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marin derivative, attenuated brain
ischemia/reperfusion injuries and subsequent
inflammation in spontaneously hypertensive rats
through inhibition of VCAM-1 †

Peng-Fei Yang,a Xiu-Yun Song,a Ting Zeng,b Qi-Di Ai,b Dan-Dan Liu,c Wei Zuo,a

Shuai Zhang,a Cong-Yuan Xia,a Xin Hec and Nai-Hong Chen *ab

Strokes are the leading cause of death and disability all over the world, however, there are few satisfactory

therapies. IMM-H004 citrate (004), 7-hydroxy-5-methoxy-4-methyl-3-(4-methylpiperazin-1-yl)-

coumarin, is a coumarin derivative which has potential therapeutic effects in brain ischemia with

ambiguous mechanisms. We aim to study the anti-brain ischemia effect and mechanism of 004 in

spontaneously hypertensive (SHR) rats. Adult male Wistar-Kyoto (WKY) rats and SHR rats were subjected

to 24 h reperfusion after transient middle cerebral artery occlusion (tMCAO) for 1 h and were

intravenously injected with 004 or Edaravone at the time of reperfusion. Behavioral scores, magnetic

resonance imaging (MRI) and TTC staining were used to test the therapeutic effect of 004. To study the

mechanism, the infiltration of leukocytes, the activation of microglia, blood viscosity, the expression of

VCAM-1, MMPs and proteins involved in the MAPK/NF-kB pathway were researched. The results

indicated that tMCAO/R induced serious injury, while 004 significantly alleviated the infarct volume and

improved neurological deficits. 004 improved inflammatory processes, such as the enhancement of

blood viscosity, expression of VCAM-1 and MMP2, release of TNF-a, IL-1b, IL-6 and IL-23,

phosphorylation of JNK and p38 and translocation of NF-kB, which play crucial roles in brain I/R in SHR

rats. An in vitro study also proved that 004 regulated JNK and NF-kB pathways and decreased the

expression of VCAM-1, which eventually led to the suppression of neuroinflammation.
1. Introduction

Strokes are one of the leading cause of death and disability and
are a great burden to the whole world.1,2 Since more than 85% of
all strokes are caused by cerebral ischemia,3 researchers have
put a great deal of effort into nding treatments for ischemic
cerebrovascular diseases. Brain ischemia/reperfusion (I/R)
triggers a complicated cascade of events, including abnormal
energy supplement, disturbance of ion metabolism, oxidative
stress, vascular damage and activation of the immune system.
These pathological processes eventually cause damage to
neuronal cells and brain tissue. A number of compounds are
also designed based on these etiologic factors, but
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unfortunately most of them are effective in experiments, but
invalid in clinical trials. The only Food and Drug Administra-
tion (FDA)-approved drug for clinical application is the
recombinant tissue plasminogen activator (rtPA), which has
a short therapeutic window and causes several side effects, such
as allergic/vascular edema, systemic hemorrhage, myocardial
ischemia and a high risk of hemorrhage transformation, and
can be used only for patients with systolic pressure < 180 and
diastolic pressure < 110. Nevertheless, the greatest risk factor
for strokes is high blood pressure (BP), a reduction in risk by
41% for strokes was achieved for every 10 mmHg lower BP
achieved.4 Of the patients with rst-ever strokes, 70.3% were
diagnosed with hypertension. Among which, 15.9% were
unaware of their hypertension at the time of the stroke onset.5

Thus, there is an urgent need to develop new drugs to treat
stroke patients with hypertension.

Coumarin and its derivatives, an important class of organic
heterocyclic compounds which are widely distributed in plants,
have been demonstrated to exert various neuroprotective effects
in previous studies. IMM-H004 [7-hydroxy-5-methoxy-4-methyl-
3-(4-methylpiperazin-1-yl)-coumarin] (004, Fig. 1), a novel
coumarin compound that is our own intellectual property, has
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The chemical structure of IMM-H004 citrate.
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been demonstrated to have neuroprotective effects in brain I/R
models in our previous studies,6,7 but the effects in brain I/R
models with hypertension are still unexplored and the rele-
vant mechanism was also ambiguous. Since hypertension is the
most common complication in a stroke, it is of great value to
test the protective effects of 004 in a spontaneously hypertensive
(SHR) rat brain I/R model.

