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Hesperetin improves diabetic coronary arterial
vasomotor responsiveness by upregulating
myocyte voltage-gated K* channels
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Abstract. Hesperetin (HSP) is a naturally occurring flavo-
noid. The present study aimed to investigate the potential
vasomotor effects and mechanisms of HSP action on rat
coronary arteries (RCAs) injured by diabetes or high
glucose concentrations. HSP (100 mg/kg/day) was intragas-
trically administered to the rats for 8 weeks, which were
rendered diabetic with a single intraperitoneal injection of
60 mg/kg streptozotocin (STZ). The vascular tone of RCAs
was recorded using a wire myograph. The voltage-dependent
K* (Kv) currents were examined using patch clamping. The
expression of Kv channels (Kv1.2 and Kv1.5) was examined by
western blot analysis and reverse transcription-quantitative
PCR (RT-qPCR). Diabetes induced contractile hypersensi-
tivity and vasodilator hyposensitivity in RCAs, both of which
were attenuated by the chronic administration of HSP. Patch
clamp data revealed that chronic HSP treatment reduced
diabetes-induced suppression of Kv currents in the myocytes.
Western blot and RT-qPCR analyses revealed that chronic
HSP administration increased the expression of Kvl.2,
but not Kv1.5, in the RCAs of diabetic rats compared with
those from non-diabetic rats. In vitro analysis showed that
co-incubation with HSP ameliorated high-glucose-induced
suppression of Kv currents and Kv 1.2 protein expression in
the myocytes. Taken together, the present study demonstrated
that HSP alleviated RCA vasomotor dysfunction as a result
of diabetes in rats by upregulating the expression of myocyte
Kv channels.
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Introduction

Voltage-dependent potassium (Kv) channels have been previ-
ously demonstrated to serve an important role in canine
and mouse coronary arterial vasomotor regulation (1,2).
Streptozotocin (STZ)-induced diabetes weakened rat coronary
arterial vasodilation responsiveness to the -adrenoceptor
agonist isoproterenol and the adenylyl cyclase activator
forskolin, in addition to reducing Kv channel currents (1,2).
Mechanistically, diabetes has been shown to downregu-
late the expression of Kvl.2 and Kv1.5 channels in arterial
myocytes (3). High glucose concentrations have been previ-
ously revealed to weaken rat coronary arterial responsiveness
to vasodilators isoproterenol and forskolin whilst augmenting
arterial sensitivity to vasoconstrictors (4), in addition to
inhibiting myocyte Kv currents in porcine coronary arteries,
human internal mammary arteries, rat mesenteric and coro-
nary arteries (5). Therefore, preserving the expression of Kv
channels in myocytes may serve as a promising therapeutic
strategy in protection against coronary arterial dysfunction
under diabetic and hyperglycemic conditions.

Hesperetin (HSP) is one of the most abundant flavonoids
found in citrus fruits (6). It was suggested that HSP may be
of benefit in treating a number of ailments, including capil-
lary fragility and hypertension (6). Higher intake of HSP in
the daily diet was shown to be associated with a reduction in
human mortality as a result of cardiovascular diseases, lung
cancer and asthma (7). HSP contributes to the protective effects
of orange juice to the vascular system (8,9). It was reported
that HSP possesses antioxidant (10-12), hypolipidemic (13),
anti-inflammatory (14), neuroprotective (15), cardiopro-
tective (16), hypotensive (17) and anti-coagulation (18)
properties, in addition to being effective in attenuating airway
hypersensitivity (8,19). HSP has been demonstrated to exert
vasculoprotective and anti-angiogenic effects in diabetic
rats (20), in addition to inhibiting rat aortic smooth muscle
cell proliferation (21). A previous study on isolated blood
vessels showed that HSP treatment can induce rat aorta
relaxation (22). However, the mechanism underlying HSP
vasorelaxation currently remains controversial. Suggested
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mechanisms include the enhancement of endothelial nitric
oxide production (23), suppression of reactive oxygen species
production (24), inhibition of phosphodiesterases (22) and
activation of tetraethylammonium-sensitive K* channels (25).
Review of these studies (19,22-25) suggests that the effects
mediated by HSP are likely to involve multiple targets,
where each mechanism may contribute additively to the
eventual vasculoprotective effect downstream. A previous
study showed that HSP relaxes rat coronary arteries (RCAs)
isolated from healthy rats through, at least in part, an increase
of myocyte Kv channel currents (26). Although accumulating
evidence have indicated that HSP is promising in preventing
and treating cardiovascular diseases (7-11,13), little is known
about its effects on diabetic coronary arteries. Therefore, the
present study was designed to examine the effects of HSP on
the contraction-relaxation responsiveness of diabetic RCAs. In
addition, the potential effects of HSP on Kv channel currents
and the expression of Kv channels in rat coronary arterial
smooth muscle cells (RCASMCs) following diabetes- or high
glucose-induced injury were also investigated.

