; Fig. 4C). Noticeably, the latter effect was not antagonized by the 
presence of 100 nM prazosin in the organ bath. However, due to the 
great variability in the response to dyngo-4a (the maximum values 
ranged from 48.1% to 157.4% of the contraction induced by 60 mM 
KCl), the pEC50 value could not be calculated; those estimated from the 
average curve were 5.59 and 5.54, respectively. Finally, dyngo-4a 
significantly potentiated the response of the preparations to 

Fig. 2. Effects of dynasore and dyngo-4a on IBa1.2 in single rat tail artery myocytes. (A) Traces of IBa1.2, averaged from 6 cells, evoked by 250-ms clamp pulses to 10 
mV from a Vh of − 50 mV, recorded under control conditions or in the presence of 80 μM dynasore. The effect of 10 μM nifedipine is also shown. (B) Time course of 
IBa1.2 inhibition caused by dynasore. Currents were recorded at a frequency of 0.067 Hz (every 15 s) and subsequently normalized to the amplitude recorded just 
before the addition of the first concentration of dynasore (indicated by the arrows). Nifedipine (10 μM) suppressed IBa1.2. Data points are the mean ± SD (n = 6). (C) 
Current-voltage relationships, recorded from Vh of − 50 mV, constructed in the absence (control) or presence of 80 μM dynasore. Currents measured during the 
various test pulses are plotted against the membrane potential and expressed as pA/pF. Data points are mean ± SD (n = 6). *P < 0.05 vs control, Student’s t-test for 
paired samples (two-tailed). (D) Effects of dyngo-4a on IBa1.2. Columns are the mean ± SD (n = 5). 
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cumulative concentrations of KCl (pEC50 values of 1.55 ± 0.06 1.4 mM 
DMSO, 1.68 ± 0.06 10 μM dyngo-4a, n = 5; P = 0.0086; 1.58 ± 0.07 
11.2 mM DMSO, 1.82 ± 0.13 80 μM dyngo-4a, n = 5; P = 0.0063; 
Fig. 4D). 

3.3. Dynasore inhibits whereas dyngo-4a potentiates phenylephrine- 
induced contraction: role of mitochondria-derived radicals 

As a previous report (Liu et al., 2016) showed that, in rat mesenteric 
arteries, phenylephrine-induced contraction is mediated by 
mitochondria-derived radicals, the effect of the mitochondrial-targeted 
antioxidant mito-tempol was assessed on the phenylephrine-induced 
contraction of aorta rings. As shown in Fig. 5A, pre-incubation of 
endothelium-denuded rings with 10 μM mito-tempol moderately 
reduced the response to the selective α1 receptor agonist (pEC50 values 
of 6.46 ± 0.44 control, n = 14, and 6.38 ± 0.46 mito-tempol, n = 14, 
respectively; P = 0.6314). Dynasore, when added cumulatively to 
preparations pre-contracted by 0.3 μM phenylephrine, caused a 
concentration-dependent relaxation (pIC50 value of 5.04 ± 0.28, n = 6; 
Fig. 5B) that was counteracted by mito-tempol though only at the 
maximum dynasore concentration assessed (pIC50 value of 4.73 ± 0.30, 
n = 14; P = 0.0979). In rings pre-incubated with 10 μM dyngo-4a, po-
tency (pEC50 values of 6.40 ± 0.52 DMSO, n = 8; 7.21 ± 0.16 dyngo-4a, 
n = 7; P < 0.05) and efficacy of phenylephrine significantly increased 
(Fig. 5C). When also 10 μM mito-tempol was present, the phenylephrine 
concentration-response curve was still significantly shifted to the left 
(7.04 ± 0.13 dyngo-4a + mito-tempol, n = 7; P < 0.05) while the Emax 
was similar to that recorded under control conditions. 

In another series of experiments, the effect of dynasore and dyngo-4a 
were assessed on Ca2+ release from intracellular store sites and Ca2+

influx from the extracellular environment triggered by phenylephrine. 
Both Ca2+ release (measured as muscle tension triggered by phenyl-
ephrine in the absence of extracellular Ca2+) and Ca2+ influx triggered 

by the α1 receptor agonist were significantly reduced by 80 μM dynasore 
(Fig. 5D). However, pre-treatment with 10 μM dyngo-4a increased, 
though not significantly, both responses to phenylephrine. 

3.4. Dynasore and dyngo-4a stimulate IKCa1.1 

The relaxant activity of dynasore became less pronounced as the 
extracellular K+ concentration was raised, a behaviour distinctive of K+

channel opener; therefore, its effect on iberiotoxin-sensitive IKCa1.1 was 
studied (Saponara et al., 2006). The addition of 10 μM dynasore did not 
modify the current amplitude (Fig. 6A). However, when drug concen-
tration was raised to 80 μM, a striking (about 500% of control at 70 mV) 
and significant stimulation of IKCa1.1 was observed in the range of 
membrane potential 20–70 mV (Fig. 6A and B). Surprisingly, also the 
analogue, vasoconstricting dyngo-4a stimulated IKCa1.1, though its effi-
cacy was only around 170% of control (Fig. 6C and D). 

3.5. Dynasore and dyngo-4a dock to CaV1.2 and KCa1.1 channels 

The potential binding poses of the dynamin inhibitors on the Rattus 
norvegicus CaV1.2 channel α1C subunit and KCa1.1 channel homology 
models were predicted through a docking simulation. The best-docked 
conformations of dynasore and dyngo-4a showed Gibbs free-energy 
values (ΔG) for the CaV1.2 channel of − 6.1 kcal mol− 1 and -7.0 kcal 
mol− 1, while for the KCa1.1 channel of − 5.0 kcal mol− 1 and -4.6 kcal 
mol− 1, respectively. In the CaV1.2 channel, both compounds were 
positioned between the S6-III and S6-IV segments, close to the central 
pore (Fig. 7A). The interaction network analysed by the P.L.I.P. tool 
demonstrated that dynasore formed a hydrophobic interaction with Ala- 
1183C (S6-III), a hydrogen bond with Ser-1141 (pore-forming; PF), and 
a parallel π-stacking with Phe-1143C (PF) (Fig. 7B). Similarly, dyngo-4a 
triggered hydrophobic interactions with Phe-778B (cytoplasmatic), Phe- 
1143C (PF), and Ala-1183C (S6-III), along with three hydrogen bonds 
with Gln-1069C (S5-III), Ser-1141C (PF) and Tyr-1178C (S6-III) 
(Fig. 7C). 

To confirm the protein structural integrity, and the binding pose 
stability of the inhibitors, and to propose a potential mechanism of ac-
tion, a classical molecular dynamics simulation of 100 ns was performed 
on the backbone of the CaV1.2 channel in complex with dynasore and 
dyngo-4a. Both radius of gyration (around 2.18 nm for dynasore and 
2.15 nm for dyngo-4a) and root mean square deviation (around 0.22 nm 
and 0.31 nm, respectively) showed a stable trend during the whole run 
(Fig. 7D). The binding poses of dynasore and dyngo-4a exhibited an 
average root mean square deviation value of 0.1 nm and 0.2 nm, 
respectively. 

The gmx distance function implemented in GROMACS 2019.3, used 
to evaluate the lifetime of the π-stacking interaction between the 
naphthalene-composing phenyl ring of the 2-naphthol group of dyna-
sore and dyngo-4a with the phenyl ring of Phe-1143C, showed a distance 
average of 0.28 nm and 0.7 nm, respectively (Fig. 7E). 

The strength of the interaction energy of compounds with the CaV1.2 
channel during the classical molecular dynamics simulation run was 
computed by the gmx energy function implemented in GROMACS 
2019.3. The non-bonded interaction energy of dynasore and dyngo-4a 
for the α1C subunit was − 403.22 ± 6.9 kJ mol− 1 (corresponding to 
− 98.3 ± 1.7 kcal mol− 1) and − 142.53 ± 6.2 kJ mol− 1 (corresponding to 
− 34.7 ± 0.3 kcal mol− 1), respectively. 

While dynasore docked in a cytoplasmic region of the KCa1.1 channel 
(Fig. 8B), giving rise to three hydrophobic interactions with Phe-457C, 
Lys-458C, and Phe-461C, along with two hydrogen bonds with Glu- 
440C and Phe-466C, dyngo-4a formed a wide hydrophobic and polar 
interaction network. The P.L.I.P. analyses showed four hydrophobic 
interactions with Tyr-398C, Phe-457C, Phe-461C, and Phe-466C, along 
with seven hydrogen bonds with Lys-164B, Asn-238B, Glu-440C, Thr- 
462C, Val-464C, Glu-465C, and Phe-466C (Fig. 8C). 

