
Scutellarin Reduces Cerebral Ischemia 
Reperfusion Injury Involving in Vascular 
Endothelium Protection and PKG Signal

Introduction
Brain ischemia, also known as cerebral ischemia and 

cerebrovascular ischemia, is a condition in which there is insufficient 
blood flow to the brain to meet metabolic demand. The brain is 
particularly vulnerable to ischemia. Ischemia leads to alterations 
in brain metabolism, reduction in metabolic rates, and energy 
crisis. The massive shutdown of blood flow to the brain causes the 
death of vulnerable neurons in multiple brain regions within only 
5minutes [1,2]. Hence, it is critical to restore cerebral blood flow 
effectively to prevent permanent brain damage caused by ischemia, 
and it is important to understand how cerebral arteries respond to 
clinical medicines. 

Reperfusion may be essential to protect as much brain tissue 
as possible, but it may also lead to ischemia reperfusion (IR) 
injury. IR is defined as the damage that occurs after restoration of 
blood supply to ischemic tissue. It leads to tissue injury in various 
pathophysiological conditions. IR directly affects the vascular wall  
and luminal surface of blood vessels, causing damages including  

 
hemorrhage, capillary plugging, adhesion and infiltration of  
granulocytes, impaired vascular permeability, and endothelial 
dysfunction (ED) [3-7]. Endothelial cells, while particularly 
susceptible to IR injury, play an active role in IR-induced organ 
damage [8]. ED reduces perfusion to areas of ischemia and thereby 
exacerbates tissue injury and subsequent organ damage. Thus, 
pharmaceutical interventions that protect the endothelium from 
IR-induced dysfunction or damage have great therapeutic potential 
in the treatment of cerebral IR injury [9].

It has been reported that acetylcholine (ACh) increases 
cerebral blood flow and induces vasodilation in an endothelium-
dependent way. However, the responses of cerebral arteries to 
ACh can be selectively inhibited by hypoxia reoxygenation (HR) 
[10,11]. HR is essential for cerebral IR. It results in diverse forms 
of vascular injury, such as changes in vascular permeability and ED 
which includes impaired endothelium-dependent vasodilation. HR-
induced ED has been demonstrated in blood vessels from cerebral 
circulation [11]. It is important to understand how HD mediates 

Research Article

44Copyright © All rights are reserved by Weimin Yang

Volume 1 - Issue - 4

Chen Chen1, Zhiying Weng1, Peihua Peng2, Mengyuan Li1, Qingqing Li1, Xiujuan Zhang1, Weimin Yang1* and Yajuan 
Chen1*
1Kunming Medical University, China 
2Department of Anesthesiology, Kunming University, China 

*Corresponding author: Weimin Yang, MD, PhD, School of Pharmaceutical Science & Yunnan Key Laboratory of Pharmacology for Natural Products, 
Kunming Medical University, 1168 Western Chunrong Road, Yuhua Street, Chenggong New City, Kunming 650500, China, Tel: 86-871-65922804; Fax: 
86-871-65922804; Email: 

Yajuan Chen, MS, School of Pharmaceutical Science & Yunnan Key Laboratory of Pharmacology for Natural Products, Kunming Medical University, 1168 
Western Chunrong Road, Yuhua Street, Chenggong New City, Kunming 650500, China

Submission:  February 12, 2018; Published:  February 23, 2018  

Abstract

Flavonoid glycoside scutellarin (SCU) has been used for treatment of cerebral ischemic diseases in China. In the present investigation, we 
studied the mechanisms of SCU in hypoxia reoxygenation (HR) injured isolated cerebral basilar artery (BA) and in cerebral ischemia reperfusion 
(CIR) rats. In isolated rat BA rings, HR results in endothelial dysfunction (ED) indicating by impaired endothelium-dependent vasodilation induced 
by acetylcholine (ACh) which assessed by wire myography, and the ED effect was significantly rescued by SCU (100µM). However, SCU did not 
affect ACh-induced relaxation in normal BA. Further studies suggest that SCU (10-1000µM) dose-dependently induced relaxation in isolated BA 
rings, which was obviously blocked by the cGMP dependent protein kinase (PKG) inhibitor Rp-8-Br-cGMPS (PKGI-rp, 4µM). Pre-incubation with 
SCU (500µM) reversed HR-induced impairment in endothelium-dependent vasodilation, but it was blocked by PKGI-rp (4µM). In middle cerebral 
artery occlusion (MCAO) induced CIR rats, brain slice staining test proved that SCU (45,90mg/kg, iv) administration significantly reduced the area of 
cerebral infarction. Western blot assay showed that SCU (45mg/kg, iv) increased brain PKG activity and PKG protein level after CIR surgery. Overall, 
our findings suggest that SCU protects brain against CIR injury involving in vascular endothelium protection and PKG signal. 
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ED, and it is necessary to explore medicines and methods to inhibit 
this even so that cerebral IR injury can be prevented or reduced. 
Scutellarin (SCU), 4’,5,6-trihydroxy flavonoid-7-glucuronide 
(Figure 1), is a flavonoid compound from a traditional Chinese herb 
Erigeron breviscapus (vant.) Hand-Mazz. It has been clinically used 
in China to treat ischemic cardio- and cerebral-vascular diseases 
since the early 1970s [12]. SCU is available as a main component 
of breviscapine (BRE), which is a flavonoid mixture extracted from 
Erigeron breviscapus and consumed in the forms of an oral tablet 
or injection. It is used at doses of 50-200mg/day for treatment of 
coronary heart disease, angina pectoris, myocardial ischemia and 
stroke [13-15]. SCU relaxes thoracic and abdominal aorta, reduces 
blood vessel resistance, and lowers diastolic blood pressure in rats 
[16]. In isolated blood vessels, SCU relaxes thoracic artery in rats 
[17] and mice [18]. Our previous study of the mechanism of action 
has demonstrated that SCU relaxes isolated rat thoracic artery 
rings in an endothelium-dependent manner [12]. Additionally, 
pharmacological studies show that SCU promotes vasodilation and 
is effective against cerebral ischemic injury. For example, SCU affects 
ED after HR and attenuates cerebral ischemia-induced damage in 
rats [19-21]. However the exact mechanisms remain unclear. 

