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Abstract 

Serotonin (5-hydroxytryptamine, 5-HT) is a potent pulmonary vasoconstrictor that promotes pul-
monary artery smooth muscle cell (PASMC) proliferation. 5-HT-induced K+ channel inhibition increases 
[Ca2+]i in PASMCs, which is a major trigger for pulmonary vasoconstriction and development of pul-
monary arterial hypertension (PAH). This study investigated whether KMUP-1 reduces pulmonary 
vasoconstriction in isolated pulmonary arteries (PAs) and attenuates 5-HT-inhibited K+ channel activ-
ities in PASMCs. In endothelium-denuded PA rings, KMUP-1 (1 μM) dose-dependently reduced 5-HT 
(100 μM) mediated contractile responses. Responses to KMUP-1 were reversed by K+ channel inhib-
itors (TEA, 10 mM, 4-aminopyridine, 5 mM, and paxilline, 10 μM). In primary PASMCs, KMUP-1 also 
dose-dependently restored 5-HT-inhibited voltage-gated K+-channel (Kv1.5 and Kv2.1) and 
large-conductance Ca2+-activated K+-channel (BKCa) proteins, as confirmed by immunofluorescent 
staining. Furthermore, 5-HT (10 μM)-inhibited Kv1.5 protein was unaffected by the PKA inhibitor 
KT5720 (1 μM) and the PKC activator PMA (1 μM), but these effects were reversed by KMUP-1 (1 μM), 
8-Br-cAMP (100 μM), chelerythrine (1 μM), and KMUP-1 combined with a PKA/PKC activator or in-
hibitor. Notably, KMUP-1 reversed 5-HT-inhibited Kv1.5 protein and this response was significantly 
attenuated by co-incubation with the PKC activator PMA, suggesting that 5-HT-mediated PKC signaling 
can be modulated by KMUP-1. In conclusion, KMUP-1 ameliorates 5-HT-induced vasoconstriction and 
K+-channel inhibition through the PKC pathway, which could be valuable to prevent the development of 
PAH. 

Key words: Serotonin, pulmonary vasoconstriction, K+-channel inhibition, Kv1.5 protein, PKC signaling, pul-
monary artery smooth muscle cells 

Introduction 
Pulmonary arterial hypertension (PAH) is char-

acterized by increased pulmonary vascular tone, ad-
ventitial and medial hypertrophy, neointimal hyper-
plasia and fibrosis [1]. Pulmonary vasoconstriction is 

considered to be an early component of the pulmo-
nary hypertensive process. Its pathogenesis is sug-
gested by the findings of increased production of 
thromboxane A2 (TXA2), reduction of lung endothe-
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lial nitric oxide synthase (eNOS) and increased 
RhoA/Rho kinase (ROCK) in the pulmonary artery 
(PA) [2]. A xanthine derivative KMUP-1 
(7-[2-[4-(2-chlorobenzene) piperazinyl]ethyl]-1,3- 
dimethylxanthine) has been established to increase 
NO/cGMP levels, inhibit phosphodiesterases (PDEs) 
and stimulate K+ channels resulting in relaxations of 
aortic smooth muscles [3]. In recent years, KMUP-1 
was demonstrated to inhibit TXA2-mimetic-induced 
acute or monocrotaline (MCT) induced chronic PAH 
[4-7] in 2 animal models useful for studying the de-
velopment of PAH. We reported that KMUP-1 atten-
uates MCT-induced PAH attributed to the alternation 
of Ca2+ sensitivity and K+-channel function [5]. Simi-
larly, KMUP-1 prevented MCT-induced PAH and 
endothelin-1 release [4]. KMUP-1 also inhibited 
MCT-induced PA proliferation by binding to seroto-
nin (5-hydroxytryptamine, 5-HT) receptors, increas-
ing eNOS expression and NO release, and inhibiting 
RhoA/ROCK expression and AKT/ERK phosphory-
lation [6]. However, the biochemical mechanisms by 
which KMUP-1 alleviates 5-HT-induced vasocon-
striction and K+ channel-mediated hyperpolarization 
remain undetermined.  

The 5-HT system in PAH has attracted a lot of 
interest. Serotonin has vasocontractile and mitogenic 
properties. 5-HT is a potent pulmonary vasoconstric-
tor whose high circulating concentration is clinically 
associated with PAH. In animal models of PAH, 
5-HT-induced hyperreactivity and mitogenic effects 
have been reported in PAs [8, 9]. 5-HT also acts as a 
mitogen in pulmonary artery smooth muscle cells 
(PASMCs) and is important in PA remodeling. The 
mitogenic effect of 5-HT is initiated by binding to one 
or more 5-HT receptors, including 5-HT1B, 5-HT2A and 
5-HT2B, and by activating 5-HT transporter (5-HTT) 
internalized into the cell [10, 11]. It is well known that 
5-HT evokes PA remodeling in the form of neointimal 
thickening of PA, leading to PA obstruction and PAH. 
Plasma levels of 5-HT are elevated in hypox-
ia-induced PAH. A correlation between high plasma 
5-HT levels and pulmonary resistance has been re-
ported [12].  

Serotonin binding to 5-HT receptors modulates a 
number of ion channels via several biochemical 
pathways in PASMCs. The effects of serotonin on 
PASMC ion channels are not well understood. A pre-
vious report showed that 5-HT has both a fast direct 
effect on voltage-gated K+ (Kv) channels as well as a 
slower indirect effect via internalization of membrane 
proteins on ionic currents [13]. In addition to the ef-
fects of 5-HT receptors on ion channels, they also ac-
tivate PKC, which phosphorylates tyrosine kinases, 
which in turn phosphorylate cell mem-
brane-associated caveolins. Caveolins facilitate inter-

nalization of membrane proteins such as Kv channels 
and the transient receptor potential canonical (TRPC) 
family of ion channels [14]. This interesting mecha-
nism seems to play an important role in the 
5-HT-induced changes in K+ currents in PASMCs de-
scribed by Cogolludo et al. (2006). 

K+ channels play a central role in regulating 
resting membrane potential, intracellular calcium 
concentration, and contraction of vascular smooth 
muscles [15, 16]. Kv channels present in PASMCs are 
inhibited by hypoxia, endothelin-1, thromboxane A2, 
and anorectic drugs [13, 15]. Decreased expression or 
function of Kv channels in PASMC has been involved 
in the pathogenesis of primary and anorex-
igen-induced pulmonary hypertension [17]. Kv1.5 
subunits are believed to be major contributors of the 
native Kv currents in PA [15], and contribute to the 
pathogenesis of PAH [13, 18]. Both 5-HT and Kv 
channels may have an etiological role in PAH. Alt-
hough 5-HT inhibition of Kv channels in PASMC has 
been explored, so far no K+ channel opener has ever 
used to control PAH. In the present study, we further 
established the functional relationship between 5-HT 
and K+ channels in PAs and sought to determine if the 
K+ channel opener KMUP-1 [16, 19] could be benefi-
cial in PAH.  

Materials and Methods 
Animal procedure and tissue preparation 

All procedures and protocols were approved by 
the Animal Care and Use Committee at Kaohsiung 
Medical University and complied with the Guide for 

the Care and Use of Laboratory Animals published by the 
US National Institutes of Health. Briefly, male Spra-
gue Dawley rats (13-15 weeks of age) were euthanized 
by pentobarbital sodium (130 mg/kg, i.p.) overdose. 
The heart and lungs were removed en bloc and placed 
in cold physiological salt solution containing (in mM): 
119 NaCl, 4.8 KCl, 1.7 KH2PO4, 20 NaHCO3, 10 Glu-
cose, 1.2 CaCl2, and 1.2 MgSO4 (pH 7.4). Extralobar 
PAs were dissected free of the surrounding tissue.  

Contractile tension recording  
Extralobar PA rings were quickly isolated and 

cut into 2-3 mm rings. Endothelium was removed and 
the rings were suspended under isometric conditions 
and connected to a force transducer (Ugo Basile, 
Model 7004, Comerio-VA, Italy) as previously de-
scribed [6, 7] to measure tension changes. Endothe-
lium-denuded PA rings were equilibrated in organ 
chambers with a resting tension of 1 g for 90 min and 
the bath solution was replaced every 15 min. Con-
tractile responses in PA rings were recorded in the 
presence of KCl (16 mM) and once the contractions 
reached a plateau, which was considered as 100%. 
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After washout, 5-HT (1-100 μM) was added concen-
tration-dependently to induce the maximal contrac-
tion of PA rings compared to 16 mM KCl, and 
KMUP-1 was applied to observe the vasorelaxant re-
sponses. To investigate the underlying mechanism of 
PA relaxation by KMUP-1, K+ channel blockers (non-
selective: TEA, 10 mM; BKCa: paxilline, 10 µM; Kv: 
4-AP, 5 mM) were used as pretreatments before 
KMUP-1 (1 µM) application.  

Pulmonary artery smooth muscle cell culture  
Extralobar PAs were carefully dissected and 

prepared for tissue culture. Explant cultures were 
prepared as in our previous reports [6, 7]. Briefly, the 
endothelium was removed by gentle rubbing with a 
sterile cotton swab. The tunica adventitia was care-
fully removed, together with the most superficial part 
of the tunica media. The remaining part of the media 
was cut into small pieces that were explanted in cul-
ture flasks. The explants were incubated in Dulbecco's 
Modified Eagle Medium (DMEM; Gibco Laboratories, 
Gaithersburg, MD) supplemented with 10% fetal bo-
vine serum (FBS) and 1% penicillin-streptomycin 
amphotericin B (Biological Industries, Kibbutz Beit 
Haemek, Israel) at 37°C in a humidified 5% CO2 at-
mosphere. Pulmonary artery smooth muscle cells 
(PASMCs) began to proliferate from explants after 7 
days in culture. Cell growth was arrested by replacing 
the media with FBS-free DMEM for 24 h and then the 
cells were incubated with low-serum DMEM as a 
control (2% FBS) or test agents for 24 h. Primary cul-
tures of 2-5 passages were used in the experiments. 
PASMCs were examined by immunofluorescent 
staining of α-actin to confirm the purity of PASMCs.  

Double immunofluorescent staining forKv1.5, 
Kv2.1 and BKCa channels 

Cultured PASMCs were washed in PBS three 
times for 5 min each and then rapidly fixed in acetone 
at -20oC for 10 min. Fixed cells were rehydrated by 
washing in PBS twice for 10 min and thus permea-
bilized using PBS containing 0.5% Triton X-100, 
washed with PBS, blocked in 1% bovine serum albu-
min (BSA) in PBS at room temperature for 1.5 hr, and 
incubated overnight at 4oC in the appropriate primary 
antibody for Kv1.5, Kv2.1 and BKCa (Alomone Labs, 
Jerusalem, Israel) diluted 1:100 in 1% BSA in PBS. 
Cells were washed with PBS before being incubated at 
room temperature with an appropriate secondary 
antibody conjugated with Alexa Fluor 555 (red; Invi-
trogen, Carlsbad, CA) diluted 1:100 in 1% BSA in PBS 
for 2 hr in the dark. For double labeling with 
α-smooth muscle actin (α-SMA) antibody, sections 
were then incubated at room temperature with the 
appropriate primary anti-α-SMA direct-fluorescence 

antibody (green; Sigma-Aldrich, St. Louis, MO) di-
luted 1:100 in 1% BSA in PBS for 2 hr in the dark. 
Subsequently, cells were washed three times with PBS 
and coverslipped using mounting medium (Fluoro-
mount-GTM; eBioscience Inc., San Diego, CA). Images 
were taken using a confocal laser-scanning micro-
scope (Olympus Fluoview FV500, Tokyo, Japan).  

Protein extraction and Western blot analysis 
Confluent PASMCs were collected, homoge-

nized and centrifuged at 10,000 g at 4°C for 30 min. 
The protein concentrations of supernatants were de-
termined using bovine serum albumin as the stand-
ard. PASMC extracts were then boiled in ratio of 4:1 
with sample buffer (100 mM Tris, pH 6.8, 20% glycer-
ol, 4% SDS, and 0.2% bromophenol blue). Electro-
phoresis was performed using 10% 
SDS-polyacrylamide gel electrophoresis and then 
transferred to nitrocellulose membranes (Millipore 
Corp., Billerica, MA). The membrane was blocked 
with Tris-buffered saline (TBS; 20 mM Tris and 137 
mM NaCl, pH 7.6) containing 0.1% Tween 20 (TTBS) 
and 5% nonfat milk at room temperature for 1 h, 
washed with TTBS, and then incubated overnight at 
4°C in the appropriate primary antibody for Kv1.5, 
Kv2.1 and BKCa (Alomone Labs, Jerusalem, Israel). 
The membranes were washed in TTBS before being 
incubated with horseradish peroxidase-conjugated 

antibody against mouse, goat, or rabbit IgG for 1 hr. 
The membrane was then washed in TTBS and devel-
oped with enhanced chemiluminescence for the de-
tection of the specific antigen. The intensity of the 
bands was quantitated by densitometry.  

Chemicals 
Buffer reagents, 4-aminopyridine (4-AP), 

8-Br-cAMP, chelerythrine, 5-HT, KT5720, KT5823, 
paxilline, phorbol 12-myristate 13-acetate (PMA) and 
tetraethylammonium (TEA) were obtained from 
Sigma-Aldrich Chemical Co. (St. Louis, MO). All 
drugs and reagents were dissolved in distilled water 
unless otherwise noted. Chelerythrine, paxilline and 
PMA were dissolved in DMSO at 10 mM. KMUP-1 was 
dissolved in 10% absolute alcohol, 10% propylene 
glycol and 2% 1N HCl at 10 mM. Serial dilutions were 
made in phosphate buffer solution to a final solvent con-
centration of ≤ 0.01%. 

Statistical analyses 
All data are expressed as the mean ± S.E., n=6-8. 

One-way analysis of variance (ANOVA) was used to 
analyze differences among multiple comparisons. 
When appropriate, a Tukey-Kramer pairwise com-
parison was used for post hoc analysis. A p value <0.05 
was considered significant in all experiments.  
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Figure 1. KMUP-1 (1 μM) effects on 5-HT (100 μM) induced PA contractions in the absence and presence of various K+ channel inhibitors. (A) 
The nonselective K+ channel inhibitor TEA (10 mM), (B) the Kv channel inhibitor 4-AP (5 mM) and (C) the BKCa channel inhibitor paxilline (10 μM) were applied. The 
top panel shows the typical trace of muscle force in the PA of each group. Bar chart summarizes the results from the top panel. Data are means ± SE, n=8. ###P< 0.001 
compared with 5-HT group; ***P < 0.001 compared with KMUP-1 group. W: Washout.  

 

Results 
Effects of KMUP-1 on 5-HT-induced vasocon-
strictions 

In endothelium-denuded PA rings were con-
tracted with 16 mM KCl to serve as a reference at the 
beginning and end of each experiment. In a series 
experiments, the reproducibility of 5-HT induced 
contractions was performed in the same PA prepara-
tion (Fig 1). In 16 mM KCl-precontracted PA rings 
(100 + 9.4%), pretreatment with KMUP-1 (0.1, 1, 10 
µM) reduced 5-HT (100 µM, 128.7 + 8.3%) induced 
contractile responses in a dose-dependent manner 
(91.6 + 5.6%, 47.8 + 12.4%, 19.6 + 5.9%). The effect of 
KMUP-1 (1 µM) on 5-HT (100 µM) contractile re-
sponses was reversed by the nonselective K+ channel 
inhibitor TEA (10 mM, Fig 1A). Likewise, KMUP-1 
attenuation of 5-HT contractile responses was also 
reversed by the Kv channel inhibitor 4-AP (5 mM, Fig 
1B) or by the BKCa inhibitor paxilline (10 µM, Fig 1C). 
Notably, the basal tension of PA rings was altered by 
pretreatment with various K+ channel inhibitors that 
are attributed to membrane depolarization. For this 
reason, the magnitude of 5-HT-induced contractile 
responses was adjusted under the same basal tension 
in each separate experiment.  

Effects of KMUP-1 on 5-HT-inhibited Kv and 
BKCa channel immunoreactivity 

In primary cultured PASMCs, 5-HT (10 µM) sig-
nificantly decreased the immunoreactivity of Kv1.5 
(Fig 2), Kv2.1 (Fig 3) and BKCa (Fig 4) channel proteins 

as measured by confocal microscopy. α-Smooth mus-
cle actin was used as a marker in PASMCs. Surpris-
ingly, 5-HT-induced decreases in the immunoreactiv-
ity of these channel proteins were restored by 
co-incubation with KMUP-1 (1 µM) (Figs 2, 3 and 4).  

Effects of KMUP-1 on 5-HT-inhibited Kv and 
BKCa channel proteins 

In primary PASMCs, 5-HT (10 µM) significantly 
reduced the expression of Kv1.5 (Fig 5A), Kv2.1 (Fig 
5B) and BKCa (Fig 5C) channel proteins. After incuba-
tion with KMUP-1 (0.1, 1, 10 µM), the expression of 
these channel proteins was gradually reversed in a 
dose-dependent manner (Fig 5).  

KMUP-1 modulation of 5-HT-inhibited Kv1.5 
proteins via the PKC pathway 

In this study, we found that the protein expres-
sion and immunereactivity of Kv1.5, Kv2.1 and BKCa 
channels were parallel in PASMCs. Therefore, we 
chose the Kv1.5 protein to explore the intracellular 
response to 5-HT in Kv channels and to observe the 
possible biochemical mechanisms of KMUP-1. To de-
termine whether PKA is involved in 5-HT inhibition 
of K+ channels, the PKA activator 8-Br-cAMP and 
inhibitor KT5720 were used in primary PASMCs. 
KMUP-1 (1 μM) alone increased Kv1.5 expression 
from 100 + 3.4% to 123.1 + 4.3% (p<0.05), whereas 
5-HT (10 μM) markedly inhibited this protein. Addi-
tionally, this channel protein was little affected by the 
PKA inhibitor KT5720 alone. 5-HT inhibition of Kv1.5 
expression was reversed by KMUP-1 (1 μM), 
8-Br-cAMP (100 μM), KMUP-1+KT5720 (1 μM) or 
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KMUP-1+8-Br-cAMP (Fig 6). The PKC activator PMA 
and inhibitor chelerythrine were used to ascertain the 
role of PKC in 5-HT-inhibited K+ channels. Kv1.5 
protein was little influenced by the PKC inhibitor 
chelerythrine. 5-HT inhibition of Kv1.5 protein was 
reversed by KMUP-1 (1 μM), chelerythrine (1 μM), 
KMUP-1+PMA (1 μM) or KMUP-1+chelerythrine, but 
not affected by the PKC activator PMA (1 μM). Nota-
bly, KMUP-1 reversed 5-HT-inhibited Kv1.5 protein 
and this effect was attenuated significantly by adding 
the PKC activator PMA, suggesting that KMUP-1 did 
modulate the 5-HT-mediated PKC pathway (Fig 7). 
Taken together, KMUP-1 alone increased Kv1.5 and it 
also reversed 5-HT-inhibited Kv1.5 protein, suggest-
ing that KMUP-1 is not simply an inhibitor of 
5-HT-mediated PKC signaling, but might have the 
direct actions on AC/PKA pathways.  

Discussion 
This study investigated whether the xanthine 

derivative KMUP-1 inhibits 5-HT-induced vasocon-
striction and K+-channel inhibition in PAs, to explore 
the applicability of KMUP-1 for reversing the devel-
opment of PAH during 5-HT exposure. In this study, 
we observed that 5-HT-mediated PA vasoconstriction 
was blunted by pretreatment with KMUP-1, and these 
effects were reversed by co-incubation with nonselec-
tive K+, selective Kv and BKCa channel blockers (TEA, 
4-AP and paxilline). Additionally, 5-HT inhibition of 
Kv1.5, Kv2.1 and BKCa channel proteins in PASMCs 
was reversed by KMUP-1 in a dose-dependent man-
ner. Those data were further confirmed by immuno-

fluorescent localization. Our findings suggest that the 
underlying mechanism by which KMUP-1 reverses 
5-HT-mediated vasoconstriction is partially attributa-
ble to its prevention of the K+ channel inhibition trig-
gered by 5-HT.  

5-HT exerts vasoconstrictor and mitogenic ef-
fects, both phenomena being dependent on an in-
crease of cytosolic [Ca2+]i in PASMCs [20, 21]. PAH is 
characterized by high circulating 5-HT concentration, 
5-HT-induced hyperreactivity and SMC proliferation, 
suggesting a major role for 5-HT in both vascular wall 
remodeling and elevated vascular resistance [9]. Sus-
tained Ca2+ elevation contributes to PASMCs contrac-
tion and proliferation [22]. In our previous reports, we 
have shown that the PA relaxation and an-
ti-proliferation effects of KMUP-1 involve the inhibi-
tion of Ca2+-influx and RhoA/Rho kinase signaling [5, 
6]. On the other hand, one report suggested that 
5-HT-induced vasoconstriction was mediated by at 
least two types of receptors, 5-HT2A and 5-HT1B, but 
only the 5-HT2A receptor involves Kv channel inhibi-
tion in rat PASMCs [13]. KMUP-1 has been used to 
attenuate monocrotaline-induced PA proliferation by 
targeting 5-HT2A, 5-HT2B and 5-HT2C receptors [6]. In 
the present isolated PA experiments, we observed 
that KMUP-1 attenuation of 5-HT-mediated contrac-
tile response was reversed by adding K+ channel in-
hibitors. Taken together, we suggest that KMUP-1 
caused PA relaxation in addition to the blockade of 
Ca2+-influx and the RhoA/Rho kinase cascade by 
binding to 5-HT2 receptor subtypes [5, 6], and this 
could be due, at least in part, to the modulation of K+ 

channel activation and/or 
opening. 

 
Figure 2. KMUP-1 restores 5-HT 
inhibited Kv1.5 expression in 
PASMCs. Confocal immunofluorescence 
images of PASMCs stained with Kv1.5 
proteins. PASMCs were incubated with 
5-HT (10 μM) or 5-HT (10 μM) + KMUP-1 
(1 μM). α-Actin was indicated by 
FITC-conjugated antibody (green) and 
Alexa Fluor® 555-conjugated antibody was 
used to detect Kv1.5 (red). Images were 
obtained using the same laser intensity. 
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Figure 3. KMUP-1 restores 5-HT inhibited Kv2.1 expression in PASMCs. Confocal immunofluorescence images of PASMCs stained with Kv2.1 proteins. 
PASMCs were incubated with 5-HT (10 μM) or 5-HT (10 μM) + KMUP-1 (1 μM). α-Actin was indicated by FITC-conjugated antibody (green) and Alexa Fluor® 
555-conjugated antibody was used to detect Kv2.1 (red). Images were obtained using the same laser intensity. 

 

 
Figure 4. KMUP-1 restores 5-HT inhibited BKCa expression in PASMCs. Confocal immunofluorescence images of PASMCs stained with BKCa proteins. 
PASMCs were incubated with 5-HT (10 μM) or 5-HT (10 μM) + KMUP-1 (1 μM). α-Actin was indicated by FITC-conjugated antibody (green) and Alexa Fluor® 
555-conjugated antibody was used to detect BKCa (red). Images were obtained using the same laser intensity. 
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Figure 5. KMUP-1 (01, 1, 10 µM) reversed 5-HT (10 μM) inhibited (A) Kv1.5, (B) Kv2.1 and (C) BKCa channel proteins in a dose-dependent 
manner in PASMCs. Protein quantitation is shown in the lower panel. Data are means ± SE, n=6-8. ###P< 0.001 compared with control; *P< 0.05, **P< 0.01, ***P< 
0.001 compared with 5-HT alone. 

 

 
Figure 6. KMUP-1 activates AC/PKA-increased Kv1.5 proteins directly but does not modulate the 5-HT-mediated PKA pathway. 5-HT (10 μM) 
inhibition of Kv1.5 protein was not affected by the PKA inhibitor KT5720 (1 μM). 5-HT inhibition of Kv1.5 expression was reversed by KMUP-1 (1 μM), 8-Br-cAMP 
(100 μM), KMUP-1+KT5720 (1 μM) or KMUP-1+8-Br-cAMP in PASMCs. Protein quantitation is shown in the lower panel. Data are means ± SE, n=6-8. #P< 0.05, ##P< 
0.01 compared with control; **P< 0.01 compared with 5-HT alone. AC: Adenylate cyclase; NS: Not significant. 
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Figure 7. KMUP-1 modulates 5-HT-inhibited Kv1.5 proteins via the PKC pathway. 5-HT inhibition of Kv1.5 protein was reversed by KMUP-1 (1 μM), 
chelerythrine (1 μM), KMUP-1+PMA (1 μM) or KMUP-1+chelerythrine, but not affected by the PKC activator PMA (1 μM). KMUP-1 reversed 5-HT-inhibited Kv1.5 
protein and this effect was attenuated significantly by co-incubation with the PKC activator PMA, suggesting that KMUP-1 modulates the 5-HT-mediated PKC 
pathway. Protein quantitation is shown in the lower panel. Data are means ± SE, n=6-8. ###P< 0.001 compared with control; *P< 0.05, **P< 0.01, ***P< 0.001 
compared with 5-HT alone; ψP< 0.05 5-HT+KMUP-1 compared with 5-HT+KMUP-1+PMA. PMA: Phorbol 12-myristate 13-acetate; NS: Not significant. 

 
Several types of K+ channels are present in PAs, 

and activation or inhibition of these channels plays an 
important role in pulmonary circulation [23]. Activa-
tion of K+ channels in PASMCs hyperpolarizes the cell 
membrane, and subsequently closes volt-
age-dependent calcium channels, resulting in a de-
crease in intracellular calcium and vascular relaxation 
[24]. In contrast, inhibition of K+ channels results in 
pulmonary vasoconstriction. Previous studies have 
shown that the primary targets of 5-HT in the vascu-
lature and neurons are the Kv channels [18, 25, 26]. 
Kv1.5 channels appear to be functionally linked to 
5-HT signaling in PA and contribute to the patho-
genesis of PAH. Moreover, Kv1.5 channels were in-
ternalized when PASMCs were stimulated with 5-HT 
[13, 18]. Kv2.1 channels play an important role in es-
tablishing the resting membrane potential of PASMCs 
from resistance arteries [27]. Kv channel inhibition 
accounts, at least in part, for 5-HT-induced pulmo-
nary vasoconstriction and might play a role in PAH. 
Both 5-HT and Kv channels have been implicated in 
the pathogenesis of PAH [13]. Additionally, Kv 
channel inhibition might also be involved in the PA 
wall thickness and medial hypertrophy induced by 

5-HT [10]. Activation of BKCa channels in PASMCs 
results in K+ efflux and membrane hyperpolarization, 
which leads to decreases in cytosolic calcium and 
vascular tone [16, 27]. Based on data from Western 
blotting and immunofluorescent staining, the expres-
sion and immunoreactivity of K+ channels in 
5-HT-treated PASMCs are downregulated, especially 
for the Kv1.5, Kv2.1 and BKCa channel proteins. These 
results appear to be consistent with the study by 
Cogolludo et al. (2006) who found that activation of 
the 5-HT2A receptor inhibits Kv currents in rat 
PASMCs and human Kv1.5 channels. However, the 
findings are in contrast to our previous findings in 
vivo in monocrotaline-treated rats, where the Kv1.5, 
Kv2.1 and BKCa channel proteins are upregulated [5]. 
We suggest that monocrotaline-induced chronic PAH 
rats upregulate such functional K+ channel proteins, 
which could be a protective mechanism to compen-
sate for increases of right ventricular systolic pressure, 
a marker of systolic pulmonary pressure [5].  

To elucidate the role of PKA and/or PKC in 
5-HT inhibition of K+ channels and in KMUP-1’s ef-
fects on this channel, PKA and PKC activators 
(8-Br-cAMP, PMA) and inhibitors (KT5720, chel-
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erythrine) were used in rat PASMCs. 5-HT-inhibited 
Kv1.5 protein was unaffected by the PKA inhibitor 
KT5720 but significantly affected by the PKC inhibitor 
chelerythrine, suggesting that 5-HT is not involved in 
cross-talk with AC/PKA cascades [19, 28] but exclu-
sively involved in the PKC pathway in rat PASMCs. 
PKC plays a central role inhibiting K+ efflux and de-
polarizing membrane potential, and accordingly re-
sults in PA vasoconstriction. This finding is consistent 
with previous reports [13, 15, 29]. Surprisingly, in 
addition to increases in Kv1.5 channel protein with 
KMUP-1, KMUP-1 also reversed 5-HT inhibition of 
Kv1.5 and this effect was markedly blunted in com-
bination with the PKC activator PMA. Thus, we sug-
gest that KMUP-1 not only inhibits 5-HT-mediated 
PKC signaling, but also could activate AC/PKA cas-
cades (Fig 8) as previously described [16].  

Though the K+ channel inhibitory effects of 5-HT 
can be significant in the contractile response of PAs or 
PASMCs, we still need to keep in mind that other 
mechanisms are also important actors, such as [Ca2+]I 
and RhoA/ROCK among others. In summary, this 
study presents evidence that PKC plays a key role in 
regulating 5-HT-mediated PA vasoconstriction and 
K+-channel inhibition via activation of 5-HT2A recep-
tors in PASMCs. This investigation also further ad-
dresses the underlying mechanisms by which 
KMUP-1 prevents 5-HT-induced vasoconstriction and 
K+-channel inhibition through PKC signaling in PAs. 
Finally, we suggest that KMUP-1 could be of value as 
a pharmacotherapeutic agent in PAH, especially for 
5-HT-induced PA vasoconstriction and PASMC pro-
liferation.  

 

 
Figure 8. Diagram summarizing KMUP-1 amelioration of 5-HT-induced K+ channel inhibition in PASMCs. 5-HT binds to 5-HT2A receptor, which is a 
G protein-coupled receptor that interacts with Gq proteins. Gq activates phospholipase C (PLC) resulting in the production of diacylglycerol (DAG) and inositol 
triphosphate (IP3) and activation of protein kinase C (PKC), which is capable of phosphorylating tyrosine kinases and inhibiting K+ efflux. KMUP-1 does not simply 
inhibit 5-HT-mediated PKC signaling but can directly activate adenylate cyclase (AC)/protein kinase A (PKA) cascades, resulting in K+ channel opening. PMA: Phorbol 
12-myristate 13-acetate. 
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