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Mechanism of H,S-mediated ROCK inhibition of total flavones
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Abstract. Our previous studies have indicated that pretreat-
ment with total flavones of Rhododendra flower (TFR) may
protect against myocardial ischemic injuries in rats and mice.
The cystathionine y-lyase/hydrogen sulfide (CSE/H,S) pathway
have been associated with several cardiovascular diseases,
but the effect of TFR on the Rho-associated protein kinase
(ROCK) and CSE/H,S signaling pathways remains unknown.
In the present study, the protective effects of TFR as a ROCK
inhibitor in a mice model of myocardial infarction induced by
isoproterenol (ISO) were investigated, and the hearts from the
wild type and CSE knockout (KO) mice were examined. It was
identified that the CSE KO mice exhibited decreased levels of
ST segment elevation following anoxia/reoxygenation damage,
increased LDH and CK-MB levels, aggravated pathological
damage, and increased ROCK1, ROCK2 and MLCI protein
levels. In the CSE KO mice, there were no marked changes
of the above experimental results between the TFR group
and the model group. These results suggested that TFR-based
inhibition of the RhoA/ROCK signal pathway may be medi-
ated by the CSE-H,S signalling pathway and may be a novel
therapeutic target for myocardial ischemia injury.

Introduction

Hydrogen sulfide (H,S) is a highly dispersive gasotransmitter
that affects cells and organs function through different
mechanisms (1). H,S is increasingly being considered as
an important signaling molecule in the cardiovascular
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systems (2,3). Endogenous production of H,S is primarily
catalyzed by cystathionine (3-synthase, cystathionine-y-lyase
(CSE) and 3-mercaptosulphurtransferase (4). Among them,
CSE is the primary H,S-producing enzyme in cardiovas-
cular tissues. The disordered metabolism and functions of
the CSE/H,S pathway have been associated with several
cardiovascular diseases, including A/R injury, hypertension,
atherosclerosis and oxidative stress (5-9).

Rho-associated protein kinase (ROCK), the best-charac-
terized effector of the small G protein Rho, has been proposed
to be potential targets in the therapy of cardiovascular
diseases (10,11). Various studies have indicated that ROCK
inhibitors prevent the progress of myocardial infarction by
hemodilution, vascular dilation and inhibition of neutrophil
accumulation (11-13). The useful effects of ROCK inhibition
against A/R damage using the ROCK inhibitors fasudil and
Y-27632 have been established (14,15). This suggests that
ROCK serves a vital role in myocardial infarction.

Total flavones of Rhododendra flower (TFR), an effec-
tive compound extracted from the Rhododendra flower, is
comprised of flavones including quercetin, hyperin, rutin and
other flavonoids (16,17). Our previous studies have indicated
that TFR has significant protective effects against myocardial
ischemic injuries in rat and mice models (18,19), and that
the protective mechanism may be engaged with the inhibi-
tion of ROCK1 and ROCK?2 and activation of the potassium
channel (20). Certain previous studies have suggested that
flavonoid compounds may prevent the RhoA/ROCK signal
pathway by decreasing the contractility of vascular smooth
muscle cells (21-23).

In light of these data, the present study aimed to evaluate
the cardiovascular protective effects of TFR as a ROCK
inhibitor in a mice model of myocardial infarction induced
by isoproterenol. The hearts from wild-type (WT) and CSE
knockout (KO) mice were examined. During the process of
myocardial ischemia-reperfusion injury, the effect of endog-
enous H,S on ROCK signaling pathways was explored, and the
effect of TFR on the ROCK and CSE/H,S signaling pathways
was investigated.

