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Hyperoside (Hyp), a kind of Chinese herbal medicine, exerts multiple therapeutic effects on many diseases. However, the role and
mechanisms of Hyp in vascular pathophysiology in ischemic stroke need to be further established. The study aimed to investigate the
role of (large-conductance Ca2+-activated K+) BK channels on the vasoprotection of Hyp against cerebral ischemia and reperfusion
(I/R) injury in rats. The concentration gradient of Hyp was pretreated in both the middle cerebral artery occlusion and reperfusion
model and oxygen-glucose deprivation/reoxygenation (OGD/R) model of primary vascular smooth muscle cells (VSMCs) in rats.
A series of indicators were detected, including neurological deficit score, infarct volume, malondialdehyde (MDA), superoxide
dismutase (SOD), cerebral blood flow (CBF), cell viability, membrane potential, and BK channels α- and β1-subunits expression. The
results showed that Hyp significantly reduced infarct volume and ameliorated neurological dysfunction in I/R-injured rats. Besides,
the effects of I/R-induced reduction of BK channels α- and β1-subunits expression were significantly reversed by Hyp in endothelial-
denudated cerebral basilar arteries. Furthermore, the protective effect against I/R-induced increases of MDA and reduction of SOD
as well as CBF induced by Hyp was significantly reversed by iberiotoxin (IbTX). In OGD/R-injured VSMCs, downregulated cellular
viability and BK channels β1-subunits expression were remarkably reversed by Hyp. However, neither OGD/R nor Hyp affected BK
channels α-subunits expression, and Hyp failed to induced hyperpolarization of VSMCs. Moreover, the protective effect against
OGD/R-induced reduction of cell viability and SOD level and increases of MDA production induced by Hyp was significantly
reversed by IbTX in VSMCs. The study indicates that Hyp has the therapeutic potential to improve vascular outcomes, and the
mechanism is associated with suppressing oxidative stress and improving CBF through upregulating BK channels.

1. Introduction

An ischemic stroke is a complicated and devastating event ini-
tiated by cerebrovascular disorder, followed by a series of nerve
degenerative changes [1]. Up until now, the most effective treat-
ment is rapid recanalization of the occluded vessel by recombi-
nant tissue plasminogen activator [2]. However, reperfusion
after a long period of ischemia may bring about secondary
damage, which is termed cerebral ischemia and reperfusion

(I/R) injury [3]. As a cerebrovascular disease, dysfunction of
the vascular smooth muscle (VSM) in the macro- and micro-
vascular is regarded as one of the fundamental causes leading
to impaired perfusion and subsequently to impairment of
tissues [4]. Pharmacological interventions for ischemic stroke
are needed; however, very few drugs have triumphantlymade it
through clinical trials [5]. Besides, the entirety interpretation of
the potential mechanism is still lacking, especially the vascular
pathophysiology.
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Hyperoside (Hyp), also known as quercetin-3-O-β-D-
galactoside pyranose, is a bioactive flavonol glycoside com-
pound primarily isolated fromHypericum and Crataegus spe-
cies. Accumulated studies have validated its therapeutic
effects on myocardial ischemia [6], tumor progression [7],
hepatitis, and pain in various cellar and animal models [8].
Involved mechanisms include the suppression of inflamma-
tory response [9], the downregulation of intracellular calcium
level [10], the enhancement of an antioxidative defense sys-
tem [11], as well as inhibition of proapoptosis [12]. Our pre-
vious report demonstrated that Hyp could dominantly relax
isolated abdominal aortic rings in an endothelium-dependent
manner, and similar relaxation was found in brain middle
cerebral artery (MCA) and basal arteries (BA) rings in rats
[13]. However, the involved mechanism, which is responsible
for its vascular active properties, remains vague.

It is well established that ion channels play a significant
role inmodulating vascular reactivity, and healthy vasculature
is significantly related to benign brain function [14, 15]. The
Ca2+-activated K+ channel family consists of small-, interme-
diate-, and large-conductance Ca2+-activated K+ channels
(SK, IK, and BK, respectively) [16]. Larger conductance
Ca2+-activated K+ channels (BK, BKca, and MaxiK), which is
the major mediator of vascular tension in vascular smooth
muscle cells (VSMCs), acts as a final target of the vasodilators
[17]. Structurally, the basic functional subunits of BK channels
are the pore-forming α-subunit encoded by a single gene (Slo,
KCNMA1) and four assistant β-subunits (β1-4) contributed to
the channel’s molecular diversity [18]. Among the assistant β-
subunits, β1-subunit is highly expressed and is predominant in
smooth muscle, while the expression levels of β2–4 are negligi-
ble [19]. Alterations of expression and/or activity of BK chan-
nels are linked to a series of diseases resulted from vascular
dysfunction, such as hypertension [20], diabetes [21], and met-
abolic syndrome [20]. It has been reported that novel and
selective BK channels opener NS11021 could inhibit the con-
tractility of urinary bladder smooth muscle in pigs [22]. As a
flavonoid compound, baicalin can induce mesenteric arteries
relaxation through activating BK channels in rats [23]. We
previously found that Hyp induced hyperpolarization of
VSMCs in BA, thereby resulting in vascular relaxation, and
this effect was significantly suppressed by tetraethylammonium
(a nonselective blocker of Ca2+-activated K+ channels) [13].
However, we did not clarify which channel subtype was
responsible for this effect.

The following study aimed to explore the vasoprotective
effect of Hyp in experimental stroke models in vivo and in
vitro. The models included middle cerebral artery occlusion
(MCAO) and reperfusion, and oxygen-glucose deprivation/
reoxygenation (OGD/R) in primary culture VSMCs in rats.
Meanwhile, we examined whether BK channels were involved
in the vasoprotective effect induced by Hyp pretreatment.

2. Materials and Methods

2.1. Animals. Male Sprague–Dawley rats, 6–8 weeks of age
and ranging in weight from 250 to 280 g, purchased from the
Experimental Animal Center of Anhui Medical University

and maintained in standard conditions: 22Æ 3°C; 50%
humidity; a 12 hr light/dark cycle with free access to chow
and water. The following investigation was carried out
according to regulations of the Animal Care Committee of
Anhui Medical University (Hefei, China; Approval number:
LLSC, 20201009) and was consistent with the National Insti-
tutes of Health Guide (Publication No. 85-23, revised 2011)
for the Care and Use of Laboratory Animals. All efforts were
made to minimize the pain of the animal, while animal ethics
were strictly followed.

2.2. Materials.Hyp (purity> 99%) was obtained fromChengdu
Must Biotechnology Co. Ltd. (Chengdu, China; Lot# MUST-
18100910). As a BK channels-specific blocker, iberiotoxin
(IbTX) was purchased from TOCRIs Bioscience (Bristol, UK).
Malondialdehyde (MDA) and superoxide dismutase (SOD)
assay kits were obtained from Jiancheng Bioengineering
Institute (Nanjing, China). Radioimmunoprecipitation (RIPA)
lysis buffer and BCA Protein Quantitation Kit were acquired
from the Beyotime Institute of Biotechnology (Shanghai,
China). The monovalent anionic voltage-sensitive dye named
bis-1,3-dibutylbarbituric acid-trimethine oxonol (DiBaC4(3))
was obtained from Abcam Trading Co., Ltd. (Shanghai,
China). Primary antibodies against BK α-subunit (catalog no.
ab192759) and BK β1-subunit (catalog no. ab3587) were
obtained from Abcam (Cambridge, UK). Antibodies against α-
smooth muscle actin (α-SMA) (catalog no. 67735-1-Ig) and β-
actin (catalog no. 66009-1-Ig) were purchased from Proteintech
Group (Wuhan, China). Relative secondary antibodies were
purchased from Zhongshan Golden Bridge Biotechnology
(Beijing, China). All the other chemical reagents, except special
instructions, were from Sigma–Aldrich (St. Louis, MO, USA).

2.3. MCAO Surgery and Drug Administration. The MCAO
experiments were performed as previous descriptions with a
few modifications [24]. All rats were anesthetized with 5%
isoflurane, and anesthesia was maintained with 3% isoflurane
on a ventilator. The rectal temperature was maintained at
37.0Æ 0.5°C with a heating pad throughout the I/R proce-
dure. Basically, the MCAO model was established by insert-
ing a single nylon structure (Cinontech, Beijing, China) with
a blunt end at the tip through the right common carotid
artery into the internal carotid artery and continued for
another 15mm until the origin of MCAwas blocked. In order
to induce I/R injury, the filament was left in place for 2 hr of
ischemia, followed by removing out for subsequent 22 hr of
reperfusion. Rats in the sham group experienced the same
operation procedure except the insertion of nylon line. Post-
surgery intramuscular penicillin G (25,000U/kg) was admin-
istered to prevent infection. The health of rats was verified by
observing the skin, activity, food intake, excretion, abdominal
respiration, external genitalia, and eyes following surgery.
Afterward, the rats were sacrificed under anesthesia once
most of the parameters were abnormal. The rats were consid-
ered to be dead when we were unable to detect their breath
and heartbeat for more than 3min.

The in vivo study consists of two sets of different experi-
ments (Figure 1(a)). One was the dose-dependent experi-
ment; rats were randomly divided into the following six
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groups (n= 8): sham group, I/R group, 25, 50, and 100mg/kg
Hyp-pretreatment groups, and 4mg/kg nimodipine group.
In order to detect a possible role of the BK channels in the
vasoprotective effect of Hyp, rats were randomly assigned to
five groups (n= 8): sham group, I/R group, 50mg/kg Hyp

group, IbTX group, 50mg/kg Hyp + IbTX group. Indicated
concentrations of drug were administrated intraperitoneally
once a day for 5 days. In the present study, the rationale
behind the selection of Hyp dose as well as the administra-
tion routes was based on previous studies [25–27]. Hyp was

Experiment 1. The effects of different doses of Hyp
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FIGURE 1: Effect of Hyp on neurological deficit and cerebral infarct volume of I/R-injured rats. Rats were subjected to 2 hr of middle cerebral
artery occlusion, followed by 22 hr of reperfusion. (a) Experimental design and animal grouping. (b) Representative images of TTC staining
photographs were shown. (c) Quantitative analysis of cerebral infarct volumes was shown. (d) Neurological deficit scores were evaluated
according to the Longa EZ graded scoring system. Data are meanÆ SD (n= 6). ∗∗P<0:01 versus sham group; #P<0:05, ##P<0:01 versus I/R
group.
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dissolved in dimethyl sulfoxide (DMSO) solution and then
diluted with 0.9% saline just before injection. The final con-
centration of DMSO used in rats was <1%. Moreover, the
same volume of 0.9% saline was injected intraperitoneally in
the sham group at the corresponding time point. Nimodi-
pine was used as a comparative positive control [28]. To
explore the role of BK channels in the protective effects of
Hyp against I/R injury in rats, IbTX (250 nmol/kg) was used
to block BK channels at 1 hr before MCAO based on our
previous study with a few modifications [29]. Nimodipine
and IbTX were dissolved in 0.9% saline just before injection.

2.4. Neurological Score and Measurement of Cerebral Infarct
Volume. A neurological deficit score was performed imme-
diately after cerebral I/R injury according to a modified
Longa EZ graded scoring system [30]: 0, no deficit; (1) endo-
duction and incomplete extension in the left forelimb; (2)
circling to the paralytic side; (3) falling to the contralateral
side of the affected brain; (4) did not walk on its own accom-
panied by disorders of consciousness. To determine the
infarct volume, the whole brain was quickly removed out
and placed in the freezer for 20min. Then the brain samples
were sectioned into 2mm-thick coronal slices and stained
with the prepared 2% 2,3,5-triphenyltetrazolium chloride
(TTC) for 20min at 37°C in dark. After being fixed overnight
in 4% paraformaldehyde (pH= 7.4) at 4°C, the brain sections
were photographed and qualified by Image J software. The
infarct volume was calculated using a percentage of the
whole brain volume according to a previous study [31].

2.5. Laser Speckle Contrast Imaging (LSCI). LSCI of regional
cerebral blood flow (CBF) in the cortex was performed dur-
ing the surgery by a laser speckle contrast analysis imager
(Perimed, Järfälla, Sweden). After anesthetized, the skull of
each rat was exposed and thinned after a midline scalp cut,
and CBF was monitored by a charge-coupled device camera
adjusted 10 cm above the skull through its assistant arm. All
CBF measurements were obtained through two identical
regions of interest (ROI) over the right and left MCA. Raw
laser speckle images (16 pictures per second) and relative
data were collected. In order to obtain mean CBF flux,
CBF flux in each rat was calculated of 3min of baseline
period before I/R injury, 3min of intraischemic period before
moving out of the filament, and 3min of postreperfusion
period before the end of I/R injury. The relative change of
CBF flux in the ROI was normalized to a percentage of pre-
ischamic baseline values.

2.6. Cell Culture. Primary rat cerebral basilar artery VSMCs
were acquired by means of the wall-adherence method.
Briefly, the whole brain tissues harvested by decapitation
were immersed in a dish filled with cold physiological salt
solution (PSS) under sterile conditions. PSS contained (in
mM) 137 NaCl, 5.6 KCl, 1 MgCl2, 0.42 Na2HPO4, 0.44
NaH2PO4, 4.2 NaHCO3, and 10 HEPES (pH 7.4). The BA
were gently peeled off and freed of connective tissues, and
endothelium was rubbed off with a small stainless-steel wire
under a stereoscope (Olympus, Tokyo, Japan). Then minced
tissues were cultured at 37°C and 5% CO2 after supplementing

with 4–6mL 20% fetal bovine serum-containing Dulbecco’s
Modified Eagle’s Medium (DMEM) (Hyclone, South America).
Media was renewed every 3 days, and passages of 3–6 were used
after overnight serum starvation in the subsequent experiments.

2.7. Immunofluorescent Staining. In order to identify primary
VSMCs, immunostaining was performed as previously
described [32]. After fixation, permeabilization, and block-
ing, VSMCs were then incubated with an anti-α-SMA anti-
body for 24 hr at 4°C followed by immersing in Alexa Fluor
488-conjugated secondary antibody (1 : 1,000) for 1 hr at
room temperature. DAPI was used to stain the cell nucleus
for 5min. Then stained slides were examined under an
inverted microscope (Zeiss, Germany).

2.8. OGD/R and Experimental Protocol. To simulate I/R
injury, an in vitro OGD/R model was established. Cell
culture medium of treatment groups was changed into
Krebs-Ringer-HEPES buffer containing (in mM) 115 NaCl,
1 CaCl2, 5 KCl, 1 KH2PO4, 1.2 MgSO4·7H2O and 25 HEPES
(pH 6.7), then subjected to an anaerobic environment formed
by saturating with 94% N2-5% CO2 in a special three-gas
incubator (Heraeus, Germany). After 4 hr, plates with renewed
medium of DMEM were transferred into the normal cell
incubator for another 20 hr. In the meantime, indicated
concentrations of Hyp and nimodipine were added into the
culture medium for pretreatment. The control group did not
experience any operations except renewing the medium with
DMEM synchronously. The concentrations of Hyp were 10,
33, and 100 μM, and nimodipine was 10 μM. To probe the
role of the BK channels in the protective effect of Hyp in vitro,
VSMCswere randomly assigned to five groups: control group,
OGD/R group, 33 μM Hyp group, IbTX group, 33 μM
Hyp+ IbTX group. IbTX (100nM) was used during OGD/R
based on our previous research [29]. As a vehicle, the volume
of DMSO was under 1‰.

2.9. MTT Assay. Cell viability was analyzed with an MTT
assay. About 6× 103 cells per well were seeded in 96-well flat-
bottomed plates and then incubated in a humidified 5% CO2

equilibrated incubator at 37°C for 24 hr. After the molding
and dosing process, 10μL MTT solution (5mg/mL in PBS)
was added into all working wells. The formazan crystals were
dissolved with 150 μLDMSO after 4 hr cultivation. Absorbance
was read at 490nm by a Microplate Reader.

2.10. Membrane Potential Measurement. VSMCs were
seeded evenly on glass coverslips and allowed to reach 80%
confluence. To monitor the effect of Hyp on VSMCs mem-
brane potential changes, 2 μM DiBaC4(3) fluorescence dye
was added into the medium and incubated at 37°C for 10min
in the dark. Following labeling, slides were washed and fixed in
the chamber filled with 1mL normal PSS (N-PSS), which con-
tained (in mM) NaCl 140, KCl 5, MgCl2 1, CaCl2 2, D-Glucose
10, HEPES 10. Membrane potential variation was probed by
using a fluorescence microscope equipped with Metafluor
software (Eclipse Ti, Nikon, Tokyo, Japan). Individual cells
were selected and imaged with a stimulated wavelength of
488 nm and an emission wavelength of 530 nm. The stable
fluorescence was acquired after 5–10min’ equilibration. The
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intensity of changes in green fluorescence represented the
variation of membrane potential. The results were presented
as a percentage of the ratio of instantaneous fluorescence
intensity value to the baseline after subtraction of the
background.

2.11. MDA and SOD Assay. To determine the MDA and
SOD level, the homogenate of endothelial-denudated BA
or cell supernatant were subjected to various treatments in
strict accordance with the protocols of the MDA and SOD
assay kits. Changes in absorbance were read at their respec-
tive wavelength. Experiments were performed in triplicate.

2.12. Western Blots. Western blotting experiments were per-
formed according to a previously standardized protocol [33].
The endothelial-denudated BA was cut into small pieces and
homogenized on ice. Briefly, vascular and cellular lysates
were obtained using the ice-cold RIPA buffer with 1%
phenyl-methanesulfonyl fluoride and 1% protease inhibitor
cocktail. Equivalent protein samples were subjected to 10%
Sodium dodecyl-sulfate polyacrylamide gel electrophoresis
and transferred onto a polyvinylidene fluoride membrane
(Millipore, Bedford, MA, USA). After blocking, these mem-
branes were incubated with primary antibodies and respective
secondary antibodies. Immunoreactive proteins were detected
using the enhanced chemiluminescence method. Lanes of
interest were normalized to the β-actin internal control.

2.13. Statistical Analysis. Data were expressed as mean-
Æ standard deviation (SD). Statistical analysis was per-
formed using one-way analyses of variance, followed by
the Student–Newman–Keuls test. The neurological deficit
scores were analyzed by the Kruskal–Wallis test followed
by Mann–Whitney U-test with the Bonferroni correction.
P<0:05 was considered to be statistically significant.

3. Results

3.1. Hyp Attenuates Neurological Deficit and Infarct Volume.
In in vivo experiments, a total of 101 rats fulfilled the model
establishment (101 were used; 88 survived). Among the dead
rats, one died due to the sham-operation, and 12 deaths
occurred in the I/R group, with a mortality rate of 14.3%
(12/84 rats). The success of the MCAO model was evident,
as the I/R-injured rats exhibited an obvious increase in neu-
rological deficit scores. Intraperitoneal injection of the posi-
tive control drug nimodipine or different doses of Hyp for
5 days in advance significantly decreased the neurological
deficits compared to the I/R group (Figure 1(d)). Represen-
tative TTC-stained cortex brain sections are shown in
Figure 1(b) MCAO injury caused a significant increase in
infarct volume in the I/R group, while the sham group
showed no infarct area. Compared to the I/R group, Hyp
25, 50, and 100mg/kg groups significantly reduced infarct
volume to 23.4%Æ 6.5%, 16.4%Æ 5.0%, and 15.6%Æ 4.7%,
respectively. Besides, brain infarction induced by I/R was
also significantly prevented by nimodipine (Figure 1(c)).
These data suggested that Hyp has significant neuroprotec-
tive effects against I/R injury.

3.2. Hyp Significantly Upregulates BK α- and β1-Subunits
Expression in I/R-Injured Cerebral BA. Western blotting
was used to elucidate the underlying mechanism involved
in the effects of Hyp on I/R-injured cerebral vessels. And
the results showed that both BK α- and β1-subunits expres-
sion was significantly decreased in I/R-injured cerebral BA,
while they were both notably reversed by Hyp pretreatment
(Figures 2(a) and 2(b)).

3.3. IbTX Reversed the Protective Effects of Hyp against I/R-
Induced Oxidative Stress in Cerebral BA. The level of MDA
was dramatically elevated, while the SOD level was obvi-
ously decreased in I/R-injured cerebral BA compared with
those in sham groups. Pretreatment with Hyp (50mg/kg)
significantly decreased the MDA level and promoted the
SOD activities, while these effects were reversed by IbTX
(Figures 3(a) and 3(b)). The results suggest that Hyp could
suppress oxidative stress and improve the antioxidant capac-
ity of cerebral blood vessels through upregulating the BK
channels.

3.4. IbTX Reversed the Hyp-Induced Protective Effects of CBF
during I/R in Rats. As shown in Figure 4(a), in these laser
speckle contrast images with pseudo color, the right cortex
rectangular ROI of MCAO model, which reflected as blue,
represented a low level of blood flow.We reported that regional
CBF for each rat was normalized to its respective baseline
(percentage baseline of CBF). The CBF flux in the sham group
showed no significant changes during I/R periods. Intraische-
mically, the CBF flux in the ipsilateral MCA territory was
declined to 34.3%Æ 9.8% from the baseline and further gradu-
ally recovered to 51.0%Æ 10.3% after 22 hr of reperfusion.
IbTX had no significant effect on the CBF flux during I/R
injury. Pretreatment of Hyp at a dose of 50mg/kg significantly
improved the CBF flux at both I/R time points in the ipsilateral
hemisphere. However, these protective effects were signifi-
cantly reversed by IbTX pretreatments (Figure 4(b)).

3.5. Hyp Alleviated OGD/R-Induced Injury in Primary VSMCs.
Morphological analysis revealed that primary VSMCs exhib-
ited a long spindle shape with a typical “hill-and-valley” pat-
tern. Cells of the second passage were stained with anti-α-
SMA FITC (green) and DAPI (blue), the cytoplasm and
nucleus were then presented in green fluorescence and blue
fluorescence, respectively. The results demonstrated that the
cells were indeed VSMCs, and the purity was nearly 100%
(Figure 5(a)). To evaluate the cytotoxicity of the compound,
different concentrations of Hyp (from 1 to 1,000μM) were co-
incubated with VSMCs for 24 hr. As shown in Figure 5(b), the
concentrations ofHyp under 100μMhad no cytotoxicity, while
a significant inhibition of cell activity was found when the
concentrations exceeded 333 μM. Hence, the concentrations
(10, 33, and 100 μM)were selected for subsequent experiments.
As shown in Figure 5(c), cell viability decreased to 55.0%Æ
4.2% of the control after exposing to OGD/R; however, it was
restored by nimodipine and Hyp pretreatment dose-depen-
dently. Therefore, these results suggested that Hyp pretreat-
ment could increase viability in VSMCs.
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3.6. Hyp Selectively Upregulates BK β1-Subunit but Not
α-Subunit Expression in OGD/R-Injured VSMCs. BK channel
is the predominant type of ion channels in VSMCs [19].
Next, we investigated whether BK channels were involved
in Hyp-induced protection against OGD/R in VSMCs. As
shown in Figure 6(a), there was no significant difference in
the BK α-subunit expression in each group. However, the
BK β1-subunit expression was significantly decreased after
OGD/R injury, and pretreatment with Hyp markedly

reversed this effect (Figure 6(b)). The results showed that
Hyp could selectively upregulate BK channel β1-subunit,
not α-subunit in VSMCs subjected to OGD/R injury.

3.7. Hyp Fails to InduceMembrane Potential Hyperpolarization
of VSMCs. The VSMCs membrane potential acts as a crucial
role in maintaining vascular tone [34]. Accumulated evidence
suggests that membrane potential plays an important role
in regulating the contraction of VSMCs. Activation of BK
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FIGURE 2: Effect of Hyp on BK α- and β1-subunits expression in I/R-injured cerebral basilar arteries in rats. The expression and analysis of BK
α-subunits (a) and BK β1-subunits (b) in I/R-injured cerebral basilar arteries. Data are meanÆ SD (n= 5). ∗∗P<0:01 versus sham group;
##P<0:01 versus I/R group.
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channels would induce hyperpolarization in VSMCs, deacti-
vate voltage-gated Ca2+ channels, and limit their excessive
contraction [35]. To further explore the role of Hyp in modu-
lating BK channels, changes in membrane potential in VSMCs
were assessed using the fluorescence probe DiBaC4(3). As
shown in Figure 7, the fluorescence intensity ratio for Hyp at
the dose of 10, 33, and 100μM were 91. 2%Æ 11.3% (P>0:05
compared to the control), 93.4%Æ 10.5% (P>0:05 compared
to the control) and 97.8%Æ 13.8% (P>0:05 compared to the
control), respectively. The results indicate that Hyp could not
activate BK channels in VSMCs.

3.8. IbTX Reversed the Protective Effect of Hyp against
OGD/R-Induced Oxidative Stress in VSMCs. As shown in
Figure 8(a), cell viability was significantly decreased after
OGD/R, whereas Hyp (33 μM) significantly enhanced the
cell activity. Besides, the MDA level was significantly
increased after OGD/R, whereas Hyp remarkedly inhibited
the production of MDA. Moreover, pretreatment with Hyp
notably reversed the reduced SOD levels in OGD/R-injured
VSMCs (Figures 8(b) and 8(c)). Pretreatment of IbTX had no
significant effects on OGD/R-injured VSMCs; however, it
could significantly reverse the protective effects of Hyp
against OGD/R-induced injury. Therefore, these results

demonstrated that Hyp suppressed oxidative stress in
OGD/R-injured VSMCs through activating BK channels.

4. Discussion

The present study was undertaken to determine whether
pretreatment with Hyp had vasoactive effects in rats
undergoing cerebral I/R injury. And we demonstrated for
the first time that Hyp exerted cerebrovascular protection
against ischemic stroke by upregulation of vascular BK
channels.

In clinics, cerebral ischemia injury has become an impor-
tant cause of morbidity andmortality, and disability worldwide
[36]. Under the terrible pathological condition, few neuropro-
tective treatments could work very well due to the injured
cerebral vasculature. Hence, any therapeutic approaches that
aim to improve the poor cerebral vasculature and explore the
potential mechanism would be desperately needed. A growing
body of studies has been performed to investigate the therapeu-
tic potential of the traditional herb [37]. Previous research has
reported that a diet rich in flavonoids has protection effects
against cardiovascular I/R injury through various pathways
[38]. As a flavonoid widely present in Chinese herbs, it has
been reported that pretreatment of Hyp by intragastrical
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administration for 5 days could obviously improve cerebral
infarction and neurological deficits in rats subjected to focal
cerebral I/R injury [39]. It has been found that when the dose of
Hyp was higher than 1,000mg/kg would have certain toxicity
during embryonic/fetal development in rats [40]. Therefore,
our dosing level was safe. Consistently, pretreatment of Hyp
reduced infarct volume and ameliorated neurological dysfunc-
tion in I/R-injured rats.

In our study, we focused on the vasoprotective effect of
Hyp against ischemic brain injury. As a therapeutic target,
BK channels are ubiquitously expressed in VSMCs and play
an important role in regulating vascular function, such as
vasoconstriction, vascular tone, and membrane potential
[22]. Deletion of BK channels α-subunit is correlated with
a complicated phenotype, such as hyperaldosteronism, high
systemic blood pressure, and low serum K+ levels [41]. It is
widely accepted that β1-subunit is primarily expressed in
VSM tissues and enables BK channels to respond to Ca2+

sparks effectively; therefore, it is important for the vasomotor
administration. The reduced sensitivity to calcium signals,
abnormal Ca2+ Spark/STOC coupling, and increased arterial
tone was observed in β1 gene knockout or disrupted mice
[42]. In pregnant sheep exposed to prolonged hypoxia,
downregulation of BK channel β1-subunit expression and
the BK channel activity was observed in uterine arteries
[43]. In one study of patients with partial bladder outlet
obstruction and associated detrusor overactivity, both BK
α- and β-subunits were significantly reduced in detrusor
smooth muscle [44]. Accumulated evidence suggests that
ion channel activity could be modulated by flavonoids,
resulting in changes in vascular tone [45]. A recent study
by Ye et al. [35] has demonstrated that isoliquiritigenin could
induce vasodilation of mouse mesenteric arteries through
activating BK channels. In another study, BK channels and
Ca-L channels were proved to play an important role in the
vasodilatory effect of hydroxy-safflor yellow A [46]. Here,
our results revealed that Hyp pretreatment significantly
reversed the downregulated expression of BK α- and β1-
subunits induced by experimental stroke in cerebral BA.
This study is an extension of our previous findings that
Hyp could induce hyperpolarization of VSMCs in BA, iden-
tifying Hyp as the activator of BK channels in cerebral BA.

Oxidative stress has been confirmed to be one of the
major risk factors of vascular dysfunction and neurodegen-
erative diseases [47]. Investigators have demonstrated that
BK channels are sensitive to the redox environment in many
types of tissues and cells. Furthermore, oxidative stress could
impair K+ channel function in large cerebral and coronary
arteries [48]. As a BK channel opener, NS11021 protects the
astrocytes from oxidative stress induced by H2O2 [49]. It has
been largely reported that one of the multiple biological activ-
ities of flavonoids is that they could maintain vascular health
by their opposite interaction with oxidant stress [50]. Our
previous research suggested that total flavones of Rhododen-
dron simsii planch flower protected hippocampal neurons
against hypoxia/reoxygenation injury through activation of
BK channels [51]. A in vivo study revealed that Hyp could
protect cerebral I/R injury by inhibiting oxidative stress,

inflammation, and apoptosis in rats, and the potential mech-
anism is related to the activation of the PI3K/AKT pathway
[52]. IbTX, a scorpion venom peptide, has been used to inhibit
BK channel with affinity and specificity in mammalian sys-
tems [53]. Consistent with their results, we demonstrated that
pretreatment of Hyp diminished MDA production and
improved SOD activity in cerebral BA, indicating that Hyp
has considerable scavenging ability toward vascular oxidative
stress. While this protective effect could be remarkably
restrained by IbTX, indicating that Hyp protected against
vascular oxidant stress through activating BK channels.

The fate of the mammalian brain is critically dependent
on an appropriate CBF, which is regulated by a series of
coordinated reactions of intricate cerebral blood vessels
[54]. It is necessary for effective administration of CBF by
functional brain vessels, for sustained and substantial reduc-
tion of CBF would lead to a cascade of life-threatening com-
plications resulted from disrupted supply of oxygen and
nutrients. Several lines of evidence suggest that activation
of BK channels acted as an important role in flavonoids-
induced vasorelaxation [46, 55]. Consistently, the present
results showed that pretreatment of Hyp significantly
improved the CBF flux during I/R in the ipsilateral hemi-
sphere, suggesting the vasoprotective role of Hyp in cerebral
blood vessels. Its vasoprotective effect could be significantly
attenuated by IbTX, indicating that stimulation of BK chan-
nels in cerebral arteries partly contributes to the Hyp-
induced increases of CBF.

As a predominant component of the wall vessels, VSMCs
play an important role in regulating vascular tone by modu-
lating their diameter, especially in medium and larger arter-
ies [56]. Hence, we set out to investigate the role of Hyp in
primary VSMCs subjected to OGD/R injury. We demon-
strated that Hyp pretreatment significantly improved the
VSMCs viability. It has been suggested that BK channels
β1-subunit could facilitate unique and effective modulation
of channel function against oxidative stress [21]. In type 2
diabetes, BK channels β1-subunit were down-regulated and
acted as a downstream target of Nrf2, which is the master
regulator of the antioxidant response [57]. One study demon-
strated that hypoxia suppressed the BK β1-subunits expression
in human arterial smooth muscle cells, resulting in a decrease
of vasodilation [58]. Consistent with the in vivo results, we
showed that OGD/R suppressed the expression of the BK β1-
subunits in primary VSMCs, while this effect was significantly
reversed by Hyp pretreatment. Moreover, we proved that Hyp
suppressed oxidative stress in OGD/R-injured VSMCs, and
these effects were markedly restrained by IbTX. These results
suggested that Hyp protected VSMCs against OGD/R-induced
oxidative stress through up-regulation of the BK β1-subunits
expression.

In the present study, we found that neither OGD/R nor
Hyp could affect the expression of BK channels α-subunits in
VSMCs. It is suggested that activation of BK channels enables
K+ efflux andmembrane hyperpolarization in VSMCs, result-
ing in vasodilation. In order to clarify whether Hyp activates
BK channels in VSMCs, we performed membrane potential
measurements. However, we found Hyp failed to induced

10 Neural Plasticity



hyperpolarization of primary VSMCs, indicating that Hyp
could not activate BK channels in VSMCs. These data were
inconsistent with our former study that Hyp could induce
hyperpolarization of VSMCs in isolated BA in rats [13].
The discrepancy might be due to the different cellular envir-
onments in which VSMCs exist. There are close interactions
between endothelial cells (ECs) and VSMCs, and their cross-
talk plays an essential role in vascular response under various
physiological and pathological conditions [59]. It is generally
accepted that ECs regulate vascular function in several ways;
by immediate contact and by secreting signaling molecules or
by transmitting electrical signals to VSMCs through myoen-
dothelial gap junctions [60]. The membrane potential of
VSMCs principally depends on the function of myoendothelial
gap junctions [61]. Under in vitro circumstances, VSMCs are
separated from the functional unit, and there is a lack of inter-
actions between VSM and endothelium. Actually, the inconsis-
tent expression of α- and β1-subunits of BK channels under
pathological conditions has been reported by several studies

previously. Downregulation of BK channels β1-subunits
expression rather than α-subunits has been found in insulin-
resistant rats [32]. Experimental diabetes induced reduced
expression of BK β1-subunits while had no significant
effects on α-subunits expression [21]. Besides, exposure of
homocysteine reduced the BK β1-subunits expression with-
out affecting the α-subunits expression in porcine coronary
artery smooth muscle cells [62]. However, a clear under-
standing of this discordance and the underlying mechan-
isms is still lacking.

However, several gaps and limitations of this study need
to be addressed in the future. First, the optimal dosage of
Hyp requires clinical trials with large sample sizes. Second,
the whole-cell K+ currents and single-channel currents
should be further explored and validated. Third, further
studies are necessary to probe the in-depth mechanisms.
Furthermore, the inclusion of female rats may offer a more
precise indication of the impact of Hyp pretreatment on I/R
injury; however, our study only utilized male rats.

I/R injury

BK-β1

BK-β1

Hyperoside

SOD

Oxidative stress  

Vasoprotection

CBF regulation

Stimulation
Inhibition

VSMC

BK channel

MDA

FIGURE 9: Diagram illustrates the potential actions of Hyp on BK channels against cerebral I/R injury. Hyp appears to upregulate BK β1-
subunit expression in I/R-injured VSMCs. As a result of the effects of Hyp, the oxidative stress is inhibited, resulting in increases of CBF and
vasoprotection in I/R-injured rats.
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5. Conclusion

In summary, our results proved that Hyp had the therapeutic
potential to prevent vascular outcomes, and the mechanism
was associated with suppressing oxidative stress and improv-
ing CBF flux through activating BK channels. Besides this,
we demonstrated that Hyp protected VSMCs against oxida-
tive stress through upregulation of BK β1-subunits expres-
sion, indicating the importance of BK channels β1-subunits
in vascular dysfunction (Figure 9). These findings may draw
more attention to research into the therapeutic potential of
Hyp in vascular pathophysiology in incidences of an ische-
mic stroke.
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