Materials and methods

Drugs and chemicals. HSP (analytical standard), L-glucose,
collagenase F, collagenase H, dithiothreitol, acetylcholine
chloride (Ach), 9,11-dideoxy-9a,11a-methanoepoxy prosta-
glandin F,, (U46619), forskolin, 4-aminopyridine (4-AP),
Na,ATP, STZ, HEPES, potassium aspartate, sodium carbox-
methylcellulose, DMEM, albumin and KCI were all purchased
from Sigma-Aldrich; Merck KGaA. Papain was purchased
from Worthington Biochemical Corporation. Penicillin G and
streptomycin were purchased from Beijing SolarBio Science
& Technology Co., Ltd.

Animals. The experimental protocols of the present study
were approved by the Animal Care and Use Committee of
Shanxi Medical University (approval no. 2018L1.348; Taiyuan,
China). The Animal Research: Reporting In Vivo Experiments
guidelines were strictly adhered (27). A total of 48 male
Sprague-Dawley rats (weight, 190-220 g; age, 7-8 weeks) were
maintained at 24+2°C, 50% humidity in a 12:12 h light/dark
cycle. The rats had free access to a standard pellet diet and
tap water.

General experimental protocol. The rats were fasted over-
night and diabetes was induced by a single intraperitoneal
injection of 60 mg/kg STZ dissolved in 0.1 M citrate buffer
(pH 4.5). Age-matched non-diabetic rats were administered
a single intraperitoneal injection of 0.1 M citrate buffer,
which served as the non-diabetic control. One week after
STZ administration, plasma glucose concentrations were
measured using a glucometer. Rats with plasma glucose levels
>250 mg/dl were designated as diabetic and randomly divided
into 2 groups (n=16 rats per group): The diabetic control and
the HSP-treated group (intragastric administration of HSP
100 mg/kg/day). Diabetic rats were treated with subcutaneous
injection of ultralente insulin (Shanghai Fosun Pharmaceutical
Group Co., Ltd.) 1-3 U/day to maintain moderate hypergly-
cemia to prevent ketoacidosis and severe weight loss (28).
HSP dose and concentration were selected with reference to
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previous reports (20,24,26,29,30). HSP suspended in 0.1%
sodium carboxymethyl cellulose was administered intragas-
trically once daily using a gavage needle with a volume of
2 ml/kg maintained throughout the experimental period for
8 weeks. In the same manner, 2 ml/kg vehicle (0.1% sodium
carboxymethyl cellulose without HSP) was administered
to the rats in the non-diabetic control and diabetic control
groups. Body weight, food consumption and water intake were
recorded once daily. By the end of 8 weeks following STZ
administration, the rats were fasted overnight, anesthetized
(intraperitoneal injection of 40 mg/kg sodium pentobarbital)
and sacrificed by exsanguination from the left cephalic artery.
Following sacrifice, the rat hearts were removed and the
coronary arteries (inner diameter, 150-280 pm) were carefully
isolated for myography, patch clamping, reverse transcrip-
tion-quantitative PCR (RT-qPCR) and western blot analyses.

Measurement of isometric force. RCAs were cut into 2-mm
long rings in 4°C HEPES solution composed of the following:
i) NaCl, 128 mM; ii) KCI, 4.7 mM,; iii) CaCl,, 2.5 mM,;
iv) MgCl,, 1.2 mM; v) KH,PO,, 1.2 mM; vi) NaHCO; 10 mM,;
vii) HEPES 10 mM; and viii) D-glucose 11.0 mM; pH 7.4. The
rings were mounted on a wire myograph (DMT-610 M; Danish
Myo Technology A/S) using two 40 ym tungsten wires in a
tissue chamber containing 5.0 ml HEPES solution bubbled
with 95% 0,/5% CO, at 37°C. The rings were stretched to
a vascular tone equivalent to ~80 mmHg according to the
manufacturer's protocols and equilibrated for 2 h. Following
equilibration, the rings were stimulated with 60 mM KClI for
20 min repeatedly. The ring was then allowed to recover for
40 min after each stimulation. When the contraction responses
become reproducible, concentration-contraction curves or
concentration-relaxation curves were constructed. In experi-
ments of KCl-induced contraction, equivalent concentrations
of NaCl were replaced with KCI to exclude the effect of
osmolality.

The concentration-contraction curves of KCI (20,28,39,55
and 77 mM) were constructed through the cumulative
addition of the KC1 HEPES solution into the chamber. In a
similar manner, curves for U46619 (108-10° M) were also
constructed. The contraction response to each concentration
of an agonist was allowed to reach a relative tone plateau.
Vasodilator concentration-relaxation curves for acetylcholine
(3x10-3-105 M) and forskolin (10-8-3x10-¢ M) were constructed
by the cumulative addition of vasodilator to the chamber when
the contraction response to 60 mM KClI or 1 xM U46619 was
observed to be sustained. Relaxations were expressed as the
percentage of the contraction induced by 60 mM KCl or 1 uM
U46619, respectively, prior to treatment with the vasodilators.

Electrophysiological measurements. For single RCASMC
isolation, RCAs were dissected in 0.1 mM CaCl, HEPES
solution containing 0.5 mg/ml papain, 1 mg/ml dithiothreitol
and 1 mg/ml albumin, which was then incubated for 25 min at
37°C. Subsequently, the arteries were transferred to the same
solution deprived of Ca*" and incubated for 10 min at 37°C.
Single cells were dispersed mechanically using a Pasteur
pipette. Isolated RCASMCs were used immediately for elec-
trophysiological recording or stored in Ca**-free 4°C HEPES
solution for later use within 8 h of isolation.
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Table I. Effects of chronic HSP treatment on body weight and
plasma levels of glucose.

Groups n Body weight (g) Plasma glucose (mM)
Non-diabetic 16  328.55+991 5.94+0.60
Diabetic 13 219.19+10.32¢ 29.77+£2.73"
Diabetic+HSP 14  264.08+9 .40° 20.54+2.34°

¥P<0.05 vs. Non-diabetic and "P<0.05 vs. Diabetic. HSP, hesperetin.

Single RCASMCs were plated onto the glass bottom dishes
and visualized using an inverted microscope (magnification
x400; ECLIPSE TE2000-S; Nikon Corporation). Cells were
allowed to settle for 30 min and were gently washed using
HEPES solution to remove debris. Electrophysiological
responses were only recorded in cells that are firmly adhered to
the bottom surface of the chamber and morphologically char-
acteristic of arterial smooth muscle cells (ASMCs) with clearly
defined and visible cell membranes. All electrophysiological
experiments were performed in an air-conditioned room at
~25°C. Patch electrodes were pulled from borosilicate glass
capillary tubing (outside diameter, 1.5 mm; inside diameter,
0.84 mm; Vitalsense Scientific Instruments Co., Ltd.) using a
micropipette puller (PP-830; Narishige Group) and polished
on a microforge (MF-830; Narishige Group). The electrodes
had resistances of 3-5 MQ when filled with a pipette solution
as undermentioned. Whole-cell voltage clamp was performed
using an Axopatch 200B amplifier (Axon Instruments), a
32-bit data acquisition system (Digidatal440A, Molecular
Devices, LLC.) and the pClampex software 10.4 (Molecular
Devices, LLC.). Pipette offset, whole-cell capacitance and
series resistance (to 80%, bandwidth >5 kHz) were electroni-
cally compensated. The average access resistance was 3-5 MQ
and the cell capacitance was 7-15 pF. Current traces were
filtered at 1 kHz with a low-pass 4-pole Bessel filter in the
clamp amplifier, subjected to P/4 leak subtraction and digitized
at 5 kHz before being stored on the computer hard drive for
subsequent analysis using pClampex 10.4.