In strokes, the initial inammatory response causes the
activation of microglia and inammatory cells, which is the
organism’s attempt to alleviate brain injury. However, a mass
amount of lysosomal enzymes and oxidative bursts that are
secreted by the over-activation of inammatory cells gradually
lead to endothelial cell junction dysfunction, destroyed blood–
brain barrier integrity, exacerbated neuron death and nally
results in permanent brain injury which is called “secondary
brain injury”.8 Besides, inammation is believed to play an
important role in the severe outcome of strokes in hypertensive
patients.9 Thus, we aim to investigate the effect of 004 in brain I/
R models in SHR rats, and clarify the effect of 004 on the
inammation in this model.
2. Experimental procedures
2.1 Animals

Adult male Wistar-Kyoto (WKY) rats and SHR rats (270 � 10 g,
3–4 months) were purchased from Vital River Laboratories
(Beijing, China). WKY rats were randomly assigned to 3 groups:
sham, I/R and I/R + 004 (10 mg kg�1), while SHR rats were
randomly assigned to 6 groups: sham, I/R, I/R + 004 (2.5, 5,
10 mg kg�1) and I/R + Edaravone (10 mg kg�1, Xiansheng,
China). Rats were randomly assigned to each group and were
given vehicles or drugs intravenously at the time of reperfusion
aer ischemia for 1 h and were kept for 24 h or 7 days. Ischemia
was conducted by middle cerebral artery occlusion (MCAO) as
previously described.10 Body temperature was maintained at
37.5 � 0.5 �C until the rats recovered from anesthesia. All
experiments were double-blind. A total of 236 rats were used, 33
rats died, 3 SHR rats were excluded because of low BP and the
data of 7 rats were deleted because of data error in blood sample
analysis. The total mortality rate was 14%. The effect of MCAO
was conrmed by computed tomography angiography (CTA)
(Additional le 2†). All animal experiments were approved by
the Institutional Animal Care and Use Committee of the
Chinese Academy of Medical Sciences and were performed in
accordance with the standards of the National Institutes of
Health guide for the care and use of Laboratory animals.
This journal is © The Royal Society of Chemistry 2017
2.2 Blood pressure measurement

The systolic blood pressure (SBP) of the animals was measured
using the blood pressure (BP) measurement apparatus Soron
BP-98A (Soron, Japan). The animals were kept in a warm place
for 5 min and SBP was measured by a tail-cuff technique
following the guidelines. For hypertension conrmation, SBP
values were determined 3 times during 18:00–19:00 as the BP
curve served as a reverse-dipper pattern in SHR rats.11 In order
to understand the inuence of 004 on BP, SBP values were
measured aer treatment with 004 for 2 h because the effects of
the reagent on SBP appeared 1 to 2 hours aer drug adminis-
tration in most cases.12,13
2.3 Evaluation of neurological decits

Neurological decits were blindly scored at different time
points aer I/R using methods such as Zea Longa’s test,14 the
grid test,15 the hanging wire test16 and the Garcia and Bederson
(G&B) scores17 to comprehensively analyze the neurological
function. The details are shown in Table 1.
2.4 Magnetic resonance imaging (MRI) of brain lesions

Aer I/R at different time points rats were anaesthetized for MRI
(PharmaScan 70/16 US, Bruker, Germany). The MRI protocol
was a T2_TurboRARE with TR/TE ¼ 4300/35 ms, 4 averages, 40
� 40 eld-of-view, size 256 � 256, and 0.5 mm thickness.
2.5 The measurement of brain infarct and edema volumes

2,3,5-Triphenyltetrazolium-chloride (TTC, Sigma, USA) staining
was performed to determine the infarct and edema volumes
aer 24 h by using Image J. While the infarct and edema
volumes aer 0 hours, 3 hours, 6 hours, 12 hours, 1 day, 2 days,
4 days and 7 days aer I/R were determined by MRI using the
Image-Pro Plus 6.0 soware. The infarct volumes were calcu-
lated by multiplying the white area of all slices and the edema
volumes were measured by multiplying the enhanced area
caused by I/R.
2.6 Immunohistochemistry

Aer the brains were collected from the rats in each group,
a series of 5 mm-thick sections were prepared. The sections were
submitted to antigen retrieval and incubated with a primary
antibody against ionized calcium-binding adapter molecule 1
(Iba1, Wako, Japan) or myeloperoxidase (MPO, Abcam, UK)
overnight. Then the sections were incubated with a horseradish
peroxidase (HRP)-conjugated secondary antibody and visual-
ized by 3,30-diaminobenzidine (DAB, ZSGB-Bio, China).
2.7 Immunouorescence staining

Sections with a thickness of 5 mm were incubated with primary
antibodies for chemokine-like factor 1 (CKLF1), Iba1, NeuN, the
glial brillary acidic protein (GFAP) or the vascular cell adhe-
sion molecule (VCAM)-1 for 10 h and were then incubated with
Alexa 488, 546 or 647-conjugated donkey secondary antibodies
(life technologies, USA) to combine with the primary antibodies.
RSC Adv., 2017, 7, 27480–27495 | 27481
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Table 1 The neurological examination form used to assess the rats

Test type Purpose

Scores

Unit CriterionMildest Severest

Zea Longa’s test Classic assessment
for overall condition

0 4 Point 0: no neurological decit; 1: failure to extend le forepaw fully;
2: circling to the le; 3: falling to the le; 4: did not walk
spontaneously and had a depressed level of consciousness.

Grid test Evaluating motor ability 0 10 Pace Animals placed on an elevated (1 m) grid surface platform
with square openings of 9 � 9 cm were encouraged to
traverse the grid surface for 1 minute. The foot faults
where animals inaccurately placed a limb through one
of the openings in the grid were counted. The number of
foot faults made per meter in 1 minute was calculated.

Hanging wire Checking grasping ability 120 0 Second A stainless steel bar (50 cm in length) resting on two vertical
supports and elevated 60 cm above a at surface was used in
this test. Rats were placed on the bar midway between the
supports and were observed for 120 s. The amount of time
spent hanging was recorded.

G&B scores Evaluating reaction
and response ability

18 3 Point Spontaneous activity, symmetry of movements and symmetry
of forelimbs were evaluated as 0–3; climbing the wall of the
wire cage, the reaction to touch on either side of the
trunk and the response to vibrissae touch were
evaluated as 1–3. The total scores were recorded.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 3
:3

0:
16

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Images were acquired in the ischemic regions with a uores-
cence microscope (Eclipse TE2000e, Japan).

2.8 Hemorheological tests

Blood samples were collected from the abdominal aorta of the
rats in each group. Hematocrit was measured by Sysmex XE-
2100 (Sysmex, Japan). The automatic blood rheometer
Succeeder SA-6000 (Succeeder, China) was used for measuring
whole blood viscosity (WBV), plasma viscosity (PV), whole blood
relative viscosity at low (WBRV-L) and high (WBRV-H) shear
rate, erythrocyte aggregation index (EAI) and erythrocyte rigidity
index (ERI).

2.9 ELISA assay

Aer blood collection, the ischemic cortex tissues were quickly
dissected, washed, homogenized and centrifuged at 3000 g for
10 min and then the levels of tumor necrosis factor (TNF)-a,
interleukin (IL)-1b, IL-6 and IL-23 were measured using the
corresponding kits (Jiancheng, China) and strictly following the
manufacturer’s instructions.

2.10 Cell culture

Human brain microvascular endothelial cells (HBMEC) were
obtained from National Infrastructure of Cell Line Resource
(Beijing, China) and maintained in RPMI-1640 medium at
37 �C. We set up an oxygen glucose deprivation (OGD) model by
using glucose-free RPMI-1640 and putting the culture ask into
a modular incubator chamber (Billups-rothenberg, USA) that
was gassed with 95% N2/5% CO2. The concentration of O2

(Measured by O2 Quickstick, Nuvair, USA) decreased to 0.03%
and was considered as the hypoxia state. Then cells were
reoxygenated (R) in glucose-containing RPMI-1640 in normal
culture conditions.
27482 | RSC Adv., 2017, 7, 27480–27495
2.11 Western blotting

Brain tissues of the ischemic cortex were dissected from each
rat, then washed and disrupted to obtain the tissue homoge-
nates. Cell lysates were obtained by homogenization in lysis
buffer. 25 mg of protein samples were separated on SDS-PAGE
gels, then transferred to PVDF membranes (Millipore, USA).
Aer incubation with the following primary antibodies over-
night, anti-pIKKab, anti-IKKa, anti-IKKb, anti-p-NF-kB, anti-NF-
kB, anti-MMP2, anti-MMP9, anti-b-actin, anti-PCNA (all 1:500,
Santa Cruz, USA), and anti-VCAM-1 (1:500, Abcam, UK), the
membranes were incubated with HRP-conjugated secondary
antibodies (1:5000, KPL, USA). The predicted bands were
detected using chemical luminescence (PPLYGEN, China) in
a chemiluminescence detection system (ImageQuant LAS4000-
mini, Sweden).
2.12 Statistical analysis

Data were expressed as mean � standard deviation (SD) and
analyzed using the GraphPad Prism 5 soware. One-way anal-
ysis of variance (ANOVA) analysis was used to analyze the
differences between multiple groups within the same species.
Student’s t-test was used to analyze the differences between two
groups.
3. Results
3.1 004 attenuates I/R-induced neurological decits, brain
edema and infarction in SHR and WKY rats

24 h was believed to be an appropriate time point to evaluate the
effect of compounds in the brain I/R model18 so the effect of 004
was judged at 24 h as a preliminary test. Zea Longa’s test, