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BACKGROUND AND PURPOSE

Vasodilatation may contribute to the neuroprotective and vascular anti-remodelling effect of the tissue transglutaminase 2 (TG2)
inhibitor cystamine. Here, we hypothesized that inhibition of TG2 followed by blockade of smooth muscle calcium entry and/or
inhibition of Rho kinase underlies cystamine vasodilatation.

EXPERIMENTAL APPROACH

We used rat mesenteric small arteries and RT-PCR, immunoblotting, and measurements of isometric wall tension, intracellular
Ca®* ([Ca®*]y), K* currents (patch clamp), and phosphorylation of myosin phosphatase targeting subunit 1 (MYPT1) and myosin
regulatory light chain, in our experiments.

KEY RESULTS

RT-PCR and immunoblotting revealed expression of TG2 in mesenteric small arteries. Cystamine concentration-dependently
inhibited responses to phenylephrine, 5-HT and U46619 and for extracellular potassium. Selective inhibitors of TG2, LDN 27129
and T101, also inhibited phenylephrine contraction. An inhibitor of PLC suppressed cystamine relaxation. Cystamine relaxed and
reduced [Ca?*];in phenylephrine-contracted arteries. In potassium-contracted arteries, cystamine induced less relaxation without
changing [Ca®*];, and these relaxations were blocked by mitochondrial complex inhibitors. Blockers of K,7 channels, XE991 and
linopirdine, inhibited cystamine relaxation and increases in voltage-dependent smooth muscle currents. Cystamine and the Rho
kinase inhibitor Y27632 reduced basal MYPT1-Thr®>> phosphorylation, but only Y27632 reduced phenylephrine-induced increases in
MYPT1-Thr®*> and myosin regulatory light chain phosphorylation.

CONCLUSIONS AND IMPLICATIONS

Cystamine induced vasodilatation by inhibition of receptor-coupled TG2, leading to opening of K, channels and reduction of intra-
cellular calcium, and by activation of a pathway sensitive to inhibitors of the mitochondrial complexes | and lll. Both pathways may
contribute to the antihypertensive and neuroprotective effect of cystamine.

Abbreviations

TG2, transglutaminase 2; MLC, myosin light chain; MLCK, myosin light chain kinase; MLCE myosin light chain phosphatase;
MYPT1, myosin phosphatase target subunit 1; p-MYPT1, phosphorylated form of MYPT1; MLC2, myosin regulatory light chain;
p-MLC2, phosphorylated form of MLC2; ROCK, Rho-associated protein kinase

© 2015 The British Pharmacological Society British Journal of Pharmacology (2016) 173 839-855 839



m M Engholm et al.

Tables of Links

Voltage-gated lon Channels®
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MLCK, myosin light chain kinase
ROCK, Rho kinase

4-Aminopyridine (fampridine)
Glibenclamide

Linopirdine

TEA, tetraethylammonium
XE991

Y27632

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are per-
manently archived in the Concise Guide to PHARMACOLOGY 2015/16 (“’bAIexander et al., 2015a,b).

Introduction

In recent years, interest in the small organic disulphide cysta-
mine has increased, because this compound and its reduced
derivative cysteamine, have been shown to be neuroprotec-
tive, to increase survival, to improve motor performance in
Huntington’s disease (Dedeoglu et al., 2002; Karpuj et al.,
2002) and to reduce neuronal loss in animal models of
Parkinson’s disease (Stack et al., 2008; Gibrat et al., 2010).
The therapeutic benefits mediated by cystamine have, in
part, been attributed to inhibition of transglutaminase 2
(TG2) (Jeitner et al., 2005). TG2 mediates covalent cross-links
of structural proteins (Lorand and Graham, 2003), acts as a
G-protein (Gy) in transmembrane signalling (Fesus and
Piacentini, 2002) and is involved in cell proliferation, cell ad-
hesion, apoptosis, cell-matrix interactions and reorganiza-
tion of extracellular matrix (Griffin et al., 2002). Small artery
remodeling also depends on TG2 (Bakker et al., 2005), and
administration of cystamine, which inhibits TG2 competi-
tively by binding to the active site and acting as an alternative
substrate (Jeitner et al., 2005), has been shown to inhibit
eutrophic inward remodelling in phenylephrine-induced
hypertensive rats (Eftekhari et al., 2007) and to reduce BP in
spontaneously hypertensive rats (Engholm et al., 2011). How-
ever, it is not known whether inhibition of remodelling by
cystamine is mediated only through its effect on extracellular
TG?2 or inhibition of vasoconstriction (Eftekhari et al., 2007).
There are seven different transglutaminases (TG1-TG7
encoded by tgml-tgm7), and recently, TGl and TG4 were
found to be expressed in rat aorta and vena cava smooth
muscle (Johnson et al., 2012), but it is unclear whether these
transglutaminases contribute to the vascular effect of cysta-
mine in resistance arteries.

Vascular tone is dependent on the relative activities of my-
osin light chain (MLC) kinase (MLCK) and myosin light
chain phosphatase (MLCP), where activation of MLCK or
inhibition of MLCP can increase phosphorylation of MLC
and thereby initiate vascular smooth muscle contraction
(Somlyo and Somlyo, 2003). Phosphorylation of MLC is regu-
lated by cytosolic Ca*, and the Ca®**~calmodulin initiated ac-
tivation of MLCK. Other mechanisms are also involved such
as Rho-associated protein kinase (ROCK)-initiated phosphor-
ylation of the regulatory MLCP subunit, myosin phosphatase
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targeting subunit 1 (MYPT1) or PKC-initiated phosphoryla-
tion of CPI-17. Both the latter mechanisms result in inhibi-
tion of MLCP activity and increased phosphorylation of
MLC and hence increased vascular tone (Somlyo and Somlyo,
2003; Eto, 2009). The vasoactive effects of cystamine may
possibly be mediated by altered phosphorylation of these
contractile proteins.

The present study hypothesized that cystamine evokes
small vessel relaxation through inhibition of TG2 followed
by blockade of smooth muscle calcium entry and/or inhibi-
tion of Rho kinase. To investigate the hypothesis, the
vasodilatory effects of cystamine and mechanisms involved
were examined in rat small arteries as follows: (i) RI-PCR
and immunoblotting were performed for expression of
transglutaminases in small arteries; (ii) the vasodilatatory
effect of cystamine was compared with selective cell-
impermeable and cell-permeable inhibitors of TG2; (iii) si-
multaneous measurements of smooth muscle calcium and
tension were performed; (iv) whole-cell patch clamp was
conducted; (v) tension and corresponding phosphorylation
of MYPT1 (Wilson et al., 2005) and myosin regulatory light
chain (MLC2) (Solaro, 2000) were measured; and (vi) finally,
TG2 has also been suggested to act as a protein disulphide
isomerase regulating mitochondrial respiratory chain func-
tion (Mastroberardino et al., 2006), and therefore, the effect
of mitochondrial complex inhibitors on cystamine relaxa-
tion was also tested.

Methods and materials

Animals and preparation of mesenteric arteries
All animal care and experimental protocols were approved by
the National Danish Animal Experiments Inspectorate
(permission 2006/561-1160 and permission 2011/561-2011)
and followed the ARRIVE guidelines (McGrath and Lilley,
2015), Animals were housed in the animal facility in cages
(Universal Euro III type Long) with standard wood bedding
and space for two rats. There was a 12 h cycle of light and dark,
and the animals had free access to food and drinking water.
The animals were selected randomly and, wherever possible,
observations were made without knowledge of the treatments
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administered. Adult male Wistar rats (12-14 weeks) weighing
250-300 g (Taconic Aps, Ry, Denmark) were killed by cervical
dislocation by trained animal staff at Aarhus University, and the
mesenteric bed was excised and immediately immersed in 4°C
cold physiological saline solution (PSS, pH = 7.4) of the
following composition (mM): 119 NaCl, 4.7 KCl, 1.18 KH,POy,
1.17 MgSOy, 1.5 CaCl,, 24.9 NaHCO3, 0.026 EDTA and 5.5 glu-
cose. Mesenteric second-order branches (diameter approximately
250 pm) were dissected.

RT-PCR for transglutaminases

Rat tissue and dissected small arteries from five rats were kept
in RNAlater (Qiagen, Copenhagen, Denmark) and processed
as previously described (Hedegaard et al., 2014). cDNA was
amplified in a thermal cycler (Peqlab, Eurofins MWG Operon,
Ebersberg, Germany). Controls (RI-) were performed using
RNA directly in PCR without exposing the RNA to cDNA syn-
thesis with reverse transcriptase. PCR reaction products were
resolved by agarose gel electrophoresis (2.5% w v~ ') and
stained with ethidium bromide (0.5 pg-mL™"). The primers
and expected product size are listed in the Supporting Infor-
mation Table 1. To determine the identity of the amplification
products, the purified PCR product was sequenced by
Eurofins MWG Operon (Hedegaard et al., 2015).

Immunoblotting for TG1 and TG2

For detection of TG1 and TG2, mesenteric arteries from five
rats were isolated and frozen at —80°C. The tissue was homog-
enized in lysis buffer (20 mM Tris/HCI, 5 mM EGTA, 150 mM
NaCl, 20 mM glycerophosphate, 10 mM NaF 1% Triton
X-100, 0.1% Tween-20, 1x Halt" protease and phosphatase
inhibitor cocktail) by using a pestle; then the sample was
centrifuged for 10 min at 11200 x g at 4°C and the supernatant
frozen at —80°C. Total protein was quantified using the Bio-Rad
Protein Assay (Bio-Rad, Hercules, CA, USA). Protein lysate (7 pug)
was mixed with sample buffer and loaded with a prestain marker
(Bio-Rad) onto the gel. For TG1, we used human TGasel
transfected 293T lysate (Sc 113816, Santa-Cruz Biotechnology,
Santa Cruz, CA, USA) as a control and for TG2 human TG2 full-
length protein (ab152748, Abcam, Cambridge, UK). Inmunoblot-
ting was performed as described previously (Hedegaard et al.,
2014). The following antibodies were applied: TG1 antibody
(sc-166467, Santa-Cruz Biotechnology) 1:200, TG2 antibody
(ab421, Abcam) 1:200, pan-actin antibody (#4968, Cell signalling
Technology, Beverly, MA, USA) 1:1000, anti-rabbit IgG conjugated
to horse radish peroxidase (HRP) (Santa-Cruz Biotechnology)
1:4000 and anti-mouse IgG conjugated to HRP (#7076, Cell
signalling Technology).

Isometric tension studies

Mesenteric arteries were mounted on 40 pm stainless steel
wires in a myograph system (model 410A, Danish Myo
Technology, Aarhus, Denmark) containing PSS at 37°C and
continuously gassed with 95% 0,-5% CO, (pH 7.4). The
arteries were stretched to 0.9 times the estimated internal di-
ameter at 100 mmHg for which the active tension is maximal
(Mulvany and Halpern, 1977). Vessel viability was examined
by stimulation with noradrenaline (5 uM) for 2 min (effective
pressure >13.3 kPa) and the presence of endothelium
assessed by addition of ACh (10 uM) (relaxation >75%).

Vasoactive effects of cystamine m

Concentration-response curves were constructed for
phenylephrine, 5-HT, U46619 and KPSS, where KPSS is PSS
with the NaCl equivalently replaced with KCI to give the
[K*] indicated. KPSS was added in combination with 1 uM
phentolamine to inhibit the effects of neuronally released
noradrenaline. Cystamine was then added to the bath in
increasing concentrations (10’5—10’2 M) and after 20 min,
the concentration-response curves were repeated. Contraction
was expressed as active wall tension, which is the increase in
measured force divided by twice the segment length.

Studies of cystamine relaxation

To investigate whether TG2 is involved in the relaxations
induced by cystamine, these were compared with the relaxant
effect of two selective inhibitors of TG2, T101 (1,3,4,5-
tetramethyl-2-[(2-oxopropyl)thio]imidazolium chloride), a non-
cell-permeable substance and a cell permeable inhibitor, LDN
27219 (2-[(3,4-dihydro-4-oxo-3,5-diphenylthieno|[2,3-d]pyrimidin-
2-ylithioJacetic acid hydrazide), before incubation with
monodansylcadaverine. Preparations were incubated with
monodansylcadaverine (100 uM) for 30 min and, after wash-
out, concentration-response curves were constructed for
cystamine, LDN 27219 and the PLC inhibitor, U73122.

To investigate the role of PLC, the preparations were
incubated with the inhibitor U73122 (5 uM) or an inactive
analogue, U73343 (10 pM), and concentration-response
curves were constructed for cystamine.

To investigate whether K"channels are involved in cystamine
relaxation, the preparations were contracted with phenylephrine,
and concentration-response curves for cystamine were con-
structed in the presence of vehicle, a blocker of calcium-activated
K" channels, tetraethylammonium (TEA) (1 mM (Kun et al.,
2009)), a blocker of AIP-sensitive K channels, glibenclamide
(1 uM); a blocker of voltage-gated K* channels, 4-aminopyridine
(0.5 mM); and blockers of Ky7 channels, XE991 (10 uM) or
linopirdine (10 uM). The responses were tested in parallel by
mounting four vessel segments and only performing one
concentration-response curve for each vasodilator.

To investigate the cystamine relaxations persisting in arteries
contracted with 100 mM KPSS, the preparations were pretreated
with phentolamine (1 pM) and incubated with inhibitors of mi-
tochondrial complexes I and III, respectively, rotenone (1 uM)
and antimycin A (1 uM). These inhibitors cause inhibition of
contraction by themselves, and therefore, the contraction levels
were adjusted by adding U46619. Inhibition of the mitochon-
drial chain may increase superoxide formation, and therefore,
the effect of both a general superoxide scavenger, tempol, and a
mitochondria-specific superoxide scavenger (mito-tempo) on
cystamine relaxation was also examined.

Relaxations were expressed relative to the pre-constriction
induced by, for example, phenylephrine or 100 mM KPSS.

Simultaneous measurements of [Ca®*]; and
tension

Simultaneous measurements of cytoplasmic calcium activity
([Ca®*];) and tension were performed as described elsewhere
(Buus et al., 1998; Villalba et al., 2007). Briefly, arterial seg-
ments (1-2 mm in length) from five rats were mounted in
an isometric myograph and were incubated in the dark at
37°C in PSS containing 5 pM Fura-2AM (Molecular Probes,
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Eugene, OR, USA) and the nonionic surfactants: 0.02%
Pluronic F-127, 0.5% DMSO and 0.1% Cremophor EL for a
2 h period. After loading, the myograph was placed on the
stage of an inverted Zeiss microscope equipped for dual exci-
tation wavelength microfluorimetry (Deltascan; Photon
Technology International, Birmingham, NJ, USA). Vessels
were illuminated with alternating 340 and 380 nm light,
and light emission at 510 nm was collected using a
photomultiplier. Vessel viability and Ca** signal were tested
for each preparation by stimulation with 100 mM KPSS.

To study the effects of cystamine on isometric tension and
[Ca*"];, segments were contracted with either 10 uM phenyleph-
rine or 100 mM KPSS in combination with 1 uM phentolamine
until a stable contraction was obtained. Increasing concentra-
tions of cystamine (1-100 uM) were added with 10 min intervals.
Quenching of Fura-2AM with 15 mM Mn** was performed at the
end of each experiment to determine background fluorescence.
[Ca**]; has been expressed as the ratio Fsuo/Fsgo corrected for
background fluorescence by subtracting these values from the
emission levels obtained during the experiment.

Voltage clamp

Patch clamp experiments were performed in accordance to a
previous protocol (Zhong et al., 2010). Rat mesenteric arteries
were dissected, opened longitudinally and stored in an ice-cold
dissection solution containing the following (mM): 60 NaCl,
80 sodium glutamate, 5 KCl, 2 MgCl,, 10 glucose and 10 HEPES
(pH 7.4). The arteries were equilibrated in dissection solution
with BSA (1 mg-mL™") at 37°C for 10 min and then exposed to
the same solution supplemented with papain (0.5 mg-mL™";
Worthington Biochemical Corp., Lakewood, NJ, USA) and di-
thiothreitol (DTT; 1.5 mg-mL ™) at 37°C for 10 min and washed
afterwards in an ice-cold dissociation solution. Arteries were
moved to dissociation solution containing 100 uM Ca*, BSA
(1 mgmL™") and collagenase (0.7 mgmL™" type F and
0.4 mg-mL~' type H; Worthington Biochemical Corp.) at 37°C
for 10 min. Isolated smooth muscle cells were liberated by
gentle trituration of digested arteries with a fire-polished
pipette into the bath solution. Isolated smooth muscle cells
were used for patch clamp studies 15 min after isolation and
within the next 4 h. The bath solution contained (mM) the
following: 120 NaCl, 3 NaHCOs3;, 4.2 KCI, 1.2 KH,;POy, 2
MgCl,, 0.1 CaCl,, 10 glucose and 10 HEPES (pH 7.4). The
patch pipette solution contained (mM) the following: 110
potassium gluconate, 30 KCI, 0.5 MgCl,, 5 HEPES, 10 EGTA,
5 Na,ATP and 1 GTP (pH 7.2). Current-voltage (I-V) relations
were determined using 500 ms step pulses to between —95
and +45 mV in increments of 10 mV at a holding potential
of —65 mV. Current amplitudes in treated and control groups
were normalized to peak current at +45 mV under control
conditions to reduce variability resulting from cell-to-cell
differences in current amplitude.

p-MYPT1/MYPT1 and p-MLC/MLC
determination in mesenteric small arteries

The effect of cystamine on ROCK activity was quantified by
Western blot analysis for total MYPT1 and phosphorylated
MYPT1 (p-MYPT1). Mesenteric arterial segments were
mounted and incubated with cystamine (100 pM), Y27632
(1 uM) (a selective inhibitor of ROCKs) or PSS alone or in
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combination for 20 min followed by 2 min stimulation with
phenylephrine (10 uM). Vessels were then immediately immersed
in ice-cold 10 mM DTT in acetone plus 10% trichloroacetic acid
and stored for 24 h at —70°C. Two arterial segments from each
animal were immersed in sample buffer (6 mM DTT, 350 mM
Tris-HCL, 10% SDS, 30% glycerol, 0.123% bromophenol blue)
mixed with (1:1) lysis buffer [20 mM Tris-HCL, 5 mM EGTA,
150 mM NaCl, 20 mM glycerophosphate, 10 mM NaE 1%
Triton X-100, 0.1% Tween-20, protease inhibitor cocktail
(Thermo Scientific, Waltham, MA, USA) (pH 7.5)] and
heated for 10 min at 50°C, and then they were homogenized
and centrifuged at 16600 x g for 10 min, and the supernatant
was collected. Immunoblotting was performed as described
previously (Hedegaard et al., 2014). The primary antibodies were
for p-MYPT1 (SA19, 1:500; Millipore, Billerica, MA, USA;
antibody against chicken Thr®*°, corresponding to rat Thr®*®)
and for MYPT1 (SC25618, 1:6000; Santa Cruz Biotechnology).
Total MLC2 and phosphorylated MLC2 (p-MLC2) were
determined as for MYPT1 and p-MYPT1 but using the following
antibodies: myosin light chain 2 antibody (clone 3672; Cell
Signaling Technology) and phospho-myosin light chain 2
(Ser*?) antibody (clone 3671; Cell Signaling Technology). Each
strip was incubated with HRP-conjugated anti-rabbit IgG
(1:4000; Invitrogen, Carlsbad, CA, USA) for 120 min. In the
presence of a; adrenoceptor activation, the densitometric
measurements of MYPT1 correlated linearly with p-MYPT and
MLC2 with p-MLC2, and the average expression of MYPT1 and
MLC2 was similar across the different experimental groups
(data not shown). Therefore, p-MYPTand p-MLC2 were expressed
as ratios of their respective unphosphorylated proteins.

Data analysis

Data are expressed as means + SEM, where n is the number of
animals studied in each group. Concentration-response
curves were analysed by repeated measures of ANOVA
followed by a Bonferroni post test for multiple comparisons.
One-way ANOVA was used for multiple testing followed by
Bonferroni’s multiple comparison post hoc analysis. A P value
of <0.05 was considered significant.

Materials

The following drugs were used: ACh, 4-aminopyridine,
antimycin A, cystamine, glibenclamide, 5-HT, linopirdine,
monodansylcadaverine, phentolamine, phenylephrine,
rotenone, sodium nitroprusside (SNP), tempol, mito-tempo
(2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)
triphenylphosphonium chloride), TEA, U46619 (90-
epoxymethanoprostaglandin F,,) and XE991 (10,10-bis(4-
pyridinylmethyl)-9(10H)-anthracenone dihydrochloride) from
Sigma (St. Louis, MO, USA). U73122, U73343, LDN 27219 and
Y27632 were obtained from Tocris Bioscience (Bristol, UK).
T101 was from Zedira (Darmstadt, Germany). Fura-2AM and
pluoronic F127 were purchased from Invitrogen (Taastrup,
Denmark). Unless otherwise stated, the substances were dissolved
in distilled water. Fresh solutions of cystamine were made each
day. U73122, U73343, LDN27219, T101 and Y27632 were
dissolved in DMSO and kept at —20°C and further dissolved
in distilled water at the day of experiment. The DMSO concen-
tration in the bath was below 0.01% and did not affect vascular
contractility.
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Figure 1

Detection of transglutaminases (TG1-TG7) in rat mesenteric arteries by RI-PCR and immunoblotting. (A-G) In all panels, lanes 1-4 are RI-
positive samples of rat femoral small artery (F), mesenteric small artery (M), ear (E) and testes (T), and lanes 5-8 are RI-negative samples of
the same tissues. The bands that were sequenced and confirmed as the right product are marked with an arrow. Primers can be seen in
Supporting Information Table 1. (A) TG1, (B) TG2 (tissue transglutaminase), (C) TG3, (D) TG4, (E) TGS, (F) TG6 and (G) TG7. (H)
Immunoblot of TG1 in rat mesenteric arteries located at 90 kDa (upper band). Controls with omission of primary antibody (middle band).
Pan-actin located at 43 kDa (lower band). Lanes 1-5 mesenteric arteries, lane 6 human TGasel transfected 293T lysate (L). (I) Immunoblot
of TG2 in rat mesenteric arteries located at 82 kDa (upper band). Controls with omission of primary antibody (middle band). Pan-actin
located at 43 kDa (lower band). In lane 6 human TG2 full length protein.

Results arteries, there was expression of TG2 and a weak band for
TG1. Skin from the rat ear and testes were included as positive
control tissues and showed expression of TG1-TG7, although

RT-PCR and immunoblotting for in ear skin, the band size and sequence did not correspond to
transglutaminases TGS (Figure 1E).

We examined the presence of TG1-TG7 mRNA by RI-PCR and Immunoblotting for TG1 and TG2 protein revealed only the
sequence analysis (Figure 1A-G). In rat femoral small arteries, expression of TG2 in rat mesenteric arteries, while TG1 was only
we only found expression of TG2, while in mesenteric small expressed in the positive control samples (Figure 1H, I).
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Effect of cystamine on concentration-response curves for phenylephrine; 5-HT; the TxA, analogue, U46619; and extracellular potassium
(K). Rat mesenteric small arteries (diameter <300 wm) were incubated with vehicle or different concentrations of cystamine
(107°-10"% M). Results are means + SEM, vessel segments from six rats. Differences were evaluated by repeated measures of ANOVA

followed by a Bonferroni post test. *P < 0.05.

Effect of cystamine on agonist and KPSS
contraction

Cystamine (107°-10~* M) inhibited the concentration—
response curves for phenylephrine, 5-HT and the TxA, recep-
tor agonist U46619 (Figure 2A-C; Supporting Information
Table 1), while only the maximum response to increasing
concentrations of extracellular potassium was reduced
(Figure 2D). A high concentration of cystamine (1 mM)
abolished the contractions induced by all receptor agonists,
and also to KPSS (Figure 2), and although the effect of 1 mM
cystamine was reversible after 2 h with exchange of the bath
solution with 10 min intervals, the concentration is far above
the plasma thiol concentrations measured in rats treated with
cystamine (Engholm ef al., 2011) and was therefore not
investigated further.

Effect of PLC and TG2 inhibition in rat
mesenteric arteries

Cystamine has been reported to cause inhibition of other
transglutaminases, and therefore, the effect of other TG2
inhibitors was examined (Figure 3). Monodansylcadaverine
and also the cell-impermeable TG2 inhibitor T101 induced

844  British Journal of Pharmacology (2016) 173 839-855

relaxations with comparable potency and magnitude as cys-
tamine, while a cell-permeable TG2 inhibitor, LDN 27219,
was more potent than the other compounds (Figure 3B).
Monodansylcadaverine binds to the catalytic site, and pretreat-
ment of the preparations with monodansylcadaverine caused
significant inhibition of cystamine and LDN 27219 relaxation
in rat mesenteric arteries (Figure 3A, C, D), while relaxations in-
duced by U73122, a PLC inhibitor, were unaltered in the pres-
ence of monodansylcadaverine (Figure 3A, E).

To investigate whether cystamine relaxation involves
PLC, preparations were incubated with the PLC inhibitor,
U73122.U73122 (10 pM) induced pronounced inhibition of
phenylephrine contraction, and therefore, the concentration
of the inhibitor was lowered to 5 uM, and by adding addi-
tional phenylephrine, 50% of the contraction was preserved
(Figure 4). In these conditions, cystamine relaxation was
inhibited, while the inactive analogue, U73343 (10 uM),
failed to change cystamine relaxation (Figure 4).

Effects of cystamine on smooth muscle calcium
The concentration-dependent effects of cystamine on cal-
cium responses to phenylephrine and high potassium were
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Figure 3

TG2 involved in cystamine relaxation of mesenteric small arteries. (A) Original traces showing contraction to phenylephrine (Phe; 10 uM)
in preparations pretreated with either vehicle or the inhibitor of TG2, monodansylcadaverine, followed by concentration-response curves
for either cystamine or the PLC inhibitor, U73122. The bar corresponds to a tension (AT) of 4 Nm ™. (B) Average concentration-response
curves for cystamine, a TG2 selective non-cell-permeable inhibitor, T101; a TG2 selective cell-permeable inhibitor, LDN 27219; and the
suicide substrate, monodansylcadaverine, in arteries contracted with phenylephrine. Arteries were incubated with monodansylcadaverine
(100 uM) followed by a washout and then construction of concentration-response curves for (C) cystamine, (D) LDN 27219 or (E) a phos-
pholipase inhibitor, U73122. Monodansylcadaverine pretreatment caused significant rightward shifts in the concentration-response
curves for cystamine and LDN 27219. *P < 0.05 versus the control curve (vehicle), n = 6.
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Phospholipase C inhibitor blunts cystamine relaxation in mesenteric small arteries. (A) Original traces showing contraction to phenyleph-
rine (Phe; 10 pM) in preparations where vehicle was added (time control) or incubated with vehicle, an inhibitor of PLC, U73122 (S pM), or
the inactive analogue, U73343 (10 uM), followed by concentration-response curves for cystamine. The bar corresponds to a tension (AT) of
4 Nm . (B) Average concentration—response curves for cystamine obtained in the absence (vehicle) and presence of U73122 or U73343.

*P < 0.05 versus the curve obtained in the presence of vehicle, n = 6.

then determined (Figures 5 and 6). Cystamine caused a
concentration-dependent inhibition of calcium and contrac-
tion to phenylephrine (Figure 5).

Depolarization with 100 mM KPSS caused contraction
and an increase in [Ca®']; (Figure 6). When cystamine
(100 uM) was added, there was a gradual reduction of tension,
while [Ca®*]; was unchanged (Figure 6).
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Role of endothelium and K* channels in

cystamine relaxation of rat mesenteric arteries
Cystamine induced comparable relaxations in mesenteric
arteries with and without endothelium (Supporting Informa-
tion Figure 1), but less relaxation in preparations activated
with KPSS. Therefore, it was investigated whether K* channels
are involved in cystamine relaxations (Figure 7). Glibenclamide
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(1 uM), TEA (1 mM) and 4-aminopyridine failed to change
cystamine relaxation (Figure 7), but glibenclamide caused
marked inhibition of relaxations induced by an opener of ATP-
sensitive K channels, levcromakalim (Supporting Information
Figure 2A), and TEA of relaxations induced by an opener of
large-conductance calcium-activated and K,7 channels,
NS11021 (Supporting Information Figure 2B). Blockers of the
voltage-gated K7 channels, XE991 and linopirdine, caused in-
hibition of cystamine relaxation (Figure 7D, E) and of relaxa-
tions induced by NS11021 (Supporting Information Figure 2B)
and did not change relaxations induced by SNP (results not
shown, n = 6).

Whole-cell patch clamp

Further evidence for the importance of K,7 channels in
cystamine relaxations was obtained from voltage clamp
experiments. Representative families of K, currents in
smooth muscle cells isolated from rat mesenteric arteries
were evoked by voltage steps between —95 and +45 mV
(Figure 8, Supporting Information Figure 3), and these were
markedly enhanced by cystamine (10™* M). Both XE991
and linopirdine inhibited the cystamine-induced currents
(Figure 8C, D).

Effect of cystamine on ratios of
p-MYPT1/MYPT1 and p-MLC/MLC

To assess the involvement of the kinase ROCK in the Ca®* de-
sensitization, we analysed ROCK activity by measuring the
phosphorylation of MYPT1 using a primary antibody against
p-MYPT1-Thr®®. Average expression of MYPT1 and MLC2
was similar across the different treatments, and therefore,

the phosphorylated proteins were expressed as ratio to total
MYPT1 and MLC respectively. The peak in p-MYPT1/MYPT1
ratio following stimulation with 10 uM phenylephrine was
maximal between 1 and 2 min following activation with
phenylephrine (Supporting Information Figure 4A). The
mechanism for this increase was then investigated in a series
of experiments (Figure 9). Cystamine significantly (P < 0.05)
reduced the basal level of phosphorylated MYPT1. The
numeric reduction in p-MYPT1/MYPT1 ratio induced by
cystamine was not significant in the absence and presence
of phenylephrine (P=0.72, n=12) despite a significant reduc-
tion of phenylephrine contraction (Figure 9). Y27632 (1 uM),
a selective inhibitor of ROCK, almost eliminated the baseline
level of phosphorylated MYPT1 (P < 0.01) and also reduced
the phosphorylation of MYPT1 induced by phenylephrine
(P < 0.001) although without altering tone. In 100 mM
KPSS-contracted arteries, MYPT1 phosphorylation remained
unaltered by addition of cystamine (Supporting Information
Figure 4B).

Phenylephrine markedly increased the p-MLC2/MLC2
ratio (Figure 9). In contrast to Y27632, cystamine failed to
change p-MLC2/MLC2 ratio in vessels activated with both
phenylephrine (Figure 9) and 100 mM KPSS (Supporting
Information Figure 4B).

Effect of tempol, rotenone and antimycin on
cystamine relaxation

To investigate cystamine relaxations persisting despite the
presence of a high extracellular potassium, the preparations
were incubated with inhibitors of mitochondrial complexes
I and III, respectively, rotenone (1 uM) and antimycin A
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(1 uM). Despite lower contraction in the presence of rotenone
and antimycin A (Supporting Information Figure 5), both
rotenone and antimycin A caused pronounced inhibition of
cystamine relaxation (Figure 10A, B), while SNP relaxation
was only reduced marginally by rotenone (Figure 10C). The
superoxide scavengers, tempol and mito-tempo, failed to
change cystamine and SNP relaxation (Figure 10D, E).

Discussion

The purpose of this study was to investigate the mechanisms
for the vasoactive effects of cystamine in rat mesenteric
small arteries. The findings that selective inhibitors of TG2
have the same effect as cystamine and that mainly TG2 is
expressed in rat mesenteric small arteries support the
suggestion that vascular effects of cystamine are induced
by inhibition of TG2. Furthermore, in phenylephrine-
activated vessels, 100 uM cystamine caused simultaneous
reduction in both [Ca2+]i and tension, and blockers of K7
channels, XE991 and linopirdine, reduced both the relaxa-
tions and the increase in smooth muscle current induced
by cystamine. In vessels activated with high extracellular
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potassium, 100 pM cystamine reduced tension without
altering [Ca®'];. Cystamine did not affect the level of
phosphorylated MYPT1 and MLC2 in phenylephrine and
potassium-activated vessels, but cystamine relaxations in
potassium-activated arteries were sensitive to inhibitors of
mitochondrial complexes I and III. These findings raise the
possibility that 100 uM cystamine in addition to leading to
opening of Ky7 channels may cause force suppression by a
mechanism leading to uncoupling of the mitochondrial
respiratory chain.

In previous studies, we demonstrated TG2 protein ex-
pression in mesenteric small arteries (Eftekhari et al., 2007),
but recently, TG1 and TG4 were also found to be expressed
in rat aorta and vena cava (Johnson et al., 2012). Our RI-
PCR studies showed a marked expression of TG2 and a
weak band for TG1 mRNA. Cystamine is an inhibitor of
transglutaminases with some selectivity towards TG2
(Jeitner et al., 2005; Schaertl et al., 2010), but at concentra-
tions above 100 pM, cystamine may also inhibit TG1
(Jeitner et al., 2005). Although TG1 expression was not
detected by immunoblotting, we cannot exclude the
possibility that inhibition of TG1 or other mechanisms
may contribute to the relaxations induced by high concen-
trations of cystamine in the present study.
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n=6), (D) XE991 (10 uM, n =7) and (E) linopirdine (10 pM, n = 8). *P < 0.05 versus the curve obtained in the presence of vehicle; two-way

ANOVWA followed by Bonferroni t-test.

Cystamine has previously been found to decrease con-
tractions induced by 5-HT in canine coronary arteries and
rat aorta (Fujioka et al., 1993; Watts et al., 2009) and by phen-
ylephrine in rat mesenteric arteries (Eftekhari et al., 2007) as
well as in human myometrium (Alcock et al., 2011). More-
over, cystamine inhibition of contraction was independent
of the presence of the endothelium in dog coronary arteries.
Thus, our findings that cystamine reduces agonist-induced
contraction in a concentration-dependent manner and inde-
pendent of the endothelium are consistent with previous
findings.

TG2 is expressed both intracellularly and at the surface
of vascular smooth muscle cells in rat mesenteric arteries,
and activity assays suggest that both intracellular and

extracellular transglutaminases are active in the presence of
calcium (Eftekhari et al., 2007; van den Akker et al., 2011).
Moreover, it has been argued that extracellular TG2 could be
activated by mechanical force within the vascular wall
(Huelsz-Prince et al., 2013). To clarifty whether intracellular
or extracellular transglutaminase contributes to cystamine re-
laxation, a cell-impermeable TG2 inhibitor, T101 (Antonyak
et al., 2011), was added and produced relaxations that were
similar in potency and magnitude to those induced by cysta-
mine. The cell-permeable and TG2 selective inhibitor, LDN
27219 (Case and Stein, 2007), caused pronounced relaxations
of rat mesenteric arteries. That these relaxations can be as-
cribed to inhibition of transglutaminases was confirmed by
the observation that incubation with monodansylcadaverine
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inhibited both cystamine and LDN 27219-induced relaxations.
These findings suggest that both intracellular and extracellular
transglutaminases contribute to cystamine relaxations in rat
mesenteric arteries.

In cardiovascular cells, TG2 is involved in transmembrane
signalling as a G-protein (Gy) transmitting signals from
seven-transmembrane receptors, including oy, and oq
adrenoceptors, Tx and oxytocin receptors, to PLC (Fesus
and Piacentini, 2002). The inhibition of agonist-induced
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vasoconstriction by cystamine could possibly involve com-
petitive inhibition of TG2/Gy-coupled/catalysed signalling
pathways and, thus, inhibition of signal transmission and
PLC activation. In the present study, an inhibitor of PLC,
U73122, blunted cystamine relaxations. This effect appears
to be specific as an inactive analogue, U73343, failed to
change cystamine relaxations. Although our evidence is indi-
rect and based on adjusting the phenylephrine contraction,
these findings suggest that at least part of the relaxant effect
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Simultaneous measurements of (A) phosphorylation of myosin
phosphatase targeting subunit 1 (MYPT1-Thr**®), of (B) phos-
phorylation of regulatory myosin light chain (MLC2-Ser'®) and
of (C) tension in rat mesenteric arteries. Arterial segments were
exposed to phenylephrine (Phe; 10 pM), cystamine (100 uM),
KPSS (100 mM) or Y27632 (1 uM) alone or in combination. Once
tension was measured, the preparations were snap-frozen for
immunoblotting for p-MYPT- Thr®** and for MYPT. (B) Ratio of
p-MYPT1/MYPT1. Cystamine reduced the tension and basal
phosphorylation of MYPT1 (p-MYPT1/MYPT1), while phenyl-
ephrine-induced increase in phosphorylation was unaltered.
The ROCK inhibitor, Y27632 (1 uM), reduced both phenyleph-
rine and basal p-MYPT1/MYPT1. (C) Abscissae show wall tension
and p-MLC2-Ser'’/MLC2 ratio determined by Western blot in
vessels mounted on wire myograph. Data are means + SEM of
vessel segments from 14 animals. *P < 0.05, ANOVA.
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of cystamine can be ascribed to an effect on transglutaminase
upstream from PLC. Transglutaminase has indeed been sug-
gested to be involved in dimerization (Yamada et al., 2008)
and prevention of angiotensin AT, receptor ubiquitination—
protein degradation (Liu et al., 2014) as well as in AT, receptor
oligomerization in a mouse model of Alzheimer’s disease
(AbdAlla et al., 2009), but other approaches are required to
clarify whether transglutaminases contribute to stabilization
of other G-protein-coupled receptors including the o4-
adrenoceptors.

Our findings that cystamine (1-100 uM) had less effect on
potassium-evoked contraction than on agonist-evoked con-
tractions would be consistent with the opening of K* chan-
nels (Jackson, 2000). Furthermore, cystamine (10-100 uM)
lowered calcium in phenylephrine-contracted prepara-
tions, while this was not the case in potassium-contracted
preparations. Investigation of several K" channel blockers
revealed that blockers of K,7 channels, XE991 and
linopirdine, inhibited cystamine relaxations. These find-
ings suggest that K,7 channels are involved in cystamine
relaxations of mesenteric arteries. K7 channels (K,7.1,
Ky7.4 and K7 5) are expressed in rat mesenteric arteries,
and activation of these channels leads to vasodilatation
(Mackie et al., 2008; Jepps et al., 2011). In agreement with
the previous studies, a XE991-sensitive current was de-
tected in rat mesenteric smooth muscle, and cystamine
was found to increase the current. TEAwith ICs values of
3-5 mM was found to block K7 channels expressed in
CHO cells (Hadley et al., 2000), but only 1 mM TEA, which
mainly blocks large-conductance calcium-activated K*
channels, was used in the present study. XE991 can also
attenuate K 1.2/Ky1.5 and K,2.1/K{9.3 channels (Zhong
et al., 2010), and high extracellular potassium had a more
pronounced inhibitory effect on cystamine relaxation
than XE991 and linopirdine. Therefore, other approaches,
for example, perforated patch configuration, will be
required to further delineate whether other K, channel
subtypes are involved (Brueggemann et al., 2012), but our
present findings that both XE991 and linopirdine inhibit
cystamine-induced relaxation and increase in current
suggest that K,7 channels contribute to cystamine-
induced relaxation in rat mesenteric arteries.

In K*-contracted arteries, 100 uM cystamine still caused
relaxation without changes in [Ca®"];, suggesting that cysta-
mine causes Ca®" desensitization by affecting MLC-Ser*’
phosphorylation, MLCP activity or force suppression, which
occurs when force is reduced despite persistent elevation in
MLC-Ser'® phosphorylation levels (Rembold, 2007). Inhibi-
tion of MLCP can occur either directly by phosphorylation
of MYPT], for instance, by ROCK or indirectly via phosphor-
ylation of CPI-17 by PKC (Somlyo and Somlyo, 2003). In the
present study, cystamine and Y27632 lowered MYPTL-Thr®®
phosphorylation at baseline, suggesting that TG2 may play
a role for ROCK activation in rat mesenteric arteries. In
phenylephrine-activated arteries, our simultaneous measure-
ments of tension and MYPT—ThrSSSphosphorylation revealed
that contractility in these small arteries is independent of
ROCK. Thus, despite reduced MYPT-Thr®** phosphorylation,
Y27632 failed to change phenylephrine-induced contractions,
and cystamine reduced the tension without changes in MYPT-
Thr®® phosphorylation. These findings are consistent with
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Figure 10

Inhibitors of mitochondrial complexes I and III block cystamine relaxation in rat mesenteric arteries. (A) Original recordings showing
contractions induced by extracellular KPSS (100 mM) in the presence of vehicle, a superoxide scavenger, tempol, and an inhibitor of
complex I, rotenone, and of complex IlI, antimycin, followed by addition of cystamine and the NO donor, SNP. U46619 was added to
increase contraction in preparations incubated with rotenone and antimycin. The bar corresponds to a tension (AT) of 4 Nm ' in the upper
traces and of 3 Nm ™! in the lower traces. (B-E) Average relaxation induced by (B, D) cystamine (1074 M) or (C, E) SNP in preparations
incubated with rotenone, antimycin, tempol or the mitochondrial superoxide scavenger, mito-tempo, in preparations contracted with
(D, E) KPSS or in case the incubation affected the contraction level by (B,C) KPSS plus U46619. Data are means + SEM of vessel segments
from 10 animals. *P < 0.05 versus control.

the findings by Budzyn et al. (2006, who report that contrac- the Ca®* desensitization observed with cystamine may be
tile responses of mesenteric small arteries seem to be mediated mediated through interaction with PKC-associated phos-
exclusively by PKC, with no role for ROCK. This suggests that phorylation of CPI-17 and hence inhibition of MLCP-activity
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(Eto et al., 1997) but is less likely, because the reduction in
force with cystamine was not associated with a significant
reduction in the phosphorylation of MLC (Figure 9).

Mice deficient in TG2 have previously been suggested
to be associated with reduced activity of mitochondrial
complex I (Mastroberardino et al., 2006). Inhibition of the
mitochondrial complexes has been suggested to involve
formation of free radicals including superoxide (Dikalova
etal., 2010), but in our experiments, incubation with the su-
peroxide mimetic tempol or mitochondria-specific superoxide
mimetic, mito-tempo, failed to change cystamine relaxation.
However, inhibition of respectively mitochondrial complexes
I and III, with rotenone and antimycin A, blocked cystamine
relaxation persisting in the presence of high extracellular po-
tassium. Although further investigation will be required to re-
veal the underlying mechanism, deficiency of TG2 was
associated with a glycolytic shift and low ATP content
(Battaglia et al., 2007), and therefore, inhibition of TG2 by cys-
tamine may lead to reduced actin-MLC cross-bridge turnover
(Han et al., 2006) or to an increased smooth muscle AMP-to-
ATP ratio followed by activation of AMP kinase and
vasodilatation (Rubin et al., 2005). The protein disulphide
isomerase activity of mitochondrial TG2 affecting complex I
has been suggested to be involved in neurodegenerative
disease (Rossin et al., 2015), and therefore, inhibition by cysta-
mine of both mitochondrial TG2 and TG2 proximal to PLC in
the membrane leading to opening of K, channels and vasodila-
tation may contribute to the neuroprotective and antihyper-
tensive effect of cystamine.

In conclusion, our findings suggest that cystamine
induced vasodilatation in rat mesenteric small arteries by
inhibition of receptor-coupled TG2, leading to opening of
K, channels and reduction of intracellular calcium as well as
activation of a pathway sensitive to inhibitors of the
mitochondrial complexes I and III. Both pathways may
contribute to the antihypertensive and neuroprotective effect
of cystamine.
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Figure S1 Relaxations in rat mesenteric arteries with and with-
out endothelium to cystamine in phenylephrine-contracted (A)
and U46619-contracted preparations (B), and response in phen-
ylephrine-contracted preparations to (C) acetylcholine, and (D)
sodium nitroprusside. Cystamine caused comparable relaxation
in vascular segments with and without endothelium. The
endothelium was removed by rubbing a small hair against the
inner surface of the segment. Vessels with less than 10% relaxa-
tion to acetylcholine were considered as without endothelium.
*P <0.05 versus preparations without endothelium. Data are
means+SEM of vessel segments from 6 animals.

Vasoactive effects of cystamine m

Figure S2 (A) Effect of a blocker of AIP-sensitive K* channels,
glibenclamide on levcromakalim relaxations and (B) effect of
blockers of large-conductance calcium-activated K™ channels,
tetraethylammonium (TEA) and of K7 channels, XE991 on
NS11021 in rat mesenteric arteries contracted with phenyl-
ephrine. *P <0.05 versus vehicle incubated preparations.
Data are means+SEM of vessel segments from 6 animals.
Figure S3 (A) Representative families of K, currents in
smooth muscle cells isolated from rat mesenteric arteries
evoked by voltage steps between -95 and +45 mV. The record-
ings are made under control conditions, after the application
of 10° M cystamine and following application of 10° M
XE991, as indicated. (B) Averaged I-V relations for K, currents
from the experiments shown in A (n=11).

Figure $4 (A) Time course of increase in phosphorylation of
myosin phosphatase targeting subunit 1 (MYPT1- Thr®®)
following stimulation with 10 pM phenylephrine in rat
mesenteric small arteries. Abscissa shows the ratio of
phosphorylated-MYPT1/MYPT1 as determined by Western
blot in vessels mounted on wire myograph (n=3). (B) Simulta-
neous measurements of tension, phosphorylation of myosin
phosphatase targeting subunit 1 (MYPT1-Thr®**®), and of
phosphorylation of regulatory myosin light chain (MLC2-
Ser'”) in rat mesenteric arteries contracted with KPSS and
then after addition of cystamine (100 uM). Data are means
+SEM of vessel segments from 12 animals.

Figure S5 Average contraction in preparations incubated
with phentolamine and vehicle, rotenone, antimycin, the su-
peroxide scavenger, tempol, or the mitochondrial superoxide
scavenger, mito-tempo. Contraction were induced with KPSS
(100 mM) or in case the incubation affected the contraction
level, by KPSS plus U46619 (10”7 M). Data are means+SEM of
vessel segments from 10 animals. *P <0.05 versus control.
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