Materials and methods
Drugs and reagents. TFR (content of flavones >85%) was

provided by Hefei Heyuan Medical Company Technology Co.,
Ltd. Isoprenaline (ISO) was produced by Shanghai Hefeng
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Pharmaceutical Co. Ltd. Lactate dehydrogenase (LDH, cat.
no. A020-1-2) and creatinine kinase isoenzyme (CK-MB; cat.
no. H197) assay kits were purchased from Nanjing Jiancheng
Bioengineering Institute. Rabbit polyclonal primary antibodies
against ROCK1 and ROCK?2 were provided by EnoGene
Biotech Co., Ltd. Membrane protein MLC1 (MLC1) was
purchased from Santa Cruz Biotechnology, Inc.

Animal model. The present study was approved by the Ethics
Committee for Animal Experiments of Anhui Medical
University (no. 20160315). The CSE KO and wild-type mice
(C57 strain) were produced by Shanghai Model Organisms
Center. Wild-type and CSE KO mice (n=60; age, 10-16 weeks;
weight, 18-24 g; half male and female) were used for the
experiment (Fig. 1).

The present study was performed in strict accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health (NIH
Publication, 8th edition, 2011) (24). WT and CSE KO mice
(6 per group) were divided to 5 groups. ISO (0.002 mg/kg)
was injected in mice. Group I served as control, with equal
dose of normal saline. Myocardial infarction was induced in
groups II-V by subcutaneous administration of ISO on the
first, second and third days respectively. Group III-V received
TFR orally (30, 60 or 120 mg/kg, respectively) once a day
5 min prior to the ISO for 3 days; group II received the equal
dose of normal saline. The mice were anaesthetized by intra-
peritoneal injection of chloral hydrate (350 mg/kg). The mice
were confirmed to be fully anaesthetized when the breathing
rate decreased and breathing depth increased, and the righting
reflex, and eyelid and tail-pinch reflexes were lost. At the end of
protocol, mice were sacrificed by anesthesia using 2% isoflu-
rane, which was then increased to 5%. Then, cardiac puncture
was performed by a qualified technician. Following cardiac
puncture, the mice were observed for respiratory and cardiac
arrest, pupil dilation and disappearance of the pupillary light
reflex. Following these observations, the mice were confirmed
to be dead within 6-10 min.

PCR. Tail tissue was used. DNA polymerase was used (2x
Premix Tag; Takara Bio; cat. no. RR902Q). RNA extraction
buffer and supplier used was TRIzol Reagent from Thermo
Fisher Scientific, Inc. (cat. no. 15596). The RT kit used was
iScript gDNA Clear cDNA Synthesis kit from Bio-rad
Laboratories, Inc. (cat. no. 1725035).

DNA polymerase used and supplier sequences of the
forward and reverse primers: P1: CCTGGATATAAGCGC
CAAAG, P2: AGGAACCAGGGCGTATCTCT, P3: CGA
GAATTCCATTGCTCAGG. Reverse transcription protocol
was as follows: 94°C for 3 min, 94°C for 30 sec, 57°C for
30 sec, 72°C for 40 sec, 72°C for 10 min then 12°C. The length
of the wild product was 167 bp and the length of the mutant
product was 309 bp.

Determination of ST-segment elevation. Electrocardiograms
(ECGs) recorded ST-segment elevation at 5, 10, 15, 20 and
60 min following the final injection of ISO or normal saline.
ECGs were recorded under 30 mg/kg pentobarbital sodium
anesthetization administered by intraperitoneal injection.
using needle electrodes and a Biological Function Experiment
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System (Chengdu Thaimeng Technology Co. Ltd). The
recorded original data were estimated by the commercial
software included in the acquisition system (AqDAnalysis 7;
Lynx Tecnologia Ltda.).

Measurement of LDH and CK-MB levels. The supernatant
was centrifuged at 3,000 x g for 10 min at 4°C, the LDH and
CK-MB levels were detected at 550 and 440 nm, respectively,
by spectrophotometry according to the manufacturer's proto-
cols of the assay kits. The experiment was repeated 3 times.

Histology. Left ventricular tissues were surgically removed,
fixed in 10% buffered formalin at room temperature for 24 h,
embedded in paraffin and sliced into 5-ym thick sections.
The slides were stained with hematoxylin and eosin (H&E)
for 5 min at room temperature and examined using a confocal
microscope (magnification, x400; Olympus BX51; Olympus
Corporation). The Rona classification standard (25) was used
to evaluate the degree of myocardial tissue damage.

Western blot analysis. The left ventricular tissues from
the mice were removed and placed in ice-cold RIPA lysis
buffer (Beyotime Institute of Biotechnology). Protein
concentrations were determined using a BCA protein assay
kit (Thermo Fisher Scientific, Inc.). Equal amounts of
protein (50 pg) were separated on 10% polyacrylamide-Tris
gels (Beyotime Institute of Biotechnology), transferred
onto polyvinylidene difluoride membranes and blocked
with 5% skim milk in TBST for 1 h at room temperature.
Then, the membranes were incubated at 4°C overnight with
rabbit polyclonal antibodies against ROCKI1 (1:1,000; cat.
no. E1A7016), ROCK2 (1:1,000; cat. no. E1IA6028) or MLC1
(1:1,000; cat. no. SC-86740) or monoclonal antibody against
-actin (Bioworld Technology, Inc.). Following incubation
with an anti-rabbit second antibody (OriGene Technologies,
Inc.; 1:10,000 dilution in 5% skim milk) for 1 h at room
temperature, the immunocomplexes were visualized using
an enhanced chemiluminescence detection kit (Thermo
Fisher Scientific, Inc.). The intensity of the immunoreactive
bands were quantified by using the ImageJ analysis software
(v.1.8.0; National Institutes of Health).

Measurement of RhoA activity. To detect the activity of RhoA,
left ventricular tissues from the mice were lysed with radio-
immunoprecipitation assay lysis buffer and incubated with
50 ug of the Rhotekin-RBD beads, containing a Rho-GTPase
binding domain, at 4°C for 1 h. The samples were then centri-
fuged at 5,000 x g at 4°C for 1 min and the supernatant was
removed. The beads were removed following washing with
wash buffer. The remaining bead pellets were boiled with
200 u1 2X Laemmli sample buffer (Bio-Rad Laboratories, Inc.)
at 85°C for 5 min. Then, RhoA activity levels were determined
using commercially available absorbance-based G-LISA
RhoA activation assay kits (cat. no. BK 036-S; Cytoskeleton,
Inc.). The left ventricular tissues were homogenized in lysis
buffer (Beyotime Institute of Biotechnology, Haimen, China)
and the protein concentrated according to the manufacturer's
protocol. following indirect immunodetection, RhoA activi-
ties were detected by measuring absorbance at 490 nm using a
microplate spectrophotometer.
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Figure 1. Polymerase chain reaction identification of CSE gene expression in mice. Lanes 14, 17,22 and 23, CSE knockout mice (309 bp). Lanes 16, 20 and 21,
wild type mice (167 bp). Lanes 13, 15, 18, 19 and 24, heterozygous mice (two bands). CSE, cystathionine y-lyase.

0.40- Group
— WT*sham
— WT*model
WT*TFR
—KO*sham
KO*model
5564 —KO*TFR
< el TREET T
£ o= T e,
+ 0.20 N
[}
£
o
()
2
-
»
0.10
o— & = ©
0.00
T T T T T
5 min 10 min 15 min 20 min 60 min

Figure 2. Effect of total flavones of Rhododendra flower on ST-segment elevation following ISO injection. Standard lead II of the ECG was recorded at 5,
10, 15, 20 and 60 min following the final injection of ISO. All values are presented the mean + standard deviation. ISO, isoproterenol; WT, wild type; KO,

knockout.

Statistical analysis. Data are expressed as means =+ standard
deviation, and differences between groups were analyzed by
SPSS v15.0 (SPSS, Inc.). Statistical analyses were performed
with one-way analysis of variance followed by the Duncan
post-hoc test to determine the differences between groups.
P<0.05 was considered to indicate a statistically significant
difference.