Unfortunately, due to the low cover value of the KCa1.1 channel 

Fig. 3. Effect of dynasore and dyngo-4a on IBa1.2 kinetics in single rat tail artery 
myocytes. The time constant for activation (τact) and inactivation (τinact) were 
measured in the absence or presence of various concentrations of (A) dynasore 
or (B) dyngo-4a. Columns represent the mean ± SD (n = 5–6). *P < 0.05 vs 
control (0), Student’s t-test for paired samples or repeated measures ANOVA 
and Dunnett post-test. 
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against the template in some protein regions and the low confidence of 
their secondary structure prediction, the structural integrity of the 
channel during the classical molecular dynamics run ensued altered and 
could not be performed. 

3.6. Dynasore and dyngo-4a antagonise phenylephrine-induced 
mitochondrial fission 

The effects of phenylephrine, dynasore and dyngo-4a on mitochon-
drial fission were evaluated in rat aorta ring tunica media myocytes. 
Comparative morphometry accomplished by transmission electron mi-
croscopy imaging demonstrated that in control rings mitochondria 
showed the physiologic, canonical elongated strip shape and scattered 
distribution (Fig. 9A). In rings challenged by 0.3 μM phenylephrine and 
vehicle alone, mitochondria were short, round, and clustered (Fig. 9B). 
However, when rings were pre-incubated with either 80 μM dyngo-4a or 
80 μM dynasore, mitochondria showed the same morphometry as that 
observed in control samples (Fig. 9C–D). Statistical analyses of the 
mitochondrial fission morphometry parameters confirmed the above 
ultrastructural analyses (Fig. 9E–F). 

4. Discussion 

One of the key findings of this work is the striking divergence be-
tween dynasore and dyngo-4a vascular activity. While dynasore 
inhibited IBa1.2, stimulated IKCa1.1, and showed a prominent spasmolytic 
effect on electro- and both components (extracellular and intracellular) 
of the pharmaco-mechanical coupling, dyngo-4a displayed vaso-
constricting properties, as it not only increased muscle passive tone but 
also markedly potentiated high KCl- and phenylephrine-induced con-
tractions. This observation was even more surprising when considering 
the remarkable similarity of their structures (dyngo-4a being charac-
terised by the presence of only an additional OH group on the phenolic 
ring) as well as the comparable inhibition of mitochondrial fission. 

The mechanisms underlying the different vasoactivity of the dyna-
min modulators were explored analysing their effects on two of the main 
pathways underpinning vessel tone regulation, namely CaV1.2 and 
KCa1.1 channels. The electrophysiology data clearly demonstrated that 
dynasore is a CaV1.2 channel blocker, inhibition being concentration- 
dependent. CaV1.2 channel blockade is in line with the relaxant effect 
of this agent on high KCl-induced contraction, which is essentially due to 
the opening of these channels and the consequent influx of extracellular 
Ca2+. Noticeably, the dynamin inhibitor caused a delay in the transition 
between the resting and the activated states as well as between the 

Fig. 4. Effect of dynasore and dyngo-4a on depolarized rat aorta rings. (A) Endothelium-denuded preparations were stimulated by 60 mM (K60) or 25/30 mM KCl 
(K25), and then either dynasore or dyngo-4a was added cumulatively. In the ordinate scale, the response is reported as a percentage of the initial contraction induced 
by KCl. Data points represent the mean ± SD (n = 4–7). (B) Effect of dyngo-4a on ring basal tone. Contraction is expressed in mg. Columns represent the mean ± SD 
(n = 5). (C) Effect of dyngo-4a on rings depolarized by a moderate concentration of KCl. Rings were stimulated by 25 mM KCl, in the absence (control) or presence of 
100 nM prazosin, before the addition of cumulative concentrations of dyngo-4a. Data points are the mean ± SD (n = 5–10). In the ordinate scale, the response is 
reported as a percentage of the contraction induced by 60 mM KCl in ring functional assay. Inset: trace (representative of 9 experiments) of tension developed in 
response to dyngo-4a at the indicated concentrations (μM). The preparation was bathed in KHS containing 25 mM KCl (K25). The effect of 10 μM nifedipine (nife) and 
100 μM sodium nitroprusside (SNP) is also shown. W: wash. (D) Effect of dyngo-4a on the contraction elicited by high KCl. Concentration-response curves to KCl were 
constructed in presence of various concentrations of dyngo-4a or DMSO. Data points are the mean ± SD (n = 5) and represent the percentage of the contraction 
induced by 60 mM KCl in ring functional assay. 
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activated and the inactivated states of the channel. Surprisingly, these 
features are distinctive of CaV1.2 channel stimulators like Bay K 8644 
and quercetin (Saponara et al., 2002; Saponara et al., 2008) but different 
from those of nifedipine, verapamil, and diltiazem (representative of the 
dihydropyridine, phenylalkylamine, and benzothiazepine classes of 
Ca2+ antagonists), which accelerate the inactivation kinetics leaving 
unaltered that of activation (McDonald et al., 1994). Dynamin seemed 
not involved in CaV1.2 channel blockade because the more potent in-
hibitor dyngo-4a did not affect IBa1.2 amplitude, though it slowed down 
the transition of the channel from the resting to the activated state. 

Docking simulation results showed that both dynasore and dyngo-4a 
docked close to the surface of the CaV1.2 channel pore between domains 
III and IV of the S6, a binding region for channel modulators (Zhao et al., 
2019), sharing a similar binding pose. This is not surprising, given the 
striking similarity of their structures. Either molecule triggered several 
interactions within the target binding pocket. Interestingly, the com-
parison of the interaction network by the P.L.I.P. tool of the CaV1.2 
channel and dynasore or dyngo-4a complexes with the rabbit CaV1.1--
verapamil complex (i.e., a homologue biological system in complex with 
a Ca2+ antagonist; Protein Data Bank code: 6JPA), and the rabbit 
CaV1.1-Bay K 8644 complex (i.e., in complex with a CaV1.2 channel 

agonist; Protein Data Bank code: 6JP8; Zhao et al., 2019) demonstrated 
that the two dynamin inhibitors, albeit sharing an extremely similar 
binding pose and region, formed key interactions either with Phe-1143C 
(corresponding to Phe-1013 of the rabbit CaV1.1 channel) or with 
Gln-1069C (corresponding to Gln-939 of the rabbit CaV1.1 channel), 
which are residues crucial for the activity of the channel (Zhao et al., 
2019; Trezza et al., 2022; Ahmed et al., 2022). Noticeably, dyngo-4a, 
similarly to Bay K 8644, triggered a hydrogen bond between the hy-
droxyl group in C1 of the 1,3,4-trihydroxy-benzene moiety and the ni-
trogen of the Gln-1069C side chain, which prevented any interaction 
with Phe-1143C. Conversely, this hydrogen bond was not triggered by 
dynasore that, similarly to verapamil, moved to Phe-1143C and formed 
a π-stacking between its naphthalene-composing phenyl ring of the 
2-naphthol group and the phenyl ring of the residue. However, only 
mutagenesis experiments can support and strengthen this hypothesis. 

The molecular dynamics simulation confirmed the docking simula-
tion results. The RMSD and Rg profiles of the protein backbone of the 
CaV1.2 channel in complex with either molecule showed high stability 
during the run, excluding the presence of artifacts in the simulations. 
Despite their similar binding pose, dynasore exhibited considerable 
binding stability and non-bonded interaction energy, higher than dyngo- 

Fig. 5. Effect of mito-tempol, dynasore, and dyngo-4a on phenylephrine-induced contraction of rat aorta rings. (A) Endothelium-denuded preparations were 
stimulated by cumulative concentrations of phenylephrine, either in the absence or presence of 10 μM mito-tempol. Data points are the mean ± SD (n = 14) and 
represent the percentage of the contraction induced by 60 mM KCl in ring functional assay. (B) Dynasore concentration-response curves constructed in aorta rings 
pre-contracted by 0.3 μM phenylephrine, either in the absence or presence of 10 μM mito-tempol. Data points are the mean ± SD (n = 6) and represent the percentage 
of the contraction induced by the α1 receptor agonist. *P = 0.0282, Student’s t-test for unpaired samples (two-tailed). (C) Phenylephrine concentration-response 
curves constructed in aorta rings pre-incubated with vehicle (DMSO), 10 μM dyngo-4a or drug plus 10 μM mito-tempol. Data points are the mean ± SD (n =
6–8) and represent the percentage of the contraction induced by 60 mM KCl in ring functional assay. *P < 0.05 vs. DMSO, one-way ANOVA and Dunnett’s post-test. 
(D) Effects of dynasore and dyngo-4a on Ca2+ release from intracellular stores and on extracellular Ca2+ influx induced by phenylephrine in endothelium-denuded 
rings. Effect of vehicle only (11.3 mM DMSO), 10 μM dyngo-4a or 80 μM dynasore on 10 μM phenylephrine-induced contraction in the absence (-Ca2+) and presence 
of extracellular Ca2+ (+Ca2+). Contractions were measured independently, the response to phenylephrine in the absence of extracellular Ca2+ representing the 
baseline for that obtained after the addition of extracellular Ca2+. Columns are the mean ± SD and represent the percentage of the response to 60 mM KCl in ring 
functional assay. *P < 0.05 vs. DMSO, one-way ANOVA and Dunnett’s post-test. 
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4a. Furthermore, the average distance of the quinazoline-composing 
phenyl ring of the 2-mercapto-quinazolin-4(3H)-one group of dyna-
sore and the side chain of Phe-1143C key residue demonstrated that the 
parallel π-stacking was maintained for the entire run, suggesting the 
ability of dynasore to alter the biological function of the channel. Taken 
together, these results are consistent with the hypothesis that dynasore 
inhibition of CaV1.2 channels is attained through strong and specific 
interactions with the channel protein and provide a reasonable expla-
nation for the different vascular activity that characterises dynasore and 
dyngo 4a. 

In addition to the CaV1.2 channel blocking activity, dynasore caused 
a marked increase in current amplitude through the KCa1.1 channel, 
which is in line with the relaxant effect exerted by the drug on rings 
depolarized by moderate concentrations of KCl. Under these experi-
mental conditions, in fact, K+ channel openers are effective vasodilators 
because their muscle relaxant activity is directly correlated to the 
transmembrane chemical gradient for K+ (Gurney, 1994): the larger the 
difference (e.g., in the presence of 25 mM extracellular KCl as opposed to 
60 mM KCl), the greater the efflux of K+ through the open channels 
(leading to membrane hyperpolarization and CaV1.2 channels closure) 
and the higher the vasodilation. Likewise, dyngo-4a stimulated IKCa1.1; 
however, the magnitude of the effect was lower than that brought about 
by dynasore. This suggested that the presence of an additional OH group 
in the phenolic ring of dynasore, not only abolished the Ca2+ antago-
nistic effect but had also a marked impact on the KCa1.1 channel stim-
ulatory activity. 

The docking analysis demonstrated that both dynasore and dyngo-4a 

docked in a KCa1.1 channel sensing region close to the S6/RCK linker 
with a high binding affinity (Gessner et al., 2012), triggering several 
hydrophobic and polar interactions. Interestingly, both molecules 
formed a hydrophobic interaction with Lys-458C and Tyr-398C, 
respectively, and shared the interaction with Phe-461C. In a previous 
study, these residues were identified as potential key targets for the 
binding to, and biological function of the KCa1.1 channel (Carullo et al., 
2020). These data, though consistent with the hypothesis that IKCa1.1 
stimulation induced by dynasore and dyngo-4a is the result of the direct 
binding of the compounds to the channel protein, need to be validated 
through experimental mutagenesis. Noteworthy, dynasore and, more 
effectively, dyngo-4a increase TMEM175 lysosomal K+ current of Xen-
opus laevis oocytes by increasing the number of channels in the plasma 
membrane, though a simultaneous stimulation of channel activity was 
not ruled out (Pergel et al., 2021). Therefore, it can be speculated that 
also an enhanced translocation of KCa1.1 channels to the plasma mem-
brane of rat tail myocytes may contribute to the IKCa1.1 stimulatory ac-
tivity of dynasore and dyngo-4a. 

An intriguing result of the present study is the vascular activity of 
dyngo-4a, observed under several, different experimental conditions. In 
fact, dyngo-4a, likewise the CaV1.2 channel agonist Bay K 8644 (Fusi 
et al., 2003), increased muscle tone under resting conditions as well as 
potentiated both phenylephrine- and KCl-induced contractions. This 
observation, along with the in-silico data discussed above, points to 
dyngo-4a as a direct activator of CaV1.2 channels. However, this hy-
pothesis was not supported by the patch-clamp analysis. Furthermore, 
the vasoconstricting activity of dyngo-4a was not affected by the 

Fig. 6. Effects of dynasore and dyngo-4a on IKCa1.1 in single tail artery myocytes. (A,C) Original recordings (average traces of 5 and 8 cells, respectively) of con-
ventional whole-cell IKCa1.1 elicited by a 500 ms voltage step from Vh − 40 to 70 mV, measured in the absence (control) and presence of 10 μM and 80 μM (A) 
dynasore or (C) dyngo-4a. (B,D) Current-voltage relationships obtained before the addition (control) and in the presence of various concentrations of either (B) 
dynasore or (D) dyngo-4a. On the ordinate scale, the response is reported as current density in pA/pF. Data points are the mean ± SD. *P < 0.05 vs. control, repeated 
measures ANOVA and Dunnett’s post-test. 
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Fig. 7. Overview of CaV1.2 channel docked with dynasore and dyngo-4a. (A) The CaV1.2 channel 3D structure is depicted in a multicolour surface. The bilayer is 
illustrated as an orange transparent surface, while some phospholipid heads are reported in red spheres. The extracellular and cytoplasmic sides are shown as cyan 
transparent surfaces. Enlarged view of the docked poses of dynasore and dyngo-4a within the CaV1.2 channel binding pocket, whose surface is shown in cross-section. 
(B–C) Interaction network of (B) dynasore and (C) dyngo-4a in complex with the CaV1.2 channel after the docking simulation. (D) Radius of gyration (Rg) and Root 
Mean Square Deviation (RMSD) profiles of the CaV1.2 channel in complex with dynasore and dyngo-4a, depicted as coloured lines. Rg (nm) and RMSD (nm) are 
reported on the left and right Y-axis, respectively, and the time (ps) of the molecular dynamics run on the X-axis. (E) Distance average profiles (depicted as coloured 
lines) between the CaV1.2 channel Phe-1143C side-chain and the naphthalene-composing phenyl ring of the 2-naphthol group of dynasore and dyngo-4a. Rg (nm) 
and RMSD (nm) are reported on the left and right Y-axis, respectively, and the time (ps) of the molecular dynamics run on the X-axis. 
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Fig. 7. (continued). 

Fig. 8. Overview of the KCa1.1 channel docked with dynasore and dyngo-4a. (A) The KCa1.1 channel 3D structure is depicted in multicolour cartoon. The bilayer is 
illustrated as a grey transparent surface and lines, while some phospholipid heads are depicted as purple spheres. (B,C) Interaction network of (B) dynasore and (C) 
dyngo-4a in complex with the KCa1.1 channel after the docking simulation. The binding residues are shown in grey balls and sticks, while dynasore and dyngo-4a are 
displayed as green and purple balls and sticks, respectively. Hydrogen bonds are depicted as cyan cylinders, with numbers indicating the bond length (Å). 
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presence of prazosin, a selective α1 receptor antagonist, thus ruling out 
the possible involvement of a release of catecholamine from perivascular 
nerves triggered by the dynamin inhibitor. Therefore, further experi-
ments are necessary to elucidate the mechanism(s) underpinning 
dyngo-4a vasoactivity that, however, goes beyond the scope of the 
present study. 

Recently, Liu et al. (2016) hypothesized that vessel stimulation by 
various agents is followed by an increase in intracellular Ca2+ concen-
tration, mitochondrial fission, and production of reactive oxygen species 
that, in turn, promote blood vessel contraction. Hence, mitochondrial 
fission inhibitors, such as dynasore and mdivi-1, may represent a novel 
class of vasorelaxant agents. However, this hypothesis has been argued 
by a recent multi-disciplinary study demonstrating that mdivi-1 is 
capable to target not only mitochondrial fission but also several path-
ways involved in the regulation of vessel tone (namely CaV1.2 and 
KCa1.1 channels, Ca2+ release from IP3-sensitive Ca2+ store sites, and 
likely Rho-A kinase; Ahmed et al., 2022), thus leading to a concerted 
reduction of intracellular Ca2+ concentration. Therefore, it is likely that 
both vasorelaxation and inhibition of mitochondrial fission (which is a 
Ca2+-dependent process; Hom et al., 2007; Hom et al., 2010) observed 
with mdivi-1 are in part or totally mediated by dynamin-independent 
mechanisms. The results of the present study, in which a similar 
multi-disciplinary approach was pursued, strongly support the latter 
hypothesis. In fact, they clearly show that also dynasore, which antag-
onises mitochondrial fission triggered by these vasoconstrictors (Liu 
et al., 2016; present paper), relaxed vascular smooth muscle by inhib-
iting CaV1.2 channels and stimulating KCa1.1 channels. Furthermore, 
and maybe more importantly, they demonstrate that dyngo-4a, a 
dynamin inhibitor structurally related to and more potent than dynasore 
(McCluskey et al., 2013), which did not affect CaV1.2 channels and 
weakly stimulated KCa1.1 channels, was unable to relax both 