Figure 1: Chemical structure of SCU (4′,5,6-trihydroxy 
flavonoid-7-glucuronide).

Many reports suggested that the flavonoid family of compounds, 
of which SCU is a member, can modulate tone in vasculature 
by endothelium-derived nitric oxide (NO) and counteract any 
dysfunction of endothelium associated with cardiovascular 
diseases. NO causes endothelium-dependent and independent 
relaxations. When generated from L-arginine by the action of 
NO Synthase (NOS), NO activates guanylate cyclase (GC) and 
produces guanine nuclear glucoside 3’,5’-cyclic phosphate (cGMP), 
which leads to cGMP-dependent protein kinase (PKG)-mediated 
vasodilation [22-24]. In particular, the endothelium-derived NOS 
(eNOS) mediating eNOS-GC-cGMP-PKG pathway plays a key role in 
maintaining endothelium dependent vascular tone [25]. Among the 
three isoforms of PKG (PKG-Ia, PKG-Ib, and PKG-II), PKG-Ia is the 
strongest vascular tone modulator [26,27]. Vasodilation-stimulated 
phosphoprotein (VASP) was originally discovered as a substrate for 
PKG in human platelets, but it is ubiquitously expressed in many 
types of cells, including vascular smooth muscle and endothelial 
cells [28]. Upon activation, PKG phosphorylates VASP [29], which in 
turn activates downstream ion channels, leading to endothelium-
dependent vasodilation [30]. A number of previous reports 
have suggested that the eNOS/cGMP/PKG pathway is a target of 

flavonoids [21,31,32]. Vasodilator stimulated phosphoprotein 
(VASP) belongs to the Ena/Vasp protein family, is an important 
PKG-I substrate and actin regulatory protein. Studies suggested 
that phosphorylated VASP at serine 239 (p-VASP) has been shown 
to be a useful monitor for PKG-I activity in intact cells. It has been 
proposed that baicalin, an analog of SCU, exerts its therapeutic 
effects by regulating the PKG signalling pathway [21]. SCU protects 
against cerebral vascular ED through endothelial PKG pathway 
activation [33]. Shi et al revealed the protective effects of SCU on 
HR-treated HCMECs and proposed that the effect may be related 
to the expression changes of the PKG pathway [34]. Our previous 
study has demonstrated that SCU modulates isolated rat coronary 
artery (CA) vascular tone in an endothelium-dependent manner 
and repairs ED induced by HR injury via activating the PKG signal 
pathway [35]. However, the effect of SCU on cerebral vascular 
responses and the underlying mechanism are largely unknown. 

In this study, we aimed to investigate the impact of SCU on 
regulating HR-induced ED in rat basilar artery and explored the 
role of the PKG pathway in the process. In middle cerebral artery 
occlusion (MCAO) induced cerebral ischemia reperfusion (CIR) 
rats, we tested the protein level of PKG-I, VASP and p-VASP in 
cerebral tissue from CIR rats. The effects of SCU on cerebral tissue 
from CIR rats were checked and the role of PKG in the effects of SCU 
was studied in a rat CIR injury model. Taken together, we try to find 
out if SCU protects brain against CIR injury involving in vascular 
endothelium and related PKG signal.

Methods 

Chemicals and drugs 
SCU (yellow powder; purity>99%; molecular weight, 

464.4) was obtained from Kunming Longjin Pharmaceuticals 
Co. (Kunming, China). The NOS inhibitor NO-nitro-L-arginine 
methylester (L-NAME), the guanyl cylclase (GC) inhibitor 1H-
[1,2,4] oxadiazolo[4,3-a]-quinoxalin-1-one (ODQ), the adenyl 
cylclase (AC) inhibitor 9-(terahydro-2-furanyl)-9H-purin-
6-amine(SQ22536),9,11-dideoxy-11α, 9α-epoxymethano-
prostaglandinF2α (U46619), ACh, and sodium nitroprusside (SNP) 
were all purchased from America Sigma Company (Shanghai, 
China). 3-(N-morpholino) propanesulfonic acid (MOPS) was 
from Amresco (Shanghai, China). The PKG inhibitor Rp-8-Br-
cGMPS (PKGI-rp, purity>99%) was obtained from Santa Cruz 
Biotechnology (Shanghai, China). All salts were purchased from 
Biyuntian Co. (Shanghai, China). Rabbit anti-PKG-I and anti-VASP 
monoclonal antibodies were from Cell Signaling Technology 
(Hong Kong, China), and Rabbit anti-p-VASP (Ser239) monoclonal 
antibody was from Millipore (Hong Kong, China).

Animals 
Sprague-Dawley (SD) rats (200-250g) were purchased from 

the Experimental Animal Center at Kunming Medical University 
and Xian Communication University. This study was approved by 
the Animal Care and Use Committee of Kunming Medical University 
(SYXK2012-2010), and conformed to standards by the Yunnan 
Experimental Animal Management Board.
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Preparation and equilibration of isolated BA rings
Blood vessels were dissected using an integrated wire 

myograph system (Model 620M, DMT-Asia Ltd, Shanghai, 
China) equipped with a Motic SMZ168-TL stereomicroscope. 
Rats (200-250g) were sacrificed by intraperitoneal injection of 
10% (0.1mL/100g) urethane. BA was removed and dissected to 
remove all connective tissues. BA rings (1mm-long) were cut from 
cleaned vessels and placed in 4 °C physiological saline solution 
(PSS) containing 140mM NaCl, 4.7mM KCl, 1.6mM CaCl2, 1.2mM 
MgSO4, 1.2mM MOPS, 1.4mM Na2HPO4, 0.02mM EDTA, and 5.6mM 
D-glucose. The pH of PSS was pre-adjusted to 7.4 at 37 °C. To record 
tension, BA rings were mounted with 60-μm steel wires in separate 
tissue baths of the wire myograph system. Tissue baths were filled 
with PSS solution (pH 7.4) at 37+1 °C and aerated with O2. Wash-
out was performed by draining and replacing the bathing solution 
with a syringe. Isometric tension signals were recorded using the 
Power lab data acquisition system (AD Instruments Asia, Shanghai, 
China). Viability of BA rings was measured. Rings showing less than 
10% variation in contraction amplitude between two contractions 
were used for subsequent experiments. In some experiments, 
when denuded rings were required, the endothelium was removed 
mechanically by inserting a segment of hair into the lumen and 
rolling the ring for a few seconds. 

HR treatment and evaluation of endothelium-dependent 
and -independent vasodilation in BA rings 

HR treatment of isolated BA rings was carried out as previously 
described [36] with minor modifications. Blood vessel segments 
were incubated in glucose-free PSS pre-aerated with N2 for 60min, 
and then transferred to glucose-containing PSS pre-aerated with 
O2 for 90min. To assess effect of the HR treatment on endothelium-
dependent and independent vasodilation in BA rings, ACh (0.001-
100µM) and SNPm0.001µM-100µM)was accumulatively added 
after pre-contraction with KCl (6×104µM) or U46619 (1µM) to 
obtain their dose response curves. To evaluate effect of SCU on ACh 
or SNP induced relaxation, BA rings were incubated with SCU for 
15min prior to pre-contraction. After HR treatment, the segments 
were incubated with SCU and the PKG inhibitor for 15min prior 
to pre-contraction to assess their effects on ACh or SNP induced 
relaxation. 

Effects of inhibitors of PKG, NOS, and AC/GC on SCU-
induced vasodilation 

BA rings were pre-contracted with U46619 (1μM) for 10min, 
followed by SCU treatment at different concentrations ranging from 
10 to 1000μM. Dilation of BA rings in response to SCU was assessed 
and normalized to that of 1µM U46619. Equilibrated BA rings were 
pre-incubated for 15min with the PKG inhibitor PKGI-rp (4µM), the 
NOS inhibitor L-NAME (1000µM), the GC inhibitor ODQ (100µM), 
and the AC inhibitor SQ22536 (100µM), respectively. BA rings in 
the control group were treated with the same volume of vehicle 
alone. The rings were then treated with U46619 (1µM) for 10min, 
followed by addition of SCU (10-1000µM). Dilation responses were 
recorded and normalized as described above. 

Role of pH in SCU-induced vasodilation 
SCU (10~1000µM) reduces pH value, which may change 

vascular tone. In order to assess if SCU causes dilation via pH 
modulation, in the present experiment, we simulated SCU-
induced pH changes with addition of HCL and recorded BA stress 
changes. Firstly, pH changes in the bathing solution in response to 
a cumulative addition of SCU (10-1000µM) were measured using 
pH and ion electrodes (Mettler-Toledo GmbH, Schwerzenbach, 
Switzerland). Then, we determined the volumes of cumulative 
addition of HCL (0.36-0.38%) which produced the same pH profile 
as SCU. Finally, using the Wire Myograph system we recorded the 
stress response when corresponding volumes of HCL was added in 
isolated rat BA, and compared the response curves of HCL along 
with SCU.

Rat CIR model and evaluation of cerebral infarct area
The animals fasted overnight. Anesthesia was conducted 

through a face mask with isoflurane (2-2.5% mixed with room air). 
The temperature was kept at 37±1 °C with a heating lamp or an 
ice bag. Middle cerebral artery occlusion (MCAO) induced focal CIR 
injury via occlusion of the middle cerebral artery using the improved 
Longa-Zea method. In brief, the animals were incised in the midline 
of the neck and the soft tissues were retracted. The right common 
carotid artery (CCA) was identified, and it was followed toward the 
rostral portion, which bifurcated into the external carotid artery 
(ECA) and the internal carotid artery (ICA). The intraluminal nylon 
embolus (Beijing Shaodong Biotech Company) was inserted past 
the ECA stump into the ICA (17-19mm) until a slight resistance 
was felt. At this moment, the embolus was blocked by the origin of 
the right MCA for 1h. After 1h ischemia, the embolus was removed 
carefully to allow MCA reperfusion for 2, 24, 72h. Rats in Sham 
group suffered the same procedure but did not receive embolus 
insertion.

After the brains were harvested, they were sliced into 1mm 
coronal sections after 24h reperfusion. The cortical infarct area was 
measured by 2,3,5-triphenyltetrazolium chloride (TTC) according 
to manufacturer’s instructions; briefly, the sections were staining 
with 1% TTC in phosphate-buffered saline (pH 7.4) at 37 °C for 
10min. After they were stored by formalin, the cross-sectional area 
of the TTC-unstained region was determined. The brain tissues 
were collected and homogenized on ice. Then lysis buffer was added 
to the samples. Protein centration was measured by bicinchoninic 
acid (BCA) method.

Western blot analysis
Samples of 40μg total protein were subjected to western 

blot analysis. SeeBlue® Plus2 Pre-stained Standard (7μL) from 
Invitrogen (Carlsbad, CA, USA) was used as a molecular weight 
marker. Gelelectrophoresis was carried out at 80V/100mA for 
30min followed by 120V/160mA for 80min. Proteins were then 
transferred under semi-dry conditions to Immobilon PVDF 
membranes (Immobilon-P, pore size of 0.45mm; Millipore 
Corporation, Billerica, MA) at 15V/10mA for 40min. After transfer, 
membranes were washed in Tris-buffered saline with Tween-20 
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(TBS-T; 10mM Tris-HCl, 150mM NaCl, 0.1% Tween-20, pH 7.6), 
blocked with 5% skim milk for 1.5h at room temperature, and 
incubated at 4 °C overnight with rabbit anti-PKG-I, anti-VASP, or 
anti-p-VASP Ser239 monoclonal antibodies (1:1000) and anti-
GAPDH antibody (1:5000). After washing, membranes were 
incubated at room temperature for 1h with HRP-conjugated anti-
rabbit secondary antibody. All membranes were visualized with 
chemiluminescence detection on an ECL Plus Western Blotting 
Detection System (GE Healthcare, Buckinghamshire, UK). Protein 
bands were quantified by densitometric analysis of digitized films 
using Scion Image (4.03). Relative intensity was calculated as a 

percentage of the control. 

Statistical analysis
Results are presented as mean±SEM. Statistical analyses 

were performed using statistical software Sigma Stat 3.1. EC50 
values were calculated from dose response curves by nonlinear 
regression analysis using a Hill algorithm in Sigma Plot 10.0. Emax 
values represent maximal vasodilative responses (minimal relative 
stresses of pre-contraction). Comparisons between two groups 
were performed using t-tests, while comparisons among three or 
more groups were conducted using one-way ANOVA. Differences 
with P<0.05 were considered statistically significant.

Results

SCU-induced vasodilation of BA dependently on endothelium

Figure 2: SCU induces endothelium-dependent vasodilation in rat BA. 2A: Vasorelaxation induced by ACh (0.001-10µM) in 
endothelium-intact and endothelium-denuded BA rings pre-contraction by U46199 (1µM). 2B: Vasorelaxation induced by 
SCU(10µMm1000µM) in endothelium-intact and endothelium-denuded BA rings pre-contraction by U46199 (1µM). *P<0.05 vs 
Denude., t-test of Emax; **P<0.01 vs Intact, two-way ANOVA test (n=7-10, Data are mean±SEM).

In order to investigate whether SCU-induced vasodilation 
is dependent on endothelium, the relaxant effects of SCU were 
examined in BA rings with endothelium intact or denuded. Isolated 
BA rings were randomly divided into two groups. Endothelium 
was removed in the denuded group as described in the method, 
while it was kept intact in the control/intact group. Because 
ACh induces endothelium-dependent relaxation, it was applied 
to test the denuded model. As shown in Figure 2A, the relative 
stress was gradually reduced as the ACh concentration increased 
in the BA intact group, but it was barely changed in the denuded 
group. The Emax value was significantly higher in the BA denuded 
group (88.19%) versus in the intact BA group (38.92%) (P<0.05). 
These results suggest that BA vascular endothelium was denuded 
successfully. Next, the vasodilation effect of SCU was checked 
at different concentrations (10µM~1000µM) (Figure 2B). The 
results show that SCU relaxed endothelium-intact BA rings in a 
dose-dependent manner. Moreover, the Emax for SCU (69.33%) 

in denuded BA was significantly increased as compared with the 
Emax (35.39%) in the intact BA (P<0.05). It suggests that SCU-
induced relaxation was largely endothelium dependent. 

SCU does not affect vasodilation induced by ACh and SNP 
in normal BA 

ACh causes endothelium-dependent vasodilation, while SNP 
induces endothelium-independent relaxation. Since we showed 
that SCU treatment mediated endothelium-dependent relaxation, 
we further determined whether the vasodilation effect of SCU was 
changed by ACh or SNP. The normal BA segments were divided into 
three groups and each group contained 9-11 segments. Two groups 
were incubated with SCU (100µM) prior to ACh (0.001-100µM) 
or SNP (0.001-100µM) stimulation. The segments pretreated 
with vehicle for the same time were used as controls. The results 
showed that SCU incubation did not significantly alter ACh-induced 
endothelium-dependent dilation or SNP response in normal BA 
(Figure 3).

http://dx.doi.org/10.31031/ACAM.2018.01.000516
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Figure 3: SCU incubation does not change relaxation induced by ACh and SNPS in normal BA. The BA segments were randomly 
divided into three groups and each group contained 9-11 segments. The SCU and ACh groups were pre-incubated with SCU 
(100µM) and ACh (0.001-100µM), respectively. The control group was pretreated with vehicle. The relative stress was calculated. 
Data are presented as mean±SEM. 

Effect of SCU on vasodilation injury induced by HR

Figure 4: SCU restores ACh-induced endothelium-dependent, but not SNP-induced endothelium-independent, vasodilation in 
HR-treated BA rings. The control group was incubated with vehicle without HR treatment. The HR group was incubated with 
vehicle after HR treatment. The HR+100µM SCU groups was incubated with SCU (100µM) after HR treatment. A. ACh-induced 
response was decreased in HR-treated BA. ***P<0.001 vs Control, two-way ANOVA test. B. SCU significantly increased ACh 
response in HR-treated BA. ***P<0.001 vs HR, two-way ANOVA test. C. SNP-induced dilation is not changed in HR-treated BA. 
D. SCU did not alter SNP-induced endothelium-independent dilation in HR-treated BA. (n=9-11 segments. Data are presented 
as mean±SEM).

It has been reported that HR is a key factor for cerebral IR injury 
and impairs endothelium-dependent vasodilation. We studied the 
effect of SCU on endothelium intact or denuded vasodilation in 
HR-treated BA rings. ACh-induced vasodilation was impaired in 
HR treatment BA as compared to control BA without HR treatment 
(Figure 4A). This suggests that HR may impair endothelium function, 
which in turn blocks endothelium-dependent vasodilation response 

of BA to ACh. To test whether SCU can reduce ED caused by HR. The 
BA segments were preincubated with SCU (100µM), followed by HR 
treatment prior to ACh (0.001-100µM) stimulation. Pre-incubation 
with SCU (100µM) significantly decreased EC50 values of ACh in HR-
treated BA (Figure 4B), indicating that SCU restores endothelium-
dependent relaxation in HR-treated BA. Therefore, our results 
suggest that SCU attenuates HR-induced endothelium injury in rat 
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BA. To investigate effects of SCU on SNP-stimulated endothelium-
independent vasodilation, arterial segments were incubated with 
SCU (100µM) prior to SNPm0.001~100µMmstimulation in the 
control and HR-treated BA. Our results showed that SCU did not 
alter SNP-induced endothelium-independent dilation in either 
control BA or HR-treated BA (Figure 4C & 4D).

Effects of PKG, NOS, and AC/GC inhibitors on SCU-
induced vasodilation 

Since SCU induced vasodilation in intact BA rings as previously 
described. We further investigated the mechanism for action. Three 
kinds of inhibitors were tested for their effects on SCU-induced 
relaxation. Pre-incubation of intact BA with the PKG inhibitor PKGI-

rp (4mM) prior to SCU treatment resulted in a higher EC50 value of 
SCU with a higher Emax stress (Figure 5A), indicating that PKGI-rp 
significantly blocked SCU-induced relaxation in BA rings isolated 
from SD rats. Additionally, incubation of endothelium-intact BA 
rings with the NOS inhibitor L-NAME (100mM) slightly reduced 
SCU-induced relaxation (Figure 5B). We next tested whether the 
action of SCU was mediated through AC/GC. Pretreatment of BA 
rings with the AC inhibitor SQ 22536 (100µM) and the GC inhibitor 
ODQ (100µM) did not significantly inhibit SCU-induced relaxation 
(data not shown). Taken together, the results implicate that the SCU-
induced endothelium-dependent relaxation was at least partially 
mediated by the PKG pathway.

Figure 4: Inhibiting PKG or NOS reduces SCU-induced vasodilation in normal BA. 5A: BA rings were pre-incubated with the 
PKG inhibitor PKGI-rp (4μM) or vehicle for 15min, then accumulatively added with SCU (10-1000µM). n=9-12 segments. 5B: BA 
rings were pre-incubated with the NOS inhibitor L-NAME (100mM) or vehicle for 15min, then accumulatively added with SCU 
(10-1000µM). n=7-8 segments. SCU-induced relaxation is expressed as a percent of pre-contraction by U46199 (1µM). Data are 
presented as mean±SEM. *P<0.05, Emax of PKGI-rp vs vehicle.  t-test of Emax. ***P<0.001 vs vehicle, two-way ANOVA test (Data 
are mean±SEM).

PKG inhibitor blocks vasorelaxative effects of SCU in HR-
treated BA

Consistently, incubation with PKGI-rp (4μM) prior to SCU 
(500μM) treatment significantly reduced, but not completely 
blocked, the protective effect of SCU on ACh-induced endothelium-
dependent vasodilation in HR-treated BA (Figure 6), leading to 
significantly higher EC50 and Emax values of ACh. These results 
suggest that SCU restores endothelium-dependent vasodilation in 
HR-treated BA at least partially via the PKG-dependent pathway. 

Role of SCU-reduction of pH on SCU-vasodilation
SCU increases acidity which may affect vascular tone. We 

examined whether the addition of SCU to our saline solution would 
affect its pH thus contributing to some of the observed vascular 
relaxation effects. In BA rings, HCl was used to create a similar pH 
value in the solution, and the vasodilation effect was measured. As 
shown in Figure 7, HCl slightly dilated the rings but without the 
same activity as SCU with a significant different Emax (Figure 7). 
Therefore, pH reduction is not the essential factor contributing to 
SCU-mediated vasodilation. 

Effect of SCU on PKG activity and PKG-I protein in the 
brain of CIR rats 

After reperfusion for 24 hours, as seen from Figure 8A & 8B, 
ischemia area in SCU ( 45mg/kg, iv) treated group were significantly 
reduced (7.40%). compared with model group (13.57%). And 
as seen from Figure 8C & 8D, compared with model group, SCU 
increased the expression of PKG-I level in brain tissue of CIR rats 
suggesting that SCU could up-regulate the expression of PKG-I. The 
effects of SCU (45mg/kg, iv) on PKG activity and protein expression 
of p-VASP Ser 239 and VASP in the brain of CIR rats after 2, 24 and 
72h reperfusion were shown in Figure 8E. After reperfusion of 2 
and 24 h, the PKG activity (p-VASP Ser239/VASP ratio) decreased in 
brain of CIR model rats compared with sham group; in SCU treated 
group, PKG activity was increased compared with CIR model group. 
However, after 72 h reperfusion, PKG activity in both SCU and model 
group restored to near sham level (Figure 8E-8G).

Discussion
SCU are traditionally used for the treatment of hypertension 

and cardiovascular disease. It has been shown to lower blood 
pressure in rats. SCU are a well-known anti-inflammatory and 
cardiovascular protective agent with diverse pharmacological 
activities. SCU is also clinically applied to reduce cerebral IR injury. 
Given the recent increase in the use of herbal medicines globally, 
there is a pressing need to understand the possible mechanisms of 
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action of SCU and provide proof of its clinical efficacy. Among the 
diverse applications of SCU, it is commonly used to treat cerebral 
ischemia [37] and can significantly reduce the volume of cerebral 
ischemic cerebral infarction surface, improve learning and reduce 
the blood-brain barrier penetration damage [19,21,38]. However, 
the mechanisms of such functions remain unclear. In the present 
study, we mainly investigated effects of SCU on vasodilation of BA 
arteries isolated from rats by monitoring isometric tension using 
a wire myograph system. There is still a lack of recognized clinical 
medicine in the field, and generally a positive drug is not required 
in the wire myograph system assay. Therefore, a positive control is 
not included in these studies. 

