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ABSTRACT
Histone deacetylase (HDAC) inhibitors modulate acetylation/
deacetylation of histone and nonhistone proteins. They have
been widely used for cancer treatment. However, there have
been only a few studies investigating the effect of HDAC
inhibitors on vascular tone regulation, most of which employed
chronic treatment with HDAC inhibitors. In the present study,
we found that two hydroxamate-based pan-HDAC inhibitors,
suberoylanilide hydroxamic acid (SAHA) and trichostatin A (TSA),
could partially but acutely relax high extracellular K1-contracted
mouse aortas. SAHA and TSA also attenuated the high extra-
cellular K1-induced cytosolic Ca21 rise and inhibited L-type
Ca21 channel current in whole-cell patch-clamp. These data

demonstrate that SAHA could inhibit L-type Ca21 channels to
cause vascular relaxation. In addition, SAHA and TSA dose
dependently relaxed the arteries precontracted with phenyleph-
rine. The relaxant effect of SAHA and TSA was greater in
phenylephrine-precontracted arteries than in high K1-contracted
arteries. Although part of the relaxant effect of SAHA and TSA
on phenylephrine-precontracted arteries was related to L-type
Ca21 channels, both agents could also induce relaxation via
a mechanism independent of L-type Ca21 channels. Taken
together, HDAC inhibitors SAHA and TSA can acutely relax
blood vessels via their inhibitory action on L-type Ca21 channels
and via another L-type Ca21 channel-independent mechanism.

Introduction
Histone deacetylases (HDACs) are a family of enzymes that

regulate protein activity through removal of acetyl groups
(Richardson et al., 2017). A total of 18 histone deacetylases
can be grouped into four classes (I, II, III, and IV). Themostwell
known molecular targets of HADCs are the histone proteins
that compact DNA in chromatin. Reversible acetylation and
deacetylation of histone proteins in chromatin constitutes a
major epigenetic mechanism for the control of gene expression.
In addition, up to 1750 nonhistone target proteins of HADCs
have been identified (Choudhary et al., 2009). It has been
suggested that acetylation and deacetylation of these non-
histone proteinsmay regulate such crucial cellular processes as
the cell cycle, cytoskeleton reorganization, endocytosis, and
vesicular trafficking (Choudhary et al., 2009). Owing to the

crucial importance of HADC activity in physiologic and path-
ologic processes, HADC inhibitors have been developed as
therapeutic options for a variety of diseases, including cancer,
mood disorders, and HIV (Dokmanovic et al., 2007). In an
experimental model, HDAC inhibitors have also been shown to
be beneficial in arrhythmia, myocardial infraction, hyperten-
sion, and atherosclerosis (Eom and Kook, 2014). HDAC inhib-
itors can be divided into several structural classes, including
hydroxamates, cyclic peptides, and others (Dokmanovic et al.,
2007). Suberoylanilide hydroxamic acid (SAHA) and trichostatin
A (TSA) are hydroxamate-based pan-HDAC inhibitors that
inhibit class I and class II HDAC proteins (Dokmanovic
et al., 2007). However, their inhibitory potency to different
classes of HDAC proteins varies greatly (Ko et al., 2013). Of
the two, only SAHA has been approved by the FDA for clinical
use, for treatment of cutaneous T-cell lymphoma and multiple
myeloma (Dokmanovic et al., 2007).
Only a few studies have investigated the action of HDAC

inhibitors in vascular tone control. Most examined the effect of
chronic treatment with HDAC inhibitors on vascular tone
regulation, but the results are controversial. Usui et al. (2012)
showed that chronic treatment of rat mesenteric arteries
with TSA for 3 weeks enhanced the endothelium-dependent
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relaxation and reduced the angiotensin II (Ang II)-induced
contraction in spontaneously hypertensive rats. In contrast,
several other studies reported that chronic treatment with
TSA reduced the endothelium-dependent and endothelium-
independent vascular relaxation (Colussi et al., 2012;
Mathews et al., 2014; Pandey et al., 2014). These authors
found that, whereas the endothelium-dependent component
could be attributed to TSA actions on the expressional level of
arginase 2 and nitric oxide synthase (Mathews et al., 2014),
the endothelium-independent components might be related to
acetylation/deacetylation of such smooth muscle contractile
proteins as myosin light chain and smooth muscle actin
(Colussi et al., 2012). Interestingly, a recent study also
demonstrated an acute effect of HDAC inhibitors on vascular
tone. In that study, acute treatment of rat aortic rings with
10 mM TSA for 15 minutes substantially reduced Ang
II-induced contraction, probably via an inhibitory action of
TSA on p66shc phosphorylation in vascular smooth muscle
cells (Kang et al., 2015).

In the present study, we aimed to investigate acute effects of
HDAC inhibitors on vascular tone. The results show that
application of two commonly used HDAC inhibitors, SAHA
and TSA, could induce an acute relaxation in high extracellu-
lar K1- and phenylephrine-precontracted rat aortic rings. This
relaxation was endothelium-independent. Ca21 influx mea-
surement and whole-cell patch-clamp studies demonstrated
that SAHA and TSA inhibit the activity of L-type Ca21

channels in rat vascular smooth muscle cells.

Material and Methods
Chemicals. Verapamil, methylene blue, and phenylephrine were

from Sigma-Aldrich (St. Louis, MO). SAHA (PubChem CID:5311),
TSA (PubChem CID:444732), LBH-589 (PubChem CID:Panobino-
stat) (6918837), FK228 (romidepsin) (PubChemCID:5352062), and
PDX-101 (belinostat) (PubChem CID:6918638) were from Sell-
eckchem (Houston, TX). U46619, SAHA, TSA, LBH-589, FK228,
and PDX-101 were dissolved in dimethyl sulfoxide (DMSO), and
other drugs were prepared in distilled water.

Fig. 1. SAHA and TSA reversed the vascular contrac-
tion elicited by high extracellular K+ in mouse aortas.
(A) Representative traces (left) and summarized data
(right) showing verapamil-induced relaxation in the
arteries precontracted by 60 mM KCl. The vehicle
control (0.1% DMSO) had no effect. (B and C)
The vascular relaxant effect of SAHA (B) and TSA
(C) on 60 mM KCl-precontracted aortas with endothe-
lium (+Endo) or without endothelium (2Endo).
Representative traces (left) and data summary (right)
of relaxing effect are shown. The data are expressed
as mean 6 S.E.M. (n = 5). ***P , 0.001 vs. vehicle
(DMSO) control.
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Measurement of Vascular Tension. All animals were obtained
from the Laboratory of Animal Services Center, the Chinese University
of Hong Kong, Hong Kong, China. The animal experiments were
conducted in accordance with the Guide for the Care and Use of
Laboratory Animals published by the U.S. National Institutes of Health.
Isometric tension of aortic rings were recorded by Multi Wire Myograph

System (Danish Myo Technology A/S, Aarhus, Denmark) as described
(Tian et al., 2012). Briefly, male C57 adult mice were killed by carbon
dioxide suffocation. After euthanasia, the mouse thoracic aortas were
quickly dissected free and cut into 2-mm long rings in ice-cold and
oxygenated Krebs buffer, which contained in mM: 119 NaCl, 4.7 KCl,
2.5 CaCl2, 1 MgCl2, 25 NaHCO3, 1.2 KH2PO4, and 11 D-glucose.

Fig. 2. SAHA and TSA attenuated the high extracellular K+-elicited cytosolic Ca2+ rise and inhibited L-type Ca2+ channel current. (A) Effect of SAHA and TSA
on high K+-induced Ca2+ rise. Acutely isolated smoothmuscle cells were treated with SAHA/TSA in normal Krebs solution bath, followed by a change to 60mM
KCl Krebs solution bath, which induced a Ca2+ rise. SAHA/TSA at 300/100 mM was applied about 5 minutes before high K+ treatment. Representative traces
(left) and data summary (right) of Ca2+ responses are shown. (B) Effect of SAHA and TSA on ionomycin-induced Ca2+ rise. Acutely isolated smooth muscle cells
were treated with TSA/SAHA in normal Krebs solution bath, followed by Krebs solution bath with 1 mM ionomycin, which induced a Ca2+ rise. SAHA/TSA at
300/100mMwasapplied about 5minutes before ionomycin treatment. Representative traces (left) anddata summary (right) of Ca2+ responses are shown. (C andD)
Whole-cell current recording in A7r5 cells. Shown are current-voltage (I–V) relationships (left), voltage protocol and representative whole-cell current traces (right)
of A7r5 cells with or without SAHA (C) and TSA (D). SAHA/TSA at 300/100 mMwas applied about 5 minutes before current recording. The data are expressed as
the mean 6 S.E.M. [n = 5 in (A and B), n = 6 in (C and D)]. *P , 0.05; ***P , 0.001 vs. vehicle (DMSO) control.
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The vascular rings weremounted onto two thin stainless-steel holders in
a myograph filled with Krebs solution bubbled with 95%O2 and 5% CO2

at 37°C. The optimum baseline tension was set at 3 mN. After an
equilibration period and 60 mM KCl solution pretreatment (which
contained in mM: 63.7 NaCl, 60 KCl, 2.5 CaCl2, 1 MgCl2, 25 NaHCO3,
1.2 KH2PO4, and 11 D-glucose), the rings were exposed to 1 mM
phenylephrine to test their contractile responses and subsequently
challenged with acetylcholine to certify the integrity of endothelium.

Preparation of Acutely Isolated Smooth Muscle Cells. The
smooth muscle cells were freshly dispersed as described previously
(Eto et al., 2001). Briefly, male C57 adult mice were anesthetized with
ether. The aorta was dissected. The connective tissue and the
endothelium were carefully removed under microscope and the
smooth muscle was cut into 1- to 2-mm sections. The tissues were
preincubated with oxygenated Ca21-free phosphate-buffered saline
(PBS) with collagenase II (2% w/v in 1� PBS) and trypsin (0.25% w/v)
for 40 minutes at 18–22°C, and the smooth muscle was cut into one to
two arterial branches and dissected. The tissues were washed three
times with oxygenated Ca21-free PBS and then gently agitated with a
blunt-tipped glass pipette until the solution became cloudy. The debris
was then removedwith a fine 200-mmnylonmesh. The cell suspension
was stored at 4°C and used within 5 hours of cell harvesting.

Preparation of Smooth Muscle Cell Line. An aortic smooth
muscle cell line from rat (A7r5) was obtained from the American Type
Culture Collection (ATCC). The A7r5 cell line was cultured in 90%
Dulbecco’s modified Eagle’s medium (Gibco/Thermo Fisher Scientific,
Gaithersburg,MD), and 10% fetal bovine serum (Gibco/ThermoFisher
Scientific) at 37°C and 5% CO2 in air.

Cytosolic Ca21 Measurement. The cytosolic Ca21wasmeasured
as described elsewhere (Qi et al., 2015). Briefly, smooth muscle cells
were loaded with Fluo-4/AM (Invitrogen/Thermo Fisher Scientific,
Waltham, MA) in normal Tyrode’s solution that contained in mM:
140 NaCl, 5.4 KCl, 1 MgCl2, 2 CaCl2, 5.5 glucose, and 5 HEPES,
pH 7.4. To deplete intracellular Ca21 stores, the cells were treated
with 4 mM thapsigargin in Ca21-free Tyrode’s solution, which
contained inmM: 140NaCl, 5.4 KCl, 1MgCl2, 5.5 glucose, 0.2 ethylene
glycol tetraacetic acid (EGTA), and 5 HEPES, pH 7.4. Store-operated
Ca21 entry (SOCE) was initiated by the addition of 2 mM Ca21 to the
bath. The real-time fluorescent imageswere captured every 10 seconds
and analyzed by MetaFluor imaging software (Molecular Devices,
Sunnyvale, CA).

Patch-Clamp Recording. For whole-cell patch-clamp record-
ings, single A7r5 smooth muscle cells were seeded on glass
coverslips precoated for 30 minutes with Matrigel containing

50 mg/ml laminin (Corning, Corning, NY) in 0.1% gelatin (Sigma-
Aldrich). The glass coverslips containing the cells were placed into a
room-temperature–recording chamber and perfused continuously
with Tyrode’s solution, which contained in mM: 140 NaCl, 1 MgCl2,
1.8 CaCl2, 5.4 KCl, 10 glucose, and 5 HEPES, pH adjusted to 7.4 by
NaOH. Thewhole-cell patch-clamp recordings (voltage- and current-
clamp configurations) were performed with an Axopatch 200B
amplifier (Molecular Devices) and pCLAMP 10.4 software (Molecu-
lar Devices). Signals were digitized at 10 kHz and filtered at 2 kHz.
Microelectrodes (1B150F-4;WorldPrecision Instruments, Sarasota, FL)
with resistances of 3–7 MV were pulled from P-97 puller (Sutter
Instrument, Novato, CA). L-type Ca21 current was recorded from
single cells with ruptured whole-cell patch-clamp techniques. After
establishing patch-clamp, the Tyrode’s solution was replaced with the
Ba21-containing solution, which contained in mM: 108 NaCl, 20 trie-
thylamine (TEA)-Cl, 5.4 CsCl, 10 BaCl2, 1 MgCl2, 5.5 glucose, and
10 HEPES, pH adjusted to 7.4 by NaOH. The pipette solution
contained in mM: 115 Cs-aspartate, 20 TEA-Cl, 1 MgCl2, 5 BAPTA,
3Mg·ATP, 0.2 GTP, and 10 HEPES, pH 7.4 adjusted with CsOH (Ochi
et al., 2016). At a holding potential of 280 mV, current-voltage
relations were obtained by applying 500-millisecond depolarization
steps in 10-mV increments at 0.2 Hz from 240 to 50 mV. The test
potential initially depolarized from –80 to –40 mV to detect and
inactivate the T-type Ca21 channel current.

Statistical Analysis. Results are expressed as means 6 S.E.M.
The relaxation was presented as percentage of the evoked contraction.
Data were analyzed using GraphPad Prism software. Two-tailed
Student’s t test was used for two group comparison. One-way analysis
of variance with Newman-Keuls post-hoc test were used for statistical
evaluation when more than two groups were compared. P , 0.05 was
taken as statistically significant.

Results
HDAC Inhibitors Reversed the Vascular Contraction

Elicited by High Extracellular K1 in Mouse Aortas.
Exposure of aortic segments to high extracellular K1 concen-
tration at 60 mM induced a rapid contraction of mouse aortas,
which was completely reversed by an L-type Ca21 channel
inhibitor verapamil at 10 mM (Fig. 1A). SAHA at 3–300 mM or
TSA at 1–100 mM induced dose-dependent relaxation in the
arteries that were precontracted with high extracellular K1

(Fig. 1, B and C). Three hundred micromolar SAHA and

Fig. 3. Comparison of inhibitory potencies of SAHA
and TSA on high extracellular K+-induced Ca2+ entry
with their vasodilatory potencies. (A) Comparison of
dose-response curves and IC50 values of SAHA on
60 mM KCl-induced cytosolic Ca2+ rise in smooth
muscle cells (left panel) with vasodilatory action of
SAHA in K+-contracted mouse aortas (right panel).
(B) Comparison of dose-response curves and IC50
values of TSA on 60 mM KCl-induced cytosolic Ca2+

rise in smooth muscle cells (left panel) with vaso-
dilatory action of TSA in K+-contracted mouse
aortas (right panel). The data are expressed as the
mean 6 S.E.M. (n = 3–6).
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100 mM TSA resulted in a relaxation of 45% 6 2% and 47% 6
3%, respectively (Fig. 1, B and C). The effect of SAHA and TSA
was endothelium-independent (Fig. 1, B and C).
Several other HDAC inhibitors were also tested, including

hydroxamates LBH-589 and PDX-101, as well as cyclic
peptide FK-228. Like SAHA and TSA, all these HDAC
inhibitors caused dose-dependent relaxation in high extracel-
lular K1-contracted arteries (Supplemental Fig. 1).
TSA Attenuated the High Extracellular K1-Elicited

Cytosolic Ca21 Rise and Inhibited L-Type Ca21 Chan-
nel Current. Cytosolic Ca21 rise in response to high extra-
cellular K1 was measured in the freshly isolated mouse
vascular smooth muscle cells. Sixty millimolar extracellular
K1 stimulated Ca21 influx in these cells. Three hundred
micromolar SAHA or 100 mM TSA markedly attenuated
the Ca21 influx elicited by high extracellular K1 (Fig. 2A).
Literature shows that hydroxamates such as TSA and

SAHA are able to chelatemultiple ions, including Zn21, Ni21,
and Fe31 (Hebbel et al., 2010; Griffith et al., 2011). In
our experiments, 300 mM SAHA or 100 mM TSA had no

significant effect on 1 mM ionomycin-induced cytosolic Ca21

rise in vascular smooth muscle cells (Fig. 2B), suggesting
that the ability of these agents in chelating/buffering
cytosolic Ca21 was minimal, if any, in our experimental
conditions.
Under high extracellular K1, L-type Ca21 channel current

is the major source of Ca21, which initiates contraction of
arterial smooth muscle cells and regulates blood pressure
(Zhang et al., 2007). Whole-cell patch-clamp was used to
measure L-type Ca21channel current. Because of technical
difficulty inmaking giga-ohm seal on the plasmamembrane of
freshly isolated mouse smooth muscle cells, we opted to use
A7r5 rat smooth muscle cells for patch-clamp studies. In
whole-cell recording, the cells were held at 280 mV and
voltage steps ranging from 240 to 150 mV were applied for
500 milliseconds in 10 mV step increments. A typical
U-shaped voltage-gated Ca21 current was recorded in these
cells (Fig. 2, C and D) (Sun et al., 2000). Application of 300 mM
SAHA or 100 mM TSA substantially inhibited the voltage-
gated Ca21 current in these cells (Fig. 2, C and D).

Fig. 4. HDAC inhibitors reversed the vascular
contraction elicited by phenylephrine (Phe) in
mouse aortas. Shown were vascular relaxant
effect of SAHA (A) and TSA (B) on phenylephrine
(1 mM)-precontracted aortas with endothelium
(+Endo) or without endothelium (2Endo). Rep-
resentative traces (left) and data summary
(right) of relaxing effect are shown. The data
are expressed as the mean 6 S.E.M. (n = 5).
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Comparison of Inhibitory Potencies of TSA and
SAHA on High Extracellular K1-Induced Ca21 Entry
with Their Vasodilatory Potencies. We examined the
effect of different doses of SAHA (3–300 mM) and TSA
(1–100 mM) on Ca21 influx induced by high extracellular K1.
The results showed that SAHA and TSA caused dose-
dependent inhibition on the high extracellular K1-induced
Ca21 influx with IC50 of 70 and 21 mM, respectively (Fig. 3, A
and B, left panels).
Dose-dependent vasodilatory curves of SAHA and TSA on

high K1-precontracted mouse aortas were also plotted (Fig. 3,
A and B, right panels). The vasodilatory potencies of SAHA
and TSA were similar to their inhibitory potencies on Ca21

influx with comparable IC50 values (Fig. 3).
HDAC Inhibitors Reversed the Vascular Contraction

Elicited by Phenylephrine in Mouse Aortas. SAHA at
3–300 mM or TSA at 1–100 mM also induced dose-dependent
relaxation ofmouse aortas precontractedwith an a-adrenergic
receptor agonist phenylephrine at 1 mM (Fig. 4, A and B).
Compared with the high K1-contracted arteries, the relaxant
effect of SAHA and TSA was greater in phenylephrine-
contracted arteries. Three hundred micromolar SAHA and
100 mM TSA almost completely reversed the phenylephrine-
induced contraction (Fig. 4, A and B). Several other HDAC
inhibitors, including PDX-101, LBH-589, and FK-228, also
showed similar dose-dependent relaxation in phenylephrine-
contracted arteries (Supplemental Fig. 1). In addition, the
relaxant responses to SAHA and TSA were not significantly
altered by endothelium denudation, suggesting that SAHA
and TSA acted on vascular smooth muscle cells to exert their
relaxant effect (Fig. 4, A and B).
Relative contribution of L-type Ca21 channels versus other

components in the phenylephrine-precontracted arteries was

estimated. Application of 10 mM verapamil caused 42–55%
relaxation in these arteries (Fig. 5, A and B). Subsequent
addition of 300 mM SAHA or 100 mM TSA resulted in further
relaxation to nearly 100% (Fig. 5, A andB). These data suggest
that L-type Ca21 channels accounted for 42–55% of the
contraction and the remaining 45–58% was independent of
L-type Ca21channels.
SOCE Did Not Participate in the HADC Inhibitor-

Induced Vascular Relaxation, but HADC Inhibitors
Reduced the Phenylephrine-Induced Cytosolic Ca21

Rise. The mechanisms of vascular contraction in response
to vascular agonists are complicated, involving Ca21 release
from intracellular Ca21 stores, Ca21 entry through store-
operated Ca21 influx and/or receptor-operated Ca21 channels
and/or L-type Ca21 channels, as well as a sensitized contrac-
tile response to Ca21 (Wang et al., 2008). We next explored
whether HADC inhibitors could act on other mechanism(s)
independent of L-type Ca21 channels to induce vascular
relaxation.
Calcium release-activated calcium channel protein 1 (Orai1)

is the pore-forming subunit of SOCE in vascular smooth
muscle cells (Lewis, 2011). As expected, the selective Orai1
inhibitor RO2959 at 200 nM (Chen et al., 2013) greatly
inhibited the SOCE in the acutely isolated mouse smooth
muscle cells (Fig. 6A). However, RO2959 up to 5 mM failed to
induce relaxation in these arteries (Fig. 6B).
In the absence of extracellular Ca21, application of 1 mM

phenylephrine failed to elicit a cytosolic Ca21 rise (Fig. 7A),
suggesting no significant stimulating effect of phenylephrine
on intracellular Ca21 release. Subsequent Ca21 addback
(2 mM) to the bath solution resulted in a cytosolic Ca21 rise,
which was more marked in phenylephrine-treated cells than
in DMSO-treated vehicle control (Fig. 7A, left panel),

Fig. 5. Relative contribution of L-type Ca2+ channels
vs. other components in the phenylephrine-precon-
tracted arteries. The aortas were precontracted with
1 mM phenylephrine (Phe), followed by 10 mM
verapamil. After the relaxant response to verapamil
became stable, 200 mM SAHA (A) or 100 mM TSA (B)
was added to induce further relaxation. Representa-
tive traces (left) and data summary (right) of relaxing
effect are shown. The data are expressed as the mean
6 S.E.M. (n = 5). ***P , 0.001 vs. vehicle (DMSO)
control.
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suggesting that phenylephrine elicited extracellular Ca21

entry. As there was no obvious intracellular Ca21 release in
response to phenylephrine (Fig. 7A), this Ca21 entry may
reflect receptor-operated Ca21 entry rather than SOCE.
Importantly, in the presence of 100 mMTSA or 300 mMSAHA,
the phenylephrine-elicited extracellular Ca21 entry was abol-
ished (Fig. 7A).
Dose-dependent inhibition of SAHA (3–300 mM) and TSA

(1–100 mM) on phenylephrine-induced Ca21 influx was de-
termined (left panels in Fig. 7, B and C). Dose-dependent
vasodilatory curves of SAHA and TSA on phenylephrine-
precontracted mouse aortas were also plotted (right panels
in Fig. 7, B and C). The inhibitory potencies of SAHA and TSA
on Ca21 influx were similar to their vasodilatory potencies
with comparable IC50 values (Fig. 7, B and C).
Lack of Nitric Oxide Involvement in TSA and SAHA-

Induced Vascular Relaxation. Methylene blue is a guany-
late cyclase inhibitor commonly used to abolish nitric
oxide–mediated vascular dilation (Gruetter et al., 1981).
Preincubation with 10 mM methylene blue for 15 minutes
had no effect on SAHA-induced vascular relaxation in mouse
aortas contracted with high extracellular K1 (Fig. 8A) or
phenylephrine (Fig. 8B), suggesting lack of nitric oxide in-
volvement in SAHA-induced vascular relaxation.

Discussion
Themain findings of the present study were as follows: 1) Two

commonly used HDAC inhibitors, SAHA and TSA, partially
reversed the high extracellular K1-induced contraction inmouse

aortas. The effect of SAHA and TSA was acute, dose-dependent,
but endothelium-independent. 2) SAHA and TSA also caused
dose-dependent relaxation in phenylephrine-precontracted
mouse aortas. Three hundred micromolar SAHA and 100 mM
TSA completely reversed the phenylephrine-induced contrac-
tion. Again, the effect of SAHA and TSA was acute and
endothelium-independent. 3) In the freshly isolated mouse
smoothmuscle cells, SAHA and TSAmarkedly reduced the high
K1-induced cytosolic Ca21 rise. Whole-cell patch-clamp studies
demonstrated that SAHAandTSA acutely inhibited the voltage-
gated L-type Ca21 channel current in these cells. 4) SAHA and
TSA also markedly reduced the phenylephrine-induced Ca21

entry with inhibitory potency like their vasodilatory effect.
5) A potent Orai1 inhibitor, RO2959, failed to induce vascular
relaxation in phenylephrine-induced contraction of mouse aor-
tas. Taken together, the present study demonstrated that
hydroxamate-based pan-HDAC inhibitors SAHA and TSA at
intermediate micromolar concentrations could acutely inhibit
L-type Ca21 channels and consequently reduce the high extra-
cellular K1-induced contraction of aortas. SAHA and TSA also
relaxed the phenylephrine-precontracted aortas, a minor part of
which could be attributed to the inhibitory effect of these
compounds on L-type Ca21 channels.
It is well documented that exposure to high extracellular K1

at 60–100 mM causes vascular contraction (Eto et al., 2001).
The underlying mechanism involves high K1-induced mem-
brane depolarization of vascular smooth muscle cells, which
triggers an opening of voltage-gated Ca21 channels, especially
L-type Ca21 channels. Subsequent Ca21 influx through L-type
Ca21 channels elevates cytosolic Ca21 level in vascular

Fig. 6. SOCE did not contribute to the HADC
inhibitor-induced vascular relaxation. (A) Effect of
RO2959 on SOCE in the freshly isolated mouse
smooth muscle cells. The cells were treated with
4 mM thapsigargin (TG) in a Ca2+-free bath, which
induced the first Ca2+ rise, followed by adding
back 2 mM Ca2+ to the bath, which induced the
second Ca2+ rise. The second Ca2+ rise was taken as
SOCE. RO2959 at 200 nM was applied 5 minutes
before TG. The representative traces (left) and
data summary (right) of Ca2+ responses are
shown. The summary data are expressed as the
mean 6 S.E.M. (n = 5 experiments, .25 cells per
experiment). ***P, 0.001. (B) A representative trace
showing lack of acute relaxant effect of RO2959 on
1 mM phenylephrine (Phe)-precontracted aortas. A
representative time-control experiment (without
RO2959) is displayed on top. n = 4 experiments.
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smooth muscle cells, resulting in vascular contraction (Eto
et al., 2001). In the present study, high extracellular K1-in-
duced aortic contraction was completely reversed by 10 mM
verapamil, confirming the involvement of L-type Ca

21
chan-

nels. Importantly, SAHA and TSA partially but acutely
reversed the high extracellular K1-induced contraction of
mouse aortas, suggesting a possible inhibitory action of these
agents on voltage-gated Ca21 channels. Two sets of experi-
ments, cytosolic Ca21 measurement and whole-cell patch-
clamp, were performed to verify the action of SAHA and TSA
on L-type Ca21 channels. In cytosolic Ca21 measurement,
high extracellular K1-evoked cytosolic Ca21 rise was reduced
by SAHA and TSA. Whole-cell patch-clamp experiments pro-
vide the direct evidence for inhibitory action of SAHA and TSA
on L-type Ca21 channel current in vascular smooth muscle
cells. Interestingly, inhibitory potencies (IC50) of SAHA and

TSA on high extracellular K1-induced Ca21 rise were
similar to the vasodilatory potencies of these compounds in
high K1-contracted arteries. Taken together, these results
provided unequivocal evidence for inhibitory action of HDAC
inhibitors on the activity of L-type Ca21 channels in vascular
smooth muscle cells.
Our finding about the modulatory effect of HDAC inhibitors

on voltage-gatedCa21 channels has important physiologic and
pathologic implication. SAHA and several other HDAC inhib-
itors are in clinical use for cancer treatment (Zwergel et al.,
2016). In animal models, HDAC inhibitors also show benefi-
cial cardiovascular effect by alleviating cardiac hypertrophy,
hypertension, and myocardial infraction (Eom and Kook,
2014). In the present study, we show for the first time that
HDAC inhibitors can acutely inhibit L-type Ca21 channels
and subsequently reduce the vascular tone. It is well

Fig. 7. Action of HDAC inhibitors on phenylephrine-induced cytosolic Ca2+ rise and comparison with their vasodilatory effect. (A) The freshly isolated
mouse vascular smooth muscle cells were treated with 1 mM phenylephrine (Phe) in a Ca2+-free bath, followed by adding back 2 mM Ca2+ to the bath,
which induced a Ca2+entry. SAHA/TSA at 100 mM was applied 2 minutes before Phe. The representative traces (left) and data summary (right) of Ca2+

responses are shown. (B) Comparison of dose-response curves and IC50 values of SAHA on Phe-induced cytosolic Ca2+ rise in smooth muscle cells (left
panel) with vasodilatory action of SAHA in Phe-contracted mouse aortas (right panel). (C) Comparison of dose-response curves and IC50 values of TSA on
Phe-induced cytosolic Ca2+ rise in smooth muscle cells (left panel) with vasodilatory action of TSA in Phe-contracted mouse aortas (right panel). The
summary data are expressed as the mean6 S.E.M. [n = 5 experiments,.25 cells per experiment in (A); n = 3–5 in (B and C)]. **P, 0.01; ***P, 0.001.
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documented that L-type Ca21 channels are closely associated
with vascular tone and that an aggravated activity of L-type
Ca21 channels is a causative factor for pathologic progression
of hypertrophy, hypertension, and myocardial infraction
(Nayler, 1993). Therefore, our present results about the effect
of HDAC inhibitors on L-type Ca21 channels may provide a
mechanistic explanation for cardio-protective effect of HDAC
inhibitors against hypertrophy, hypertension, and myocardial
infraction.
The mechanisms of vascular contraction in response to

vascular agonists such as phenylephrine are complicated. These
may include Ca21 release from intracellular Ca21 stores, Ca21

entry through store-operated Ca21 influx and/or receptor-
operated Ca21 channels and/or L-type Ca21 channels, as well as
a sensitized contractile response to Ca21 (Nishimura et al., 1989;

Sun et al., 2000). In our study, SAHA and TSA could completely
reverse the phenylephrine-induced contraction in mouse aorta.
As expected, part of the phenylephrine-induced contraction,
which amounts to 42–55%, was mediated by L-type Ca21

channels (Nishimura et al., 1989), as indicated by its sensitivity
to verapamil inhibition. However, in the presence of verapamil,
SAHA and TSA could cause additional relaxation, which pre-
sumably resulted from other mechanisms independent of L-type
Ca21 channels. In our studies, phenylephrine failed to elicit
significant intracellular Ca21 release (Fig. 7A). Furthermore,
inhibition of SOCEbyanOrai1 inhibitorRO2959 failed to reverse
the phenylephrine-induced contraction (Fig. 6B). These data
suggest that the vascular relaxant effect of SAHA and TSA
was independent of intracellular Ca21 release or SOCE. Never-
theless, SAHA and TSA could inhibit phenylephrine-elicited

Fig. 8. Nitric oxide did not contribute to HADC inhibitor-induced vascular relaxation. (A) The aortas were precontracted with 60mMKCl in the absence
(upper left panel) or presence (lower left panel) of 10 mM methylene blue (MB). After the contractile response became stable (∼10 minutes), SAHA was
added to induce relaxation. (B) The aortas were precontracted with 1 mMphenylephrine in the absence (upper left panel) or presence (lower left panel) of
10 mM methylene blue (MB). After the contractile response became stable (∼10 minutes), SAHA was added to induce relaxation. Shown are
representative traces (left) and data summary (right). The data are expressed as the mean 6 S.E.M. (n = 5).
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Ca21 entry. Furthermore, inhibitory potencies (IC50) of SAHA
and TSA on phenylephrine-induced Ca21 entry were simi-
lar to the vasodilatory potencies of these compounds in
phenylephrine-contracted arteries, suggesting an important
role of cytosolic Ca21 in these events. Together, these
data suggest a possible action of HDAC inhibitors on some
Ca21-signaling mechanisms independent of SOCE and in-
tracellular Ca21 release. Thesemay include receptor-operated
Ca21 entry, Ca21 sensitivity of contractile mechanism, or
other alternative mechanisms.
One concern is that under oxidative stress, hydroxamate

compounds, including SAHA and TSA, are able to produce nitric
oxide (Samuni et al., 2009), which could account for the vaso-
dilatory action of these compounds. However, all our experi-
ments, including vascular tone studies and Ca21 entry and
patch-clamp experiments, were performed under normal phys-
iologic saline without oxidative stress. Indeed, pretreatment of
arteries with methylene blue, a guanylate cyclase inhibitor, had
no effect on SAHA-induced vascular dilation, suggesting that the
vasodilatory response to hydroxamate compounds in our exper-
iments was not the result of hydroxamate-generated nitric oxide.
SAHA and TSA are pan-HDAC inhibitors that inhibit class I

and class II HDAC proteins. However, their inhibitory potency to
different classes of HDAC proteins varies greatly (Dokmanovic
et al., 2007; Ko et al., 2013; Lobera et al., 2013). The reported IC50

values of SAHA and TSA for class I and class IIb HDAC proteins
range from nanomolar to sub-micromolar, whereas the IC50

values for class IIaHDACproteins range from low to intermediate
micromolar (Dokmanovic et al., 2007;Ko et al., 2013; Lobera et al.,
2013). In our studies, SAHA and TSA relaxed the extracellular
highK1- and phenylephrine-precontracted aortas at intermediate
micromolar concentration, which could inhibit class IIa HDAC
proteins. However, considering the issue of drug permeation in
cultured cells and vascular tissue, it is still uncertain which
specific class of HDAC proteins might be involved.
In conclusion, we have demonstrated thatHDAC inhibitors can

cause acute inhibition of the activity of L-type Ca21 channels,
resulting in partial reversal of high extracellular K1-induced
vascular contraction. HDAC inhibitors also acutely and potently
reverse thephenylephrine-inducedvascular contractionviaL-type
Ca21 channel-dependent and -independent mechanisms.
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