phenylephrine- and KCl-induced contraction, though reverting mito-
chondrial fission triggered by these vasoconstrictors. 

In rat mesenteric arteries, the mitochondria-targeted, radical scav-
enger mito-tempol abolished phenylephrine-induced constriction 
without affecting the associated mitochondrial fission (Liu et al., 2016). 
However, in aorta rings stimulated by the same α1 receptor agonist, the 
effect of mito-tempol was weak and not significant (present paper), thus 
suggesting that mitochondrial-generated radicals may or may not play a 
role in mediating phenylephrine-induced vasoconstriction, depending 
on either the vessel type or the vasoconstrictor used (see Chen et al., 
2017). Furthermore, mito-tempol significantly antagonized the effect of 
both dynasore and dyngo-4a, reducing the vasorelaxant efficacy of the 
former and the active tone potentiation of the latter, respectively. This 
observation suggests that mitochondrial radicals indeed contribute to 
the vascular effects of the two dynamin inhibitors; at present, the pos-
sibility that superoxide anions generated by the catechol moieties pre-
sent in their structure cannot be ruled out. Further investigation, 
however, is required to clarify this issue, which goes beyond the scope of 
the present investigation. 

In conclusion, the present data strengthen and broaden a previous 
hypothesis (Ahmed et al., 2022) rising caution for the use of the most 
popular dynamin modulators, namely dynasore and mdivi-1, in vascular 
smooth muscle studies, as their off-target activity might lead to misin-
terpretation of the results obtained. As mitochondrial dynamics is a 
Ca2+-dependent process, in fact, they are not appropriate tools to 
discern the consequences of dynamin inhibition from those of intracel-
lular Ca2+ concentration decrease on smooth muscle contractility 
(Fig. 10). Furthermore, also the supposed role of mitochondrial fission in 
the pathogenesis of neurodegenerative diseases (Reddy, 2014), 
ischemia-reperfusion injury (Maneechote et al., 2017), and type 2 dia-
betes mellitus (Rovira-Llopis et al., 2017), as hypothesized based on the 

Fig. 9. Effect of dynasore and dyngo-4a on phenylephrine-induced mitochondrial fission. (A–D) Transmission electron microscope images captured in aorta rings (A) 
under control conditions, and pre-contracted by 0.3 μM phenylephrine in the presence of either (B) vehicle (DMSO), (C) 80 μM dyngo-4a or (D) 80 μM dynasore pre- 
incubated for 20 min (scale bar = 500 nm). (E–F) Summary of (E) aspect ratio and (F) roundness data representative of mitochondrial fission. Columns represent the 
mean ± SD, the numbers of mitochondria analysed per group being shown above the bars. *P < 0.05 vs control (CTRL), Student’s t-test for unpaired samples (two- 
tailed); #P < 0.05 vs DMSO, one-way ANOVA and Dunnett’s post-test. 
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beneficial effects of mdivi-1 and dynasore observed in these conditions, 
should be re-evaluated because also Ca2+ channel blockers exert the 
same protective effects (Vezzani et al., 1988; Jesmin et al., 2002; 
Simonovic et al., 2019). Finally, dyngo-4a seems to be a tool more se-
lective than dynasore and mdivi-1, due to the lack of effect on CaV1.2 
channels, consistent with new speculation that mitochondrial fission 
counteracts, rather than sustains, vascular smooth muscle contraction. 
However, a different experimental approach is necessary to understand 
whether mitochondrial fission, occurring during aorta smooth muscle 
contraction, is simply a “secondary effect” not crucial to or rather plays a 
role in muscle tone regulation. 
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