Figure 6:The PKG inhibitor PKGI-rp blocks the protective 
effect of SCU on ACh-induced endothelium-dependent 
vasodilation in HR-treated BA. Control: incubated with 
vehicle without HR treatment; Model: incubated with 
vehicle after HR treatment; SCU, PKGI-rp and “PKGI-
rp+SCU” groups: incubated with SCU (500μM) or PKGI-
rp (4μM) alone or combination of PKGI-rp and SCU after 
HR treatment. *P<0.05vsModel, Kruskal-Wallis One Way 
Analysis of Variance on Ranks of Emax; *P<0.05 vs SCU, 
Kruskal-Wallis One Way Analysis of Variance on Ranks of 
Emax; ***P<0.001 vs Model, two-way ANOVA test; ***P<0.001 
vs SCU, two-way ANOVA test (n=9-12, Data are presented 
as mean±SEM).

Both vascular endothelial and smooth muscle cells may be 
injured by HR exposure. Studies have suggested that deleterious 
effects of HR injury are mainly mediated by impaired endothelial 
function [7,10,39]. Injury in endothelial cells may occur in the early 
stage of HR exposure, resulting in the loss of endothelium-dependent 
vasorelaxation [40] and deregulated local vascular tone, ultimately 
leading to tissue damage [6]. We investigated the effects of SCU 
on vasodilation in intact and endothelium denuded BA rings. The 
results show that SCU induced relaxation dramatically only when 
the BA ring was intact, implicating that SCU induced vasodilation 
through an endothelium-dependent manner. In addition, this 
effect was dose dependent. Further studies on the activities of 

an endothelium-dependent vasodilator (ACh) show that HR can 
cause endothelial damage and reduce ACh response, while SCU can 
protect against endothelial injury. Meanwhile, the incubation of 
normal vascular SCU does not change the dose-response curve of 
ACh, indicating that SCU has no effect on ACh response in normal 
blood vessels. However, SCU potentially improved the impairment 
of ACh-induced dilation after HR injury. 

Figure 7: Concentration-response curves of SCU and 
HCL at the same pH in isolated rat BA rings. SCU groups: 
incubated with SCU (10–1000µM). n=9. HCL groups: HCL 
(0.36-0.38%). HCl groups: HCl (0.36%–0.38%). ***P<0.01 vs 
the corresponding HCL group, t-test of Emax. ***P<0.001 vs 
the corresponding HCl group, two-way ANOVA test (n=10, 
mean±SEM)

SNP is a vascular smooth muscle-derived NO providers. It is 
a non-endothelium-dependent vasodilator, which acts directly 
on the vascular smooth muscle cells by activating the GC induced 
vasodilation. In normal and HR of BA, SCU did not significantly 
affect the vasodilation induced by SNP. Since rat BA are too small 
to be denuded of endothelium; therefore, we cannot test whether 
SCU-induced dilation is abolished in endothelium-denuded BA in 
the present studies. But our previous studies have shown that SCU-
induced vasodilation is abolished by about 80% in endothelium-
denuded mouse aorta [21], which confirmed that SCU induced 
vasodilation was mainly in an endothelium dependent way. 

NO plays a key role in blood pressure regulation and causes 
NO-dependent vasodilation, which can be mediated by the NOS/
NO/GC/cGMP/PKG pathway in both endothelium-dependent and 
-independent manners [41]. PKG is expressed in many cell types 
and at especially high concentrations in platelets and endothelial 
cells [26]. PKG signaling plays a key role in regulation of vascular 
endothelium and smooth muscle relaxation [29]. Studies have 
shown that the PKG expression level and activity are closely 
related to IR injury, atherosclerosis, restenosis, hypertension, and 
diabetes [38]. Our previous study demonstrate PKG-Iα might play 
an important role in the protective effects of SCU on ED against MIR 
injury. Upon activation, PKG phosphorylates VASP, which in turn 
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activates downstream ion channels, leading to vascular smooth 
muscle vasodilation [42]. Previous reports have suggested that 

vasorelaxant effects of baicalin (a flavonoid) are mainly attributed 
to the PKA and PKG pathways. 