Cells were perfused with a Ca**-free HEPES bath solu-
tion. The pipette was filled with a Ca*-free HEPES solution
consisting of the following: i) KCI, 110 mM; ii) MgCl, 1.2 mM;
iii) Na,ATP, 5 mM; iv) EGTA, 10 mM; and v) HEPES, 10 mM,;
with the pH adjusted to 7.3 using KOH. Under these conditions,
ATP-sensitive K+ channel (K ,p) currents and Ca**-activated
K* channel (Kc,) currents were minimized by the inclusion
of high concentrations of ATP and EGTA in the pipette solu-
tion (31). The remainder of the K* currents were markedly
attenuated by the Kv channel blocker 4-aminopyridine (4-AP;
3 mM), which were considered as K* currents mediated by Kv
channels (31). Cells were held at holding potentials of -60 mV
and subsequently subjected to step depolarizations to +80 mV
in 10 mV increments at 500 msec each.

RT-gPCR.RCAs freshly isolated from diabetic or non-diabetic
rats were used for RT-qPCR analysis. RT-qPCR was used to
detect transcript levels as previously described (32-34). SV
Total RNA Isolation System (Promega Corporation) was
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used to isolate total RNA from the RCAs in accordance to
the manufacturer's protocol. A microplate reader (BioTek
Instruments, Inc.) was used to measure the concentration
and purity of the RNA samples. A total of 1 ug RNA was
added into the reaction system (PrimeScript™ RT reagent
kit with gDNA Eraser; Takara Bio, Inc.) comprising of 2 ul
5X gDNA Eraser Buffer, 1 ul gDNA Eraser and appropriate
volumes DEPC-treated water to remove genomic DNA. The
mixture was then incubated for 2 min at 42°C. Total RNA was
converted into cDNA in a 20 ul PCR reaction system with
10 pl reaction system from the previous step, 1 ul PrimeScript
RT Enzyme Mix I, 1 ul RT Primer Mix, 4 1 5X Primer Script
Buffer 2, 4 ul RNase Free dH,O (PrimeScript™ RT reagent
kit with gDNA Eraser; Takara Bio, Inc.). C1000 Touch™
Thermal cyclers (Bio-Rad Laboratories, Inc.) were used to
perform RT with the following heat cycle: 37°C for 15 min
and 85°C for 5 sec. A total of 2 ul cDNA was amplified in
a 23 pl reaction system containing 12.5 pl SYBR® Premix
Ex Taq™ (Takara Bio, Inc.), 8.5 ul DEPC-treated water, 1 pl
forward primer (10 xkM) and 1 ul reverse primer (10 uM). The
following thermocycling conditions were used for the PCR:
Initial denaturation at 95°C for 30 sec; followed by 40 cycles of
95°C for 5 sec and 60°C for 30 sec. The melting curve included
an increase from 65°C to 95°C for 5 sec. The following primer
pairs were used for the qPCR: Kv1.2 forward, 5'-TGTCTA
TCACCCAGGAACATGGAG-3' and reverse, 5'-GAGCTT
GGGTCTGAAGCCTTTG-3" Kvl.5 forward, 5'-CCTCCG
ACGTCTGGACTCAATAA-3' and reverse, 5'-CCTCATCCT
CAGCAGATAGCCTTC-3' and GAPDH forward, 5'-GGC
ACAGTCAAGGCTGAGAATG-3" and reverse, 5'-ATGGTG
GTGAAGACGCCAGTA-3' (Takara Bio, Inc.). Relative gene
expression was calculated using the 2244 method (35).

Western blotting. Total protein was extracted from RCA
samples using RIPA buffer mixed with PMSF (Beijing
SolarBio Science & Technology Co., Ltd.), protease inhibitor
cocktail (Beyotime Institute of Biotechnology) and phos-
phatase inhibitor (Boster Biological Technology) at 4°C for
30 min. The homogenate was cleared of debris by centrifuga-
tion at 13,000 x g at 4°C for 20 min. Protein concentration
was determined using a Bio-Rad protein assay (Bio-Rad
Laboratories, Inc.) using BSA as a standard. Total protein
(24 ug) was separated in a 10% Tris-HCI polyacrylamide
gel and transferred onto nitrocellulose blotting membranes.
The membranes were blocked in 5% non-fat milk containing
TBS-0.02% Tween-20 (TBS-T) at room temperature for
2 h. The membranes were then incubated with polyclonal
antibodies against Kv1.2 (1:400; cat. no. APC-004; Alomone
Labs), Kv1.5 (1:400; cat. no. APC-010; Alomone Labs) or
B-actin (1:4,000; cat. no. D110001-0100; Sangon Biotech
Co., Ltd.) overnight at 4°C. Following incubation with
primary antibodies, the membranes were washed three
times with TBS-T for 10 min and incubated with horseradish
peroxidase-conjugated secondary antibodies (1:5,000; cat.
no. ZB2301; Origene technologies, Inc.) for 1 h at room
temperature. After the membrane was washed three times
at 10 min intervals in TBS-T, the bound antibodies were
detected with an ECL reagent using a ChemiDoc XRS
chemiluminescence detection system (Bio-Rad Laboratories,
Inc.). The levels of B-actin were used as internal controls for
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Figure 1. Chronic administration of HSP attenuates the enhanced contractility in diabetic RCAs. Cumulative concentration-contraction curves of (A) KClI or
(B) U46619 were constructed in coronary arteries isolated from rats 8 weeks after streptozotocin injection. Each ring was isolated from a different rat. Results
are presented as force increases (mN). n=6-8. "P<0.05 vs. Non-diabetic and “P<0.05 vs. Diabetic. HSP, hesperetin; U46619, 9,11-dideoxy-9a,11a-methanoepoxy

prostaglandin F,.
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Figure 2. Chronic administration of HSP ameliorated the reduced relaxant responsiveness in diabetic RCAs. Relaxations in response to (A) acetylcholine and
(B) forskolin were expressed as percentages of the precontraction induced by 1 uM U46619. Each ring was isolated from a different rat. n=6-8. "P<0.05 vs.
Non-diabetic and “P<0.05 vs. Diabetic. HSP, hesperetin; U46619, 9,11-dideoxy-9a,11a-methanoepoxy prostaglandin F,,.

sample loading. Protein levels were quantified using Image
Lab software (5.2.1, Bio-Rad Laboratories, Inc.).

Acute incubation experiment. As previously described (36),
RCAs isolated from normal rats were incubated with various
concentrations of glucose for 8 h in the presence or the absence
of HSP prior to RCASMC isolation for patch clamping anal-
ysis, RT-qPCR and western blot assays. The incubation was
performed in DMEM with 10% FBS (Sangon Biotech Co.,
Ltd.), 100 U/ml penicillin G and 100 mg/ml streptomycin for
24 h at 37°C. DMEM was supplemented with either 5.5 mM
D-glucose [normal glucose (NG); Tianjin Damao Chemical
Reagent Factory], 44 mM D-glucose (high glucose, HG) or
5.5 mM D-glucose + 38.5 mM L-glucose (HLG). HLG served
as an osmotic control as L-glucose cannot be metabolized.
All media were filtered (0.2-mm filter) before use.

Statistical analysis. All data are expressed as the mean + SD.
Statistical analysis was performed using ANOVA followed
by Tukey's multiple comparisons test using SPSS version 13
(SPSS, Inc.). P<0.05 was considered to indicate a statistically
significant difference. ‘n’ represents the number of vascular
rings or cells isolated from separate rats. The maximal

contraction (E,,,), the values of ECs, (vasoconstrictor concen-
tration producing 50% of the maximal contraction) and RCj,
(vasodilator concentration inducing 50% relaxation on the
precontraction) were calculated by non-linear regression using
GraphPad Prism version 6.0 (GraphPad Software, Inc.).

Results

Chronic HSP attenuates diabetes-induced losses in body
weight and elevations in plasma glucose levels. At the end of
8 weeks after STZ injection, the body weight of vehicle-treated
diabetic rats was found to be significantly lower (219.19+10.32 g
vs. 328.55+9.91 g; P<0.05) whilst the plasma glucose
concentration was significantly higher (29.77+2.73 mM vs.
5.94+0.60 mM; P<0.05) compared with those in non-diabetic
rats (Table I). Compared with vehicle-treated diabetic rats,
those treated with HSP exhibited significantly higher body
weights (264.08+9.40 g vs. 219.19+10.32; P<0.05) and lower
plasma glucose levels (20.54+2.34 mM vs. 29.77+2.73 mM;
P<0.05; Table I).

Chronic HSP treatment reverses contractile hypersensi-
tivity in diabetic RCAs. Both KCI (20-77 mM) and U46619
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Figure 3. Chronic administration of HSP augmented Kv currents in diabetic RCASMCs. (A) Representative original recordings of the outward K* currents in
response to a series of depolarizing pulses (from -60 to +80 mV in 10-mV increments, 500 ms duration) in myocytes. (B) Collective current-voltage curves of
Kv currents recorded from myocytes isolated from the three experimental groups. Each cell was freshly isolated from a different rat. Data are expressed as Kv
current density (mean + SD). n=6-9. "P<0.05 vs. RCASMCs, rat coronary artery smooth muscle cells; Non-diabetic and “P<0.05 vs. Diabetic. HSP, hesperetin;

4-AP; 4-aminopyridine; Kv, voltage-dependent K* current; V, voltage.

(10-%-10° M) application resulted in RCA contraction in a
dose-dependent manner in all three experimental groups
(Fig. 1). In the non-diabetic group, the E,,, values for KCI and
U46619 were calculated to be 4.85+0.59 and 6.28+0.41 mN,
respectively (Fig. 1). By contrast, diabetic rats exhibited signif-
icantly higher E_,, values, 6.93+0.61 mN for KCI1 (P<0.05)
and 7.31+0.57 mN for U46619 (P<0.05). Compared with the
vehicle-treated diabetic group, HSP treatment significantly
decreased E,, for KCI to 5.58+0.34 mN (P<0.05; Fig 1A) and
E,..x for U46619 to 5.73+0.47 mN (P<0.05; Fig 1B).

Chronic HSP treatment restores relaxant responsiveness in
diabetic RCAs. Ach (Fig. 2A) and forskolin (Fig. 2B) induced
dose-dependent relaxations in all RCA rings pre-contracted
with 1 M U46619. The degree of relaxation as a result of Ach
or forskolin treatment was observed to be significantly lower
in the vehicle-treated diabetic group compared with that in the
non-diabetic group (P<0.05). By contrast, Ach and forskolin
treatment resulted in significantly higher degrees of relaxation
in the HSP-treated diabetic group compared with those in the
vehicle-treated diabetic group (P<0.05).

Chronic HSP treatment increases Kv currents in diabetic
RCASMCs. Under the present experimental conditions,

outward K* currents mediated through K ,» and K, channels
were minimized by the inclusion of high concentrations of
ATP and EGTA in the pipette solution. The remaining outward
K* currents were found to be markedly attenuated by the Kv
channel blocker 4-AP (3 mM), which were considered to be
currents mediated by Kv channels (31). At a testing potential
of +80 mV, the Kv current densities were significantly reduced
(26.96+4.33 pA/pF vs. 52.51+4.86 pA/pF, P<0.05) in the
vehicle-treated diabetic group, compared with those in the
non-diabetic group (Fig. 3). By contrast, the Kv current densities
were found to be significantly increased (42.27+5.02 pA/pF vs.
26.96+4.33 pA/pF, P<0.05) in the HSP-treated diabetic group
compared with those in the vehicle-treated diabetic group.

Chronic HSP treatment increases the expression of Kvl.2
channels in diabetic RCASMCs. To explore the possible
involvement of HSP treatment on the expression of Kvl.2
and Kvl.5 channel subtypes, both of which are important for
coronary vasomotor function (37,38), Kvl.2 and Kvl.5 mRNA
and protein expression were measured in RCASMCs by
RT-qPCR and western blot analysis. The expression of Kv1.2,
but not Kv1.5 channels, was significantly lower in diabetic
rats compared with that in non-diabetic rats (Fig. 4). Diabetic
rats treated with HSP exhibited significantly increased Kvl.2
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Figure 4. Chronic administration of HSP upregulated mRNA and protein expression of Kv1.2 in diabetic RCASMCs. The mRNA levels of myocyte (A) Kv
1.2 and (B) Kv 1.5 channels in the three experimental groups, which were expressed as the percentage relative to NDB. Representative western blot images
showing (C) Kv1.2 and (D) Kv1.5 channel protein expression. The $-actin-normalized densitometric values of (E) Kv1.2 and (F) Kv1.5 channel protein expres-
sion in rat coronary arteries. Each value was presented as a mean + SD from 6 measurements of pooled samples from 6-12 animals. "P<0.05 vs. NDB and
#P<0.05 vs. DB. RCASMCs, rat coronary artery smooth muscle cells; Kv, voltage-dependent K* channels; HSP, hesperetin; NDB, non-diabetic control; DB,
vehicle-treated diabetic control; DB + HSP, vehicle-treated diabetic control treated with hesperetin.

expression on both mRNA and protein levels compared with
those of vehicle-treated diabetic rats (Fig. 4).

Acute application of HSP attenuates the suppression of Kv
currents by high glucose in RCASMCs. Incubation of RCASMCs
with 44 mM glucose (HG) for 8 h suppressed the Kv current density
at a test potential of +80 mV compared with that in the normal
control (NG) (36.48+4.62 pA/pF vs. 56.17+3.85, P<0.05), but not
osmotic elevation with L-glucose (HLG, 56.83+5.01 pA/pF).
Co-incubation with 30 xM HSP significantly attenuated high
glucose-induced suppression of the Kv current (47.47+3.68 pA/pF,
P<0.05), whilst 100 M HSP treatment significantly reversed the
suppression (61.25+5.51 pA/pF, P<0.05; Fig. 5).

Acute application of HSP attenuates high-glucose-induced
downregulation of Kvl.2 expression in RCASMCs. Incubation
of RCASMC:s for 8 h with 44 mM glucose (HG) reduced Kv1.2
protein expression by 41.93% compared with NG, which was
significantly reversed by co-incubation with 100 uM HSP
(Fig. 6). Treatment with 30 M HSP also increased Kvl.2
protein expression, but no statistical significance was observed
compared with that in HG (Fig. 6).

Discussion

The present study investigated the effects of intragastric
HSP administration on coronary arterial vasomotor function

in rats with STZ-induced diabetes. The main findings of the
present study were as follows: i) Chronic HSP administration
improved contraction-relaxation responsiveness of diabetic
RCAs; ii) chronic HSP administration augmented Kv channel
currents and upregulated the expression of Kv1.2 channels
in diabetic RCASMCs; and iii) acute incubation with HSP
counteracted both the reduction of Kv channel currents and
downregulation of Kv1.2 expression induced by high glucose
in RCASMCs.

The STZ-induced diabetic rat model is a widely accepted
animal model of diabetes as the rats typically exhibit char-
acteristic symptoms of diabetes, including hyperglycemia,
glucose intolerance, body weight loss and vascular dysfunc-
tion (39). In the present study, the diabetic rats exhibited
significant decreases in body weight and higher glucose
levels compared with non-diabetic rats. Chronic adminis-
tration of HSP (100 mg/kg per day for 8 weeks) attenuated
the diabetes-induced reductions in body weight loss and
hyperglycemia. These effects could be due to the stimula-
tion of glucose uptake by peripheral tissues, antioxidation,
renoprotection and protective effects on pancreatic islet
B-cells, based on previous reports (40,41). Compared with
RCAs from non-diabetic rats, RCAs from diabetic rats
exhibited increased sensitivity to vasoconstrictors KCl and
U46619 whilst exhibiting opposite effects to vasodilators
Ach and forskolin. Ach is an endothelium-dependent vaso-
dilator whereas forskolin is an endothelium-independent
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Figure 5. Co-incubation of RCASMCs with HSP attenuated the suppres-
sion of Kv currents in myocytes by HG. Data are presented as Kv current
density in response to test potential of +80 mV. Each cell was isolated from
a different rat. n=6-9. "P<0.05 vs. NG; *P<0.05 vs. HG and ¥P<0.05 vs. HG
+ HSP 30 uM. RCASMCs, rat coronary artery smooth muscle cells; HSP,
hesperetin; HLG, osmotic control; NG, normal glucose; HG, high glucose;
Kv, voltage-dependent K* current.

vasodilator, which induces vasodilation through adenylyl
cyclase activation (42). These data suggest that both endothe-
lium-dependent and endothelium-independent vasodilation
pathways were impaired in diabetic rats, consistent with
previous findings (43-47).

The present study demonstrated that chronic HSP not
only attenuated diabetes-induced RCA hypersensitivity to
KCI and U46619, but also restored the sensitivity of RCAs
to vasodilators. These results implicate at the extension of
the vasospasmolytic effects of HSP to diabetic RCAs. The
observation that HSP restored responsiveness to both endo-
thelium-dependent and -independent vasodilators suggested
that in addition to possible effects on the endothelium, HSP
also may exert direct effects on RCASMCs. This is consis-
tent with a previous finding that HSP inhibited the myocyte
voltage-dependent Ca** channels and increased the myocyte
Kv channel activity (26).

K* channels are pivotal in the maintenance of cell
membrane potential and regulation of vascular tone in
coronary arteries (48). The activation of K* channels leads
to K* efflux, membrane hyperpolarization, reducing Ca**
influx into the cell and resistance to vascular myocyte
contraction (49). Among a number of K* channel families, Kv
channels are significant in the regulation of coronary arte-
rial resistance (50-53). Both diabetes (1) and high glucose (5)
have been previously demonstrated to reduce Kv channel
currents and downregulated the expression of Kv 1.2 chan-
nels in RCASMCs. Therefore, it was hypothesized in the
present study that improvement of Kv channel activity may
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Figure 6. Co-incubation of RCASMCs with HSP reversed high
glucose-induced reductions in Kv1.2 channel expression. (A) Representative
western blotting images of Kvl.2 channel protein expression.
(B) p-actin-normalized densitometric values of Kv1.2 channel protein
expression in RCASMCs. Each value was presented as a mean + SD from
6 measurements of pooled samples from 6-12 animals. "P<0.05 vs. NG and
“P<0.05 vs. HG. RCASMCs, rat coronary artery smooth muscle cells; HSP,
hesperetin; HLG, osmotic control; NG, normal glucose; HG, high glucose.

be involved in the beneficial effects of HSP on RCAs of
diabetic rats.

Although it was suggested that a number of mechanisms
are involved in the vasorelaxant effects of HSP (22-25),
none could adequately explain the vascular effects of HSP.
A recent in vitro study demonstrated that HSP relaxed
coronary arteries isolated from normal rats by increasing
Kv currents and inhibiting Ca** influx in ASMCs (26). To
explore the mechanism underlying the protective effects
of HSP on RCAs from diabetic rats, Kv channel function
was evaluated using the patch clamp technique. Kv currents
were found to be increased in chronically HSP-treated
diabetic rats compared with those in vehicle-treated
diabetic rats. These results suggest that recovery of Kv
function in RCASMCs may underlie the improvements
in diabetic coronary arteries in response to HSP. To
substantiate this, Kv channel expression was measured in
RCAs from diabetic rats and in RCAs pre-incubated with
high glucose. Diabetic induction was found to reduce the
expression of Kvl.2 channels, but not Kvl.5. Chronic HSP
administration increased the expression of Kvl.2, but not
Kvl.5, in diabetic rats. Since elevated glucose is the main
cause of diabetes-induced damage to the vasculature (54),
the present study also investigated the in vitro effects of
high glucose on the physiology of Kv channels. It was found
that high glucose reduced Kv currents and downregulated
Kv1.2 protein expression, both of which were reversed by
co-incubation with HSP.

HSP depressed depolarization-induced contractions
in both non-diabetic and diabetic RCAs, suggesting that
apart from its potential effects on Kv channels, other
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mechanisms may be involved in its protective effects (22-26).
The molecular signaling mechanisms underlying vascular
contraction-relaxation and the regulation of Kv channel func-
tion are complex (55-57). The effects of HSP on the expression
profiles of the Kvl channel subunits and associated signaling
pathways remain to be clarified. To the best of our knowledge,
the present study was the first to report the beneficial effects
of HSP on diabetic coronary arteries via the upregulation of
myocyte Kv channels.

In conclusion, the present study demonstrated that
HSP restored the contraction-relaxation responsiveness of
diabetic RCAs, augmented Kv currents and upregulated
the expression of Kvl.2 channels in RCASMCs of diabetic
rats or in RCASMCs exposed to high glucose. These results
suggested that HSP may be a promising therapeutic agent
for the treatment of coronary arterial dysfunction as a result
of diabetes.
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