The statistical analysis of pathology ranking data was
performed using a Kruskal-Wallis H test. To determine the
differences between 5 groups, the Bonferroni method was
used. The difference between the WT and KO groups was
analyzed using a Student's t-test for paired design analysis.
P<0.005 was considered to indicate a statistically significant
difference.

Results

Effect of TFR on ST-segment elevation. The ST segment of
ECG in the model group of the wild type (WT) mice increased
significantly at 5, 10, 15, 20 and 60 min after the final injection
of ISO compared with the sham group (P<0.01; Figs. 2 and 3).
Administration of 60 mg/kg TFR markedly decreased
ST-segment elevation compared with the WT model group
(P<0.05; Table I) and 120 mg/kg TFR markedly decreased
ST-segment elevation compared with the WT model group
(P<0.01; Table I).

The ST segment of ECG in the KO mice model group
rose significantly at 5, 10, 15, 20 and 60 min following the
final injection of ISO compared with the sham group (P<0.01;
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Table I. Effect of TFR on the changes of ST segment (mV) of ECG in the CSE WT and KO mice.

A, WT group
Time intervals, min
Treatment groups 5 10 15 20 60
Control (n=6) 0.01+0.01 0.01+0.01 0.01+£0.01 0.01+0.01 0.01+0.01
Model (n=6) 0.25+0.12¢ 0.25+0.14* 0.24+0.14* 0.25+0.15° 0.24+0.14*
TFR, mg/kg (n=6)
30 0.19+0.14 0.19+0.12 0.19+0.14 0.20+0.14 0.21+0.13
60 0.12+0.11° 0.1320.11° 0.13+0.12° 0.16+0.12° 0.16+0.13°
120 0.09+0.04¢ 0.10+0.05¢ 0.10£0.05¢ 0.11£0.06¢ 0.11+0.08¢
B, KO group
Time intervals, min
Treatment groups 5 10 15 20 60
Control (n=6) 0.01+0.01 0.01+0.01 0.01+£0.01 0.01+0.01 0.01+0.01
Model (n=6) 0.32+0.18" 0.33+0.19* 0.34+0.20° 0.34+0.18" 0.33+0.19*
TFR, mg/kg (n=6)
30 0.28+0.19 0.30+0.19 0.27£0.18 0.28+0.20 0.27+0.18
60 0.26+0.17 0.26+0.16 0.27+0.18 0.26+0.15 0.26+0.15
120 0.22+0.10¢ 0.23+0.11¢ 0.23+0.10¢ 0.22+0.09¢ 0.21£0.10¢

Data are presented as the mean + standard deviation. *P<0.01 vs. sham; °P<0.05 vs. model; “P<0.01 vs. model; P<0.05 vs. WT TFR.
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Figure 3. Effect of TFR on the changes of ST segment (mV) of ECG fol-
lowing subcutaneous isoproterenol injury in CSE WT and knockout mice.
Data are presented as mean = standard deviation (n=6). “P<0.01 vs. sham
group. "P<0.01 vs. model group. “P<0.05 vs. WT TFR group. TFR, total
flavones of Rhododendra flower; CSE, cystathionine y-lyase; WT, wild type;
KO, knockout.

Figs. 2 and 3). However, no significant differences in the
ST-segment elevation were observed following the administra-
tion of 30 and 60 mg/kg TFR compared with the model group
in the KO mice (P>0.05), but the group of 120 mg/kg TFR was
significant decreased compared with WT TFR group (P<0.05;
Figs. 2 and 3; Table I).

In order to compare the elevations of the ST segments
between the WT and KO mice more clearly, ST segment

elevation was recorded at 5 min after the injection of ISO.
The decrease in ST segment elevation in the TFR group in
comparison with the model group was observed to be greater
in the WT mice compared with the KO mice (P<0.05; Fig. 3).

Effect of TFR on the LDH and CK-MB level. Levels of LDH
and CK-MB in the plasma supernatant are major indicators
of myocardial anoxia/reoxygenation (A/R) injury. A few
increases of LDH and CK-MB level were detected in A/R
group of the WT mice (P<0.01). Treatment with 60 mg/kg
TFR markedly inhibited the A/R-induced increases of LDH
and CK-MB level in the plasma supernatant of the WT mice
(P<0.01; Figs. 4 and 5).

Significant increases in LDH and CK-MB levels were
detected in the A/R model group of the KO mice (P<0.01),
and the LDH and CK-MB levels were increased significantly
in A/R model group of the WT mice compared with the KO
mice (P<0.01). Treatment with 60 mg/kg TFR had no effect of
the A/R-induced increases in LDH and CK-MB level in the
plasma supernatant of the KO mice (P>0.05). However, the
LDH and CK-MB levels of the TFR group of the KO mice
were significantly increased compared with those in the TFR
group of the WT mice (Figs. 4 and 5).

Pathological observations. Analysis of the myocardium in
the sham group in the WT mice population revealed a normal
myofibrillar structure with stripes, branched appearance, and
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Figure 4. Effects of TFR treatment on increases in serum LDH levels
in anoxia/reoxygenation-injured CSE KO mice. Data are presented as
mean + standard deviation (n=6). “"P<0.01 vs. sham group. “P<0.01 vs.
model group. **P<0.01 vs. WT model. “¢P<0.01 vs. WT TFR group. TFR,
total flavones of Rhododendra flower; LDH, lactate dehydrogenase; CSE,
cystathionine y-lyase; WT, wild type; KO, knockout.
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Figure 5. Effects of TFR on increases in serum CK-MB levels in anoxia/reox-
ygenation-injured CSE KO mice. Data are presented as mean =+ standard
deviation (n=6). “P<0.01 vs. sham group. *P<0.01 vs. model group.
$P<0.01 vs. WT model. ““P<0.01 vs. WT TFR group. TFR, total flavones of
Rhododendra flower; CK-MB, creatinine kinase isoenzyme; CSE, cystathio-
nine y-lyase; WT, wild type; KO, knockout.

connections with adjacent myofibrils. In the mice treated with
A/R, disorganized myocardium structure and loss of attach-
ment between cardiomyocytes was observed. Tissues from
the A/R mice exhibited obvious myocardial cell hypertrophy,
cytopathy, loss of transverse striations and occasional cyto-
plasmic vacuolization. The TFR groups exhibited less severe
histological damage, normal myocardial arrangement, clear
transverse striations and fewer inflammatory cells.

The architecture of the myocardium was intact with erratic
myofiber array in the sham group of the KO mice. Tissue from
the A/R group of the KO mice revealed severely focal necrosis,
myocardial cytopathy, loss of striations, severe infiltration of
inflammatory cells and cytoplasmic vacuolization. Compared
with this group, tissues from the A/R group of the WT mice
population revealed less severe histological damage. In addi-
tion, the tissue sections from the TFR group of the KO mice
demonstrated myocardial cell swelling, indistinct transverse
striations and inflammatory cell infiltration. There were no
marked differences in the pathological changes of 120 mg/kg
TFR group of the KO mice compared with the A/R group of
the same KO mice population (Fig. 6).

The pathological grades of myocardium from each group
are presented in Table II. The level of significance was
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corrected as P-value of comparisons between different groups,
when several comparisons were performed between groups.
Analysis of the data demonstrated that there were significantly
improvements in the pathological grades between the TFR and
sham groups in the WT mice population (P<0.001). In addi-
tion, there were no significant changes between the TFR and
sham groups in the KO mice population. Using a Z-test, it was
demonstrated that there were significant improvements in the
pathological changes of the 60 or 120 mg/kg TFR groups of
the WT mice than the 60 or 120 mg/kg TFR groups of the KO
mice (P<0.005). The results of Kruskal-Wallis H test in the
WT and KO groups were x*=24.310 (P<0.001) and ¥*=21.858
(P<0.001), respectively (Table II).

Effect of TFR on ROCKs protein expression. The expression
levels of ROCK1 and ROCK?2 proteins were examined in each
group (Fig. 7A), and were quantified by using densitometric anal-
ysis (Fig. 7B and C). Exposure to A/R markedly increased both
ROCKI1 and ROCK2 protein levels in the WT mice (P<0.01).
The increases of ROCK1 and ROCK?2 were markedly inhibited
by treatment with 60 mg/kg TFR (P<0.01). Exposure to A/R
significantly increased ROCK1 and ROCK2 protein levels in the
KO mice (P<0.01). The increases of ROCK1 and ROCK?2 were
not markedly altered by treatment with 60 mg/kg TFR group of
the KO mice compared with the A/R group of the KO mice. The
results indicated that TFR treatment inhibited the expression of
the ROCK proteins associated with the CSE/H,S pathway.

The expression levels of MLC1 proteins were determined in
each group (Fig. 8A), and levels of MLC1 proteins were quan-
tified using densitometry (Fig. 8B). Exposure to A/R markedly
increased MLC1 protein levels compared with the sham group
in the WT mice (P<0.01). In addition, the increases of MLCI1
were markedly inhibited by 60 mg/kg TFR compared with the
A/R group of the WT mice (P<0.01). Exposure to A/R appar-
ently increased MLCI1 protein levels compared with the sham
group of the KO mice (P<0.01). In the KO mice population, the
inhibitory effect of TFR on the increased expression of MLC1
protein was significantly decreased compared with the TFR
group of the WT mice population. These data demonstrated
the TFR inhibited the expression of the MLCI protein associ-
ated with the CSE/H,S pathway.

Effect of TFR on RhoA activity. RhoA activity in the left ventric-
ular tissues was detected using an absorbance-based G-LISA
RhoA activation assay. As demonstrated in Fig. 9, RhoA activity
in the model group (0.41+0.11) was significantly increased
compared with that in the sham group (0.18+0.05) (P<0.01).
In comparison with the model group, treatment with 60 mg/kg
TFR markedly inhibited the increase in RhoA activity, which
was decreased to 0.25+0.08 (P<0.01; Fig. 9).

Significant increases of RhoA activity were detected in the
model group of KO mice (0.8+£0.09) compared with the sham
group (0.34+0.09) (P<0.01). In addition, the RhoA activity
was increased significantly in the model group of KO mice
compared with that in the WT mice (P<0.01). Compared
with the model group, treatment with 60 mg/kg TFR had
no effect on A/R-induced increases in RhoA activity of the
KO mice (0.71£0.11) (P>0.05). However, in the KO mice, the
RhoA activity of the TFR group was significantly increased
compared with the TFR group of the WT mice (P<0.01; Fig. 9).
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Figure 6. Histopathological observation of myocardium from WT and KO mice in an anoxia/reoxygenation model using hematoxylin and eosin staining.
Magnification, x400. CSE, cystathionine y-lyase; WT, wild type; KO, knockout; TFR, total flavones of Rhododendra flower.

Discussion

ISO is a synthetic B-adrenergic agonist that may cause serious
stress in the cardiac muscle and necrosis of myocardium.
Therefore, in the present study, ISO was used to induce acute
myocardial ischemia. The acute myocardial ischemia caused
by ISO was confirmed by loss of integrity of myocardial
membranes on histological changes, increased ST segment
elevation, and increased serum levels of LDH and CK-MB. In

the present study, TFR treatment decreased the ST-segment
elevation induced by ISO; TFR also decreased LDH and
CK-MB levels in the serum. TFR treatment resulted in signifi-
cant improvements in the pathological changes caused by
hypoxia injury. The increases in expression levels of ROCKI,
ROCK?2 and MLCI induced by the ISO were markedly inhib-
ited by TFR treatment. These results suggested that TFR had
cardioprotective effects in myocardial ischemia that may be
attributed to the inhibition of the RhoA/ROCK signal pathway.
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Table II. Pathological grades of cardiomyocytes in CSE WT and KO mice.

A, (WT group), CSE (+/+)

Pathological grades, n

Treatment group 0 1 11 111 v P-value
Sham 6 0 0 0 0
Model 0 0 0 3 3 <0.005*
TFR, mg/kg
30 0 0 2 3 1 <0.005*
60 0 3 2 1 0 <0.005*,<0.005°
120 0 4 2 0 0 <0.005%,<0.005°
B, (KO group), CSE (-/-)
Pathological grades
Treatment group 0 I I I v P-value
Sham 6 0 0 0 0
Model 0 0 0 2 4 <0.005*
TFR, mg/kg
30 0 0 1 3 2 <0.005*
60 0 1 2 3 0 <0.005*
120 0 2 2 2 0 <0.005*

n=6. “P<0.005 vs. Sham group. "P<0.005 vs. Model group. Kruskal-Wallis H test showed that the difference of pathological grades among the
5 groups of WT mice were statistical significance (x*=24.310, P<0.001), the difference of Pathological grades among the 5 groups of KO mice

were statistical significance (x*=21.858, P<0.001).

In the CSE KO mice, the ST-segment elevation induced
by ISO was significantly increased compared with the WT
mice. CSE KO mice also demonstrated increased LDH and
CK-MB levels in the serum compared with the WT mice.
CSE KO mice exhibited more severe pathological changes
as a result of hypoxia injury compared with the WT mice,
suggesting that H,S was involved in the pathological process
of myocardial ischemic injury. It was also observed that the
expression levels of ROCK1, ROCK?2 and MLCI induced by
ISO in the KO mice were markedly increased compared with
the WT mice. These results suggested that CSE KO led to the
decrease in H,S expression and activation of the RhoA /ROCK
signal pathway, which may have aggravated the myocardial
ischemic injury. H,S has protective effects against A/R injury
in mice heart tissues by preventing the RhoA/ROCK signal
pathway (20,26). TFR inhibition of the RhoA/ROCK signal
pathway may be mediated by the CSE-H,S pathway.

The study by Zhang et al (20) indicated that the cardiopro-
tection afforded by TFR treatment involved the stimulation of
nitric oxide release and the inhibition of lipid peroxidation.
Increasing evidence has suggested that the RhoA/ROCK
pathway serves an important role in the A/R damage, vascular
smooth muscle cell proliferation, cardiac hypertrophy, heart
failure and ventricular remodeling (27,28). Development
of hypertension and myocardial infarction (MI); the two
primary drivers of cardiovascular disease are associated with

cardiac ROCK activation and phosphorylation of ROCK
target proteins (29). ROCK inhibitors have a beneficial effect
in attenuating hypertension and MI associated with ROCK
activation (30). In addition, inhibition of the ROCK pathway
may have a protective effect on cardiovascular function; the
inhibitory agents Y27632 or fasudil were demonstrated to limit
infarct size, alleviate the A/R damage, decrease the release of
the MDA and LDH and promote the recovery of myocardial
function following ischemia (31,32).

During agonist-induced vascular smooth muscle cell
(VSMC) contraction, MLC phosphorylation is a crucial step
for force development. ROCK, when activated by the small
GTPase RhoA, inhibits MLC phosphatase (MLCP) activity by
phosphorylating its myosin-binding subunit, thereby serving
a key role in agonist-induced Ca2+ sensitization and VSMC
hypercontraction (33).

The major regulatory mechanism of smooth muscle contrac-
tion is the phosphorylation/dephosphorylation of MLC (34).
MLC is phosphorylated by the Ca2*-calmodulin-activated
MLC kinase (MLCK) and dephosphorylated by the
Ca2*-independent MLCP. Therefore, a rise in cytosolic Ca2*
concentration produces smooth muscle contraction via the acti-
vation of MLCK and consequent phosphorylation of MLC (10).
Hyperin is the primary active ingredient of TFR; it inhibits the
contraction of the rabbit cardiac papillary muscle (35). In the
present study, the increases of ROCK1, ROCK2 and MLCl1
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Figure 7. (A-C) Effect of TFR on the expression of ROCK1 and ROCK2 protein in isoproterenol-treated mice myocardium. “P<0.01 vs. sham group. “P<0.05
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Figure 8. (A and B) Effect of TFR on the expression of MLCI1 protein in
isoproterenol-treated mice myocardium. “P<0.01 vs. sham group. P<0.05
vs. model group. TFR, total flavones of Rhododendra flower; CSE, cystathio-
nine y-lyase; MLCI, membrane protein MCL1.

induced by ISO were markedly inhibited by TFR treatment.
These results suggested that TFR had cardioprotective effects
in myocardial ischemia that may be attributed to the inhibition
of the RhoA/ROCK signal pathway.

Endogenous H,S has been suggested as a novel signal
transmitter and neuromodulator (36). In recent years, growing
evidence has demonstrated that H,S is a critical mediator
of heart functions and serves a protective function in the
pathogenesis and progress of heart diseases. Geng et al (37)
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Figure 9. Effect of TFR on RhoA activity following A/R injury. “P<0.01 vs.
sham. #P<0.01 vs. model. ““P<0.01 vs. wild type TFR. TFR, total flavones of
Rhododendra flower; CSE, cystathionine y-lyase.

identified that the CSE/H,S pathway exists in the heart and has
physiological effects such as negative inotropy and reduced
central venous pressure. NaHS significantly decreased the
infarct size of the left ventricle and mortality after acute MI in
rats (38). In an additional study, sulfur dioxide (SO,) precondi-
tioning significantly decreased A/R induced myocardial injury
in vivo, which is associated with increased myocardial anti-
oxidative capacity and upregulated H2S/CSE pathway (39).
It also has been revealed to protect against hypergly-
cemia-induced ROS-mediated apoptosis by upregulating the
PI3K/AKT/nuclear factor erythroid 2-related factor 2 (Nrf2)
pathway, which subsequently activates Nrf2-regulated antioxi-
dant enzymes in cardiomyocytes exposed to high glucose (40).
However, the association between H,S and the RhoA/ROCK
signaling pathway remains unknown.
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In the present study, it was identified that TFR-mediated
inhibition of the RhoA/ROCK signal pathway may have been
mediated by the CSE-H,S axis. These results suggested that
TFR exhibited cardioprotective effects in myocardial ischemia
that may be attributed to an inhibition of the RhoA/ROCK
signal pathway. The expression levels of ROCK1, ROCK?2
and MLCI1 induced by ISO in the KO mice were mark-
edly increased compared with the WT mice. These results
suggested that CSE KO led to decreased H,S expression and
activation of the RhoA/ROCK signal pathway and that H,S
had protective effects against A/R injury in mice hearts by
inhibiting the RhoA/ROCK signal pathway.

In the present study, accompanying the pathophysiological
process of ISO-induced myocardial injury was the impaired
endogenous CSE/H,S pathway. Administering exogenous H,S
resulted in effective protection of the myocytes and contrac-
tile activity by directly scavenging oxygen free radicals and
decreasing the accumulation of lipid peroxidations. These
results suggest that H,S not only alleviated the pathological
process of ischemic heart disease but may also serve as a
cardiovascular protective regulator, and as a novel target in
the prevention or treatment of cardiovascular diseases. TFR
exhibited protective effects against A/R injury in mice hearts
by inhibiting the RhoA/ROCK signal pathway and may have
been mediated by the CSE-H,,S.
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