Figure 8: Effect of SCU on PKG activity, and PKG-I protein level in cerebral tissue from CIR rats. 8A: Representative images of 
triphenyl tetrazolium chloride (TTC) staining of ischemic brain slices from CIR (ischemia 60minutes/reperfusion 24 hours) rats 
with SCU (45,90mg/kg) treatment. 8B: Quantification of the corrected cerebral infarct volume in CIR rats with SCU(45,90mg/kg) 
treatment. 8C: Representative immunoblot and quantification of PKG-I protein expression in brain tissue of CIR rats with SCU 
(45mg/kg) treatment. 8D: The ratio of PKG-I compared with GAPDH in brain tissue of CIR rats with SCU (45mg/kg) treatment. 
n=10 rats in each group. One-way ANOVA followed by SNK test vs *P<0.05; **P<0.01 vs Model; ***P<0.001 vs Model. 8E: The 
time-effect relationship of SCU on p-VASP Ser 239 protein level in cerebral tissue from CIR rats. Representative immunoblot 
and quantification of p-VASP Ser 239 and VASP protein expression in brain tissue of CIR rats with SCU (45mg/kg) treatment. 
8F,8G: The ratio of p-VASP compared with VASP in brain tissue of CIR rats with SCU (45mg/kg) treatment. The experimental 
group: the normal group (Control), the sham operation group (Sham2h, Sham24h, Sham72h), the CIR model group (Model2h, 
Model24h, Model72h), and the SCU (45mg/kg) group (SCU2h, SCU24h, SCU72h). All data was analyzed by One Way Analysis 
for comparisons. All Pairwise Multiple Comparison Procedures

In the present studies, we tried to explore the effect of SCU 
on the PKG pathway. We revealed that the PKG inhibitor PKGI-rp 
significantly inhibited the protective effect of SCU on endothelium-
dependent vasodilation in HR-treated BA, suggesting SCU may 
have an impact through the PKG pathway. To investigate how SCU 
regulates the members of the pathway, we performed western blots 
to detect protein levels of key factors PKG/VASP/p-VASP. 

One of the downstream targets of the PKGs is the dilated 
stimulated phosphoprotein (Vasp), a protein involved in the 

control of cytoskeletal dynamics and cell migration [43]. Vasp has 
three phosphorylation sites: Serl57, Ser239 and Thr278. Serl57 
are located in proline-rich regions (mainly with profilin binding). 
It is the main site of PKA site. S239 is the main site of PKG action. 
PKG phosphorylated VASP at Ser 239 can inhibit the growth of 
vascular smooth muscle [44]. This is partly due to contraction by 
inhibiting the expression of actin [45,46]. The determination of 
P-VASP levels may be a novel indicator of both PKG-I activity and 
endothelium integrity under physiological and pathophysiological 

http://dx.doi.org/10.31031/ACAM.2018.01.000516


52How to cite this article: Chen C, Zhiying W, Peihua P, Mengyuan L, Qingqing L, et al. Scutellarin Reduces Cerebral Ischemia Reperfusion Injury Involving 
in Vascular Endothelium Protection and PKG Signal. Adv Complement Alt Med. 1(4). ACAM.000516.2018. DOI: 10.31031/ACAM.2018.01.000516

Adv Complement Alt Med
                   

  Copyright © Weimin Yang

Volume 1 - Issue - 4

conditions in human tissue. In the present studies, SCU (45mg/kg) 
increased the expression of PKG-I in brain tissue of CIR rats. The 
results suggest that SCU has an effect on the level of PKG-I protein 
in the brain of CIR rats. SCU (45mg/kg) decreased the expression 
of p-VASP Ser239, decreased the expression of VASP, and increased 
the ratio of p-VASP Ser239/VASP to 2h-24h. There may be no 
statistical difference because the number of experiments is too 
small. But it was suggested that SCU could affect of SCU on PKG/
PKA phosphorylation in CIR rats. It has been reported that SCU can 
significantly reduce the volume of cerebral infarction and reduce 
the rate of apoptosis of brain cells in rats with ischemia-reperfusion 
injury. The results of this experiment are consistent with the above 
conclusions. That is, SCU can reduce cerebral infarction area and 
reduce cerebral edema caused by ischemia in IR rats.

Intracellular and extracellular pH has considerable impact on 
tone and reactivity of mammalian vascular smooth muscle. However, 
HCl induced acid environment had little effect on vasodilation. It 
suggests that pH is not an essential factor leading to SCU-induced 
relaxation in HR-treated BA rings. As a summary, we demonstrated 
that in vitro HR treatment led to impaired endothelium-dependent 
relaxation in response to ACh in isolated rat BA rings. SCU 
attenuated HR-induced ED in an endothelium-dependent and dose-
dependent manner in BA arteries. SCU induced vasodilation at least 
partially by activating the PKG signaling pathway. SCU can reduce 
the range of cerebral infarction in rats. SCU can antagonize the 
decrease of PKG/PKA activity in brain tissue of CIR rats, suggesting 
that the protective effect of SCU on brain tissue is related to PKG 
and PKA pathway. This study puts new insights into the responses 
of cerebral arteries to HR injury and provides a theory basis for the 
application of SCU on cerebral IR. 
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