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Gentiopicroside (GPS), a main active secoiridoid glucoside derived from the roots of perennial herbs in the Gentianaceae family,
has antispasmodic and relaxant effects. However, the vasorelaxant effects of GPS on aortic rings and the molecular mechanisms
involved in these effects are not yet clear. Therefore, we investigated whether GPS inhibits phenylephrine- (PE-) or KCl-induced
contractions in isolated rat thoracic aortic rings. The present study found that GPS produced a dose-dependent relaxation in
aortic rings precontracted with PE or KCl and significantly reduced CaCl,-, narciclasine- (Rho-kinase activator-), and phorbol-
12,13-diacetate- (PKC activator-) induced vasocontractions. Pretreatment with NG-Nitroarginine methyl ester hydrochloride
(L-NAME, NOS inhibitor), methylene blue (sGC inhibitor), indomethacin (COX inhibitor), 4-aminopyridine (K, channel
inhibitor), and glibenclamide (K, channel inhibitor) had no influence on the vasorelaxant effect of GPS, while BaCl, (K;,
channel inhibitor), tetraecthylammonium chloride (K, channel inhibitor), ruthenium red (RYR inhibitor), and heparin (IP;R
inhibitor) significantly reduced GPS-induced vasorelaxation. Moreover, GPS pretreatment remarkably inhibited the influx of
Ca®" in vascular smooth muscle cells stimulated using KCI or PE-containing CaCl, solution. Western blot analysis confirmed
that GPS treatment inhibited PE-induced increases in the protein levels of p-Akt, p-myosin light chain (MLC), and p-myosin-
binding subunit of myosin phosphatase 1 (MYPT1) in the aortic rings. Additionally, the vasorelaxation activity of GPS was
attenuated upon pretreatment with LY294002 (PI3K/Akt inhibitor), Y27632 (Rho-kinase inhibitor), and verapamil (L-type Ca*"
channel inhibitor). These findings demonstrate that GPS exhibits endothelium-independent vasorelaxant effects through
inhibition of voltage-dependent, receptor-operated, and inositol triphosphate receptor (IP;R)/ryanodine receptor- (RYR-)
mediated Ca®" channels as well as the PI3K/Akt/Rho-kinase signaling pathway.

1. Introduction

Hypertension, which is associated with vasoconstriction and
vascular remodeling, is a serious threat to global public health
by causing cardiovascular diseases, such as atherosclerosis,
myocardial infarction, and vascular hypertrophy [1-4]. The
incidence and mortality rates of hypertension are rapidly
increasing worldwide; hypertension causes approximately 9
million deaths each year, and the total number of hyperten-

sive patients in the world is expected to reach 1.5 billion by
2025 [5, 6]. Therefore, lowering blood pressure and relaxing
blood vessels can greatly alleviate the risk of cardiovascular
disease development caused by elevated blood pressure.
Accumulating evidence [7-9] suggests that the hypercon-
tractility of vascular smooth muscle (VSM) is closely related
to raised blood pressure, while intracellular calcium concen-
tration ([Ca“]m) is the primary regulator of tension in VSM.
Ca®" is a critical factor in excitation-contraction coupling in
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VSM, an increase in [Ca®"],  results in vasoconstriction and a
decrease in [Ca®"],, results in vasodilation [10]. It is well
known that the regulation of vascular tone is mainly trig-
gered by releasing vasodilator factors [nitric oxide (NO),
prostacyclin (PGL,)], changing the resting membrane poten-
tial (K" channels), the influx of extracellular Ca** through
receptor-operated calcium channel (ROCC) and voltage-
dependent calcium channel (VDCC, including L-type Ca**
channels), and the release of intracellular Ca** from sarco-
plasmic reticulum [11, 12]. Additionally, many signaling
pathways have been reported to play an essential role in vaso-
constriction processes [13]. For example, PI3K/Akt upon
activation can induce the VSM constriction by coupling
membrane receptors to L-type Ca** channels [14, 15]. PKC
and Rho-kinase Ca**-sensitizing pathways leading to myosin
phosphatase inhibition are critically involved in «wl-adreno-
ceptor-mediated VSM contraction [16]. Although many
vasodilators are commercially available such as nitroglycerin
(NO donor drug), verapamil (Ca®* channel antagonist), and
fasudil (ROCK inhibitor), they are limited by their adverse
effects and patient compliance [17, 18]. Therefore, the devel-
opment of natural vasodilator compounds has far-reaching
research significance and high relevance for the discovery of
new treatment of cardiovascular diseases.

Gentiopicroside (GPS, C,H,,O,, Figure 1(a)) is a secoir-
idoid glucoside that is isolated from the roots of perennial
herbs in the Gentianaceae family, such as Gentiana strami-
nea Maxim., Gentiana macrophylla Pall., Gentiana manshur-
ica Kitag., Gentiana dahurica Fisch., and Gentiana scabra
Bge., which are used widely as medicinal herbs in China for
the treatment of rheumatoid arthritis, hemiplegia, arthralgia,
stroke, and hypertension [19]. GPS has been proven to dis-
play potential protective effects against osteoarthritis, hepati-
tis, diabetic renal fibrosis, osteoclastogenesis, and alcoholic
hepatosteatosis [20]. Kesavan et al. [21] reported that Genti-
ana lutea root extracts consisting of GPS significantly inhibit
the proliferation of VSMCs induced by platelet-derived
growth factor-BB, which may have a cardiovascular protec-
tive effect in the prevention and treatment of atherosclerosis.
Given that GPS can inhibit the spontaneous contractions of
smooth muscle induced by histamine, KCl, and BaCl, in iso-
lated pig ileum [22], we hypothesized that GPS may inhibit
vascular contraction by blocking ion channels or the corre-
sponding signal transduction pathways.

To the best of our knowledge, the effects of GPS on aortic
rings and the molecular mechanisms involved in these effects
have not yet been clarified. Therefore, this study aims to
investigate the effects of GPS on the vasoconstriction of aortic
rings induced by PE and KCl. We also explored the underly-
ing mechanisms of the GPS-promoted vasodilatation effects
by studying Ca** and K* channels and the PI3K/Akt/Rho-
kinase signaling pathway. These data could provide a novel
insight into the molecular mechanisms underlying the vaso-
dilatory effects of GPS.

2. Materials and Methods

2.1. Preparation of Rat Thoracic Aortic Rings. Fifty-one spe-
cific pathogen-free grade healthy male Sprague-Dawley rats
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(4-6 months old and weighing an average 250g) were
obtained from the Experimental Animal Center of Guang-
zhou University of Chinese Medicine (no: SCXK-2013-
0020). All procedures in this study were approved by the
Ethics Committee for the Use of Experimental Animals of
Guangzhou University of Chinese Medicine (Permit no:
20190513056). As described previously [23], after the SD rats
were euthanized, the thoracic aorta was carefully dissected
and placed into ice-cold modified Krebs solution. The iso-
lated aortas were cleaned of adipose and connective tissue
and cut into 3-4 mm long rings, which were then mounted
with two stainless steel hooks into an organ bath containing
Krebs solution (gassed with 95% O, and 5% CO, at 37°C)
at an initial force of 1 g tension. The alternation of isometric
tension was recorded with a force-displacement transducer
connected to a ML870 Power Lab Biological Signal Collec-
tion System (AD Instruments, Castle Hill, NSW, Australia).
The endothelium of the aortic ring was removed carefully
by rotating a manipulator inside the ring lumen, and its
absence was verified by examining the capacity of 10 uM ace-
tylcholine to induce less than 10% relaxation of rings precon-
tracted with 1M PE. The endothelium was considered
intact when the relaxation was more than 80% in response
to acetylcholine. Only the aortic rings that met this standard
were used for the subsequent experiments.

2.2. Action of GPS on Baseline Tension. After the aortic rings,
with or without endothelium, were stabilized at primary 1 g
tension, cumulative concentrations of GPS (0, 5, 10, 20, 40,
80, 160, and 320 M) were added to the organ chambers.
Changes in vascular tension were recorded, and a cumulative
concentration-response curve for GPS was obtained.

2.3. Effect of GPS on Aortic Rings Precontracted with PE and
KCl. After equilibration for 60min, PE (1uM) or KCI
(60 mM) was used to induce a steady contraction in the aortic
ring with or without endothelium. This was followed by the
addition of cumulative concentrations of GPS (0, 5, 10, 20,
40, 80, 160, and 320 uM) to the ring for 20 min to verify its
vasorelaxant activity. The vasodilation rate (%) was calcu-
lated as follows: Relaxation (%) = (maximal tension by PE or
KCI - tension after incubation with corresponding
compounds)/(maximal tension by PE or KCI — basal tension
before precontraction with PE or KCl) x 100%.

2.4. Effects of Various Inhibitors on GPS-Induced
Vasodilation. To elucidate the role of the endothelium, K*
channel, and PI3K/Akt/Rho-kinase pathways in GPS-
mediated vasodilation, the aortic rings with intact endothe-
lium were preincubated with nitric oxide synthase (NOS)
inhibitor (100 uM L-NAME), cyclooxygenase (COX) inhibi-
tor (100 M indomethacin), and soluble guanylyl cyclase
(sGC) inhibitor (100 uM methylene blue), respectively, for
30 min, while the aortic rings without endothelium were pre-
incubated with different K* channel blockers of tetraethy-
lammonium chloride (TEA, 10 mM), 4-aminopyridine (4-
AP, 1 mM), BaCl, (1 mM), glibenclamide (0.01 mM), L-type
Ca®* channel inhibitor (100 4M verapamil), PI3K/Akt inhib-
itor (10 uM LY294002), and Rho-kinase inhibitor (10 uM
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F1cure 1: Effects of GPS on the vasorelaxation of thoracic aortic rings. (a) Chemical structure of GPS. (b) Direct effects of GPS (5, 10, 20, 40,
80, 160, and 320 uM) on the thoracic aorta tension. (¢) Cumulative concentration-response curves of GPS (5, 10, 20, 40, 80, 160, and 320 M)
on endothelium-intact (E+) and endothelium-denuded (E-) aortic rings precontracted with 1 M PE or (d) 60 mM KCI. Data are presented as

mean + SEM (n=6). *p < 0.05 compared to the control group.

Y27632) for 30 min (all inhibitors were obtained from Med-
Chem Express, NJ, USA). After achieving a plateau of PE-
induced contracted tension, GPS was added in a cumulative
manner (20, 80, and 160uM) for 20min, and the
concentration-response curves were recorded.

2.5. Effect of GPS on Extracellular Ca’*-Induced Contraction.
After the aortic rings without endothelium were incubated
with Ca**-free Krebs solution [containing 0.5mM Ethylene-
bis (oxyethylenenitrilo) tetraacetic acid (EGTA) and 60 mM
KCI] for 30min, the rings were treated with GPS (20, 80,
and 160 uM) for 20 min, and subsequently, CaCl, (0.1, 0.3,
1, 3, and 10mM) was added cumulatively to obtain
concentration-response curves.

2.6. Cell Culture. The rat thoracic aorta vascular smooth mus-
cle A7r5 cell line was purchased from Shanghai Cell Bank
(Shanghai, China). The cells were cultured in high-glucose

Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin
solution (all these reagents were obtained from Gibco, Grand
Island, NY, USA) and incubated at 37°C with 5% CO,.

2.7. Effect of GPS on [Ca”*],, in A7r5 Cells. A7r5 cells (5 x 10*
cells/well) in chamber slides were loaded with 10 uM Fluo-
4/AM (Thermo Fisher Scientific, Grand Island, NY, USA)
in Ca”*-free Krebs solution for 30 min at 37°C with 5% CO,
in the dark, as described previously [24]. A7r5 cells were then
washed thrice with Ca®*-free Krebs solution and incubated
with Ca**-free Krebs solution for 20 min to generate free
Fluo-4. After treatment with GPS (20, 80, and 160 uM) for
30min at 37°C with 5% CO, in the dark, 100 mM KClI in
Krebs solution, or 1 ¢M PE-2.5 mM CaCl, in Ca**-free Krebs
solution was added to induce fluorescence emission during
detection. Fluorescence was captured using laser confocal
microscopy (Zeiss 880, Jena, Germany).



2.8. Effect of GPS on Intracellular Ca®*. Aortic rings without
endothelium were firstly contracted with 60 mM KCl in nor-
mal Krebs solution to assure rich Ca** storage in the sarco-
plasmic reticulum. Following this, the rings were allowed to
rest in Ca®*-free Krebs solution (containing 0.5 mM EGTA)
for 30 min. (1) On one hand, the rings were incubated with
10 uM narciclasine (Rho-kinase activator) or 10 uM phor-
bol-12,13-diacetate (PKC activator) and then treated with
GPS (20, 80, and 160 ¢M) for 20 min. (2) On the other hand,
the rings were incubated with 50 mg/L heparin [inositol tri-
phosphate receptor (IP;R) inhibitor] or 10 M ruthenium
red [ryanodine receptor (RYR) inhibitor] for 30 min (all acti-
vators and inhibitors were obtained from MedChem
Express), and then, the rings precontracted with PE (1 uM)
were treated with GPS (20, 80, and 160 uM) for 20 min,
followed by recording of the concentration-response curves.

2.9. Western Blot Analysis. Isolated aortic rings without
endothelium were transferred to DMEM and incubated at
37°C with 5% CO,. PE was added to the medium for
30 min, followed by GPS (160 M) for 20 min. Aortic rings
were snap frozen with liquid nitrogen; then, the protein was
extracted using radioimmunoprecipitation assay (RIPA) lysis
buffer mixed with 1% phenylmethanesulfonyl fluoride
(PMSE). According to the standard WB procedure, the mem-
branes were incubated with primary antibodies against
GAPDH, Akt, p-Akt, MLC, p-MLC, MYPTI, and p-
MYPTI (1:1000 dilution, Cell Signaling Technologies, Bev-
erly, MA, USA) overnight at 4°C, followed by incubation with
the corresponding secondary antibody for 1h. The protein
bands were visualized using an ECL reagent (EMD Millipore)
and analyzed using the Tanon 5200 image acquisition system
(Tanon Science and Technology Co., Ltd., Shanghai, China).

2.10. Statistical Analysis. All data are expressed as mean +
SEM. Data were plotted using the GraphPad Prism software
(version 6.0; GraphPad Software, Inc.), with sigmoidal curve
fitting performed by nonlinear regression using the Prism
software. The maximal relaxation or contraction response
was presented as E_ ., and the half-maximal effective con-
centration was presented as EC,,. Data were analyzed by
one-way and two-way analysis of variance (ANOVA),
followed by Bonferroni’s as a posttest, using the SPSS soft-
ware (version 23.0; IBM Corp.). Differences with p < 0.05
were considered statistically significant.

3. Results

3.1. Effects of GPS on PE- or KCl-Induced Contractions in
Aortic Rings. As shown in Figure 1(b), there was no change
in the tension of rat thoracic aortic rings with or without
endothelium after direct application of cumulative concen-
trations of GPS (5-320 yM). The results indicated that GPS
has no direct vasoconstriction and vasorelaxation effects on
aortic rings that sustained resting tension. However, GPS
(5-320 uM) produced a dose-dependent relaxation in the
aortic rings with or without endothelium that were precon-
tracted with PE or KCI (Figures 1(c) and 1(d)). The half-
maximal effective concentration (EC,,) values of the relaxant
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effects of GPS for endothelium-intact and endothelium-
denuded aortic rings were 76.56+3.62 and 78.81 +3.06
UM, respectively, in case of PE-induced contraction, and
72.68 +4.18 and 75.19 £+ 4.22 uM, respectively, in case of
KCl-induced contraction. No significant difference was
observed in GPS relaxing PE- or KCl-induced contractions
between endothelium-intact and endothelium-denuded aor-
tic rings (E,,,/PE: E+, 85.29 + 3.55% vs. E-, 81.32 +3.46%,
p>0.05 E, . /KCl: E+, 88.52 +2.88% vs. E-, 83.89 + 2.69%,
p > 0.05). These results showed that the vasodilation of GPS
on aortic rings precontracted with PE or KCl was endothe-
lium-independent.

3.2. Effects of Endothelial Dilated Mediators on GPS-Induced
Vasorelaxation. It has been reported [25] that NOS, sGC, and
COX are essential in the formation and activation of NO and
PGI,, which are the main endothelium-dependent relaxing
factors. Pretreatment with L-NAME (NOS inhibitor), indo-
methacin (COX inhibitor), and methylene blue (sGC inhibi-
tor) had no interfering effect on GPS- (20, 80, and 160 M)
induced vasorelaxation (E,,: 72.76 + 2.66%, 73.80 +2.71%
, 75.28 £ 3.19%) in aortic rings precontracted with PE when
compared to control group (E,,.: 78.58 +2.13%) (p > 0.05),
which further confirmed that GPS-induced vasorelaxation
was endothelium-independent (Figure 2).

3.3. Effects of K" Channels on GPS-Induced Vasorelaxation.
As shown in Figure 3, pretreatment with Gli [ATP-sensitive
K" (K, rp) channel inhibitor] and 4-AP [voltage-dependent
K" (Ky) channel inhibitor] had no effect on GPS- (20, 80,
and 160 M) induced vasorelaxation (E,.: 73.98 +3.17%,
70.29 + 2.92%) in aortic rings without endothelium that were
precontracted with PE, compared to the control group (E,,:
77.56 £3.03%) (p>0.05). In contrast, pretreatment with
TEA [Ca®*-activated K (K,) channel inhibitor] or BaCl,
[inward rectifier K™ (K;,) channel inhibitor] significantly
reduced the vasorelaxation by GPS with E , of 25.68 +
3.71% or 20.58 +3.35%, compared to the control group
(p <0.05). These results indicated that the activation of K"
channels may be related to the vasodilation of GPS.

3.4. GPS Inhibited Extracellular Ca®* Influx in Aortic Rings
and A7r5 Cells. In the high K" and Ca**-free Krebs solutions,
the cumulative addition of CaCl, (0.1, 0.3, 1, 3, and 10 mM)
induced concentration-dependent contractions in the aortic
rings without endothelium, while GPS (20, 80, and 160 4M)
treatment significantly inhibited these CaCl,-induced con-
tractions (E,,,: 68.65+3.89%, 56.92 + 3.52%, 38.52 +2.23
%, vs. 100 +0.01% in control group, p < 0.05) (Figure 4).
To further investigate the effect of GPS on extracellular
Ca®" influx, we used a Fluo-4/AM molecular probe to
observe intracellular Ca®* fluorescence intensity in rat VSM
A7r5 cells. The results revealed that pretreatment with GPS
(20, 80, and 160 M) concentration dependently and signifi-
cantly reduced the fluorescence intensity of A7r5 cells stimu-
lated with CaCl, or KClI (Figure 5). These results confirmed
that the inhibition of extracellular Ca** influx might be
involved in the underlying mechanism of GPS in the promo-
tion of vasorelaxation.
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tetraethylammonium chloride (TEA), BaCl,, 4-aminopyridine (4-
AP), and glibenclamide (Gli) on GPS- (20, 80, and 160 uM)
induced vasorelaxation in endothelium-denuded aortic rings
precontracted with PE. Data are presented as mean + SEM (n = 6).
*p <0.05 compared to the control group.

3.5. GPS Inhibited Intracellular Ca®* Release in Aortic Rings.
Preincubation with GPS (20, 80, and 160 uM) significantly
decreased PE-, narciclasine- (Rho-kinase activator) or phor-
bol-12,13-diacetate- (PKC activator) induced contractions
of aortic rings in Ca®*-free solution, compared to the control
group (p < 0.05, Figures 6(a)-6(c)). The results indicated that
GPS could inhibit the vasoconstriction caused by the release
of intracellular Ca®*. Furthermore, pretreatment with ruthe-
nium red (RYR antagonist) or heparin (IP,R antagonist) sig-
nificantly reduced the vasodilatory effects of GPS on aortic
rings precontracted with PE in Ca®'-free solution (E,.:
32.66 £2.91% in ruthenium red, 48.25 + 3.22% in heparin
vs. 80.58 + 3.37% in control group, p < 0.05 in both, respec-
tively) (Figure 6(d)). These results suggested that the mecha-
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F1GURE 4: Effects of GPS (20, 80, and 160 uM) on CaCl,- (0.1,0.3, 1,
3, and 10 mM) induced contractions of endothelium-denuded aortic
rings in high K* and Ca®*-free Krebs solution. Data are presented as
mean + SEM (n =6). *p < 0.05 compared to the control group.

nisms by which GPS inhibits vasoconstriction seem to be
associated with the blockade of IP,R/RYR-mediated intracel-
lular Ca** channels in the sarcoplasmic reticulum and the
Rho-kinase-PKC induced MLC phosphorylation.

3.6. GPS Suppressed the Activation of the PI3K/Akt/Rho-
Kinase Signaling Pathway. Increasing evidence suggests that
the PI3K/Akt/Rho-kinase signaling pathway plays a crucial
role in vasoconstriction by stimulating the L-type Ca** chan-
nel [26]. Western blotting analyses showed that GPS signifi-
cantly inhibited the upregulation of p-Akt, p-MYPT1, and p-
MLC protein levels induced by PE in aortic rings without
endothelium compared to the PE group (p <0.05), while
the levels of total Akt, MYPT1, and MLC were unchanged
(Figure 7(a)). In addition, we found that pretreatment with
verapamil (L-type Ca®* channel blocker), LY294002
(PI3K/Akt inhibitor), and Y27632 (Rho-kinase inhibitor)
significantly attenuated the vasodilation by GPS with E,_,.
of 28.68 + 3.43%, 31.52 + 2.83%, and 39.57 + 3.39% in aortic
rings precontracted with PE, compared to the control group
with E_ . of 81.39+3.61% (p<0.05, Figure 7(b)). Thus,
these findings confirmed that the vasorelaxation activity of
GPS probably involves the PI3K/Akt/Rho-kinase signaling
pathway.

4. Discussion

Hypertension, angina pectoris, and acute coronary syndrome
are usually accompanied by the pathological characters of
decreased vasodilation ability and enhanced vasoconstriction
that may lead to vessel occlusion and insufficient blood sup-
ply to important organs and tissues, which serve as the main
major risk factors for cardiovascular diseases [27]. Therefore,
improving the vasodilation function of patients is considered
an effective method for the prevention and treatment of car-
diovascular diseases [28]. To date, rat thoracic aortic rings
are used by many researchers as classical models to investi-
gate the vasorelaxation effects of drugs. The present study is
the first to investigate the vasodilatory effect of GPS in
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F1GURE 5: Effects of GPS (20, 80, and 160 uM) on the fluorescence intensity of vascular smooth muscle A7r5 cells stimulated using 1 yM PE-
2.5mM CaCl, in Ca**-free Krebs solution or 100 mM KCl in Krebs solution. Images were taken using laser confocal microscopy. Scale bar:
50 um. Green fluorescence intensities represent the intracellular calcium concentration ([Ca®'],,) levels. Data are presented as mean + SEM

(n=6). *p <0.05 compared to the control group.

isolated rat thoracic aorta and to investigate the mechanism
of action involved.

Vasodilation can be divided into two types: endothelium-
dependent and endothelium-independent. The former is
mainly related to the production of endothelium-derived
relaxing factor NO and prostaglandins in the thoracic aorta,
while the latter is related to a reduction in [Ca®'],, levels
caused by drugs directly acting on VSM [29]. Contraction
of VSM depends on the influx of extracellular Ca®* through
VDCC and ROCC in the cell membrane and the release of
intracellular Ca** through stimulation of IP;R- and RYR-
mediated Ca®* channels in the sarcoplasmic reticulum [30].
KCl-induced contractions mainly result from membrane
depolarization and openness of VDCC, while PE, an a-adre-
noreceptor agonist, leads to an aortic contraction in response
to extracellular Ca®" influx through ROCC [31]. Previous
studies [32, 33] have demonstrated that 4.2 mM of gentiopi-
croside exhibited no significant cytotoxicity to chondrocytes,
and the methanol extract of Swertia corymbosa (family: Gen-
tianaceae) did not produce any mortality and delayed toxicity
orally up to 2000 mg/kg (approximately 81.45 mg/kg of GPS)
when the animals were monitored for a further 14 days. The
data in the present study indicates that GPS dose-
dependently produced vasorelaxation effects on aortic rings
with endothelium that were precontracted with PE or KCI;
this effect of GPS was not significantly different in aortic
rings without endothelium. Furthermore, we found that the
GPS-induced vasorelaxation effect was unaffected upon pre-

treatment with NOS inhibitor (L-NAME), COX inhibitor
(indomethacin), and sGC inhibitor (methylene blue) in aor-
tic rings with endothelium. These results evidently indicated
that the vasodilation effects of GPS on thoracic aortic rings
were endothelium-independent, independent of
endothelium-derived relaxing factors such as NO and PGI,,
and that GPS is likely to directly act on the VSM by inhibition
of VDCC and ROCC.

K" channels play a critical role in regulating vascular tone
by K* efflux, causing cell membrane hyperpolarization, and
inhibiting extracellular Ca®" influx leading to vasodilation
[34]. The four types of K* channels including K,p, K;,
Kc,, and Ky, on the VSM can be blocked using Gli, BaCl,,
TEA, and 4-AP, respectively. These results showed that the
effects of GPS in PE-precontracted rings were attenuated
upon treatment with BaCl, and TEA but not 4-AP and Gli,
which manifested in the vasodilatory effects related to K*
channels. The relationship between Ca®" channels and the
vasodilation effects of GPS was further explored in this study.
The data showed that GPS dose-dependently attenuated the
contraction of high K depolarized aortic rings induced by
gradually increasing CaCl, (0.1-10mM) input in Ca**-free
solution; in addition, GPS obviously decreased the [Ca“]in
fluorescence intensity induced by KCI and CaCl, in A7r5
cells, which indicated that GPS inhibited extracellular cal-
cium influx, resulting in vasodilation. PE-induced contrac-
tions in Ca>*-free solution are ascribed to intracellular Ca**
release via activation of PKC/Rho-kinase- and IP,R/RYR-
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FIGURE 8: Schematic representation of the underlying mechanisms of the GPS-promoted vasodilatation effects in aortic rings. (1) GPS
inhibited extracellular Ca** influx in the cell membrane and intracellular Ca** release through IP,R- and RYR-mediated Ca®" channels in
the sarcoplasmic reticulum by inhibition of VDCC and ROCC. (2) GPS may activate K* channels. (3) GPS inhibited PI3K/Akt/Rho-kinase

and L-type Ca** channel pathways.

mediated Ca®" sensitization [16, 31, 35]. Our results indi-
cated that GPS treatment significantly decreased Rho-
kinase activator- (narciclasine-) and PKC activator- (phor-
bol-12,13-diacetate-) mediated contraction, and the vasocon-
striction of GPS was attenuated upon pretreatment with RYR
inhibitor (ruthenium red) and IP;R inhibitor (heparin) in
aortic rings without Ca®*. These results indicated that GPS
inhibited the upregulation of [Ca®'], via blockade of both
extracellular Ca** influx in the cell membrane and intracellu-
lar Ca®* release through IP;R/RYR-mediated Ca** channels
in the sarcoplasmic reticulum by inhibition of VDCC and
ROCC, and this inhibitory effect may be closely related to
Rho-kinase- and PKC-induced phosphorylation of MLC
[11, 36].

It is well documented that activation of the PI3K/Akt
pathway significantly enhances the contraction of VSM
through stimulation of the L-type Ca®* channel and activa-
tion of Rho-kinase [37, 38]. As shown in Figure 8, Ca*" binds

to calmodulin in the cytoplasm, activates MLC kinase, phos-
phorylate MLC, and finally causes vasoconstriction [11, 39].
On the other hand, Rho-kinase can inhibit MLC phosphatase
via phosphorylation of MYPT1, resulting in MLC constantly
being in the phosphorylated state but not in the dephosphor-
ylated state, which eventually leads to vasoconstriction [40-
42]. Our results indicated that treatment with GPS signifi-
cantly decreased the PE-upregulated levels of Akt, MLC,
and MYPT1 phosphorylation. L-type Ca** channel inhibitor
(verapamil), PI3K/Akt inhibitor (LY294002), and Rho-
kinase inhibitor (Y27632) were used to confirm that the vaso-
dilatory effect of GPS on aortic rings involves regulation of
the PI3K/Akt/Rho-kinase signaling pathway, as evidenced
by the fact that vasodilatory effects of GPS were significantly
attenuated compared to the control group upon pretreat-
ment with these three inhibitors. Therefore, we suggested
that GPS inhibited PI3K/Akt/Rho-kinase signaling pathway
leading to vasodilation of aortic rings.
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5. Conclusions

In summary, the present study demonstrates for the first time
that GPS has evident vasodilation effects that are endothe-
lium-independent, and the underlying mechanisms of action
for these effects involve the activation of K™ channels and
inhibition of Ca** channels by suppressing the activation of
the PI3K/Akt/Rho-kinase signaling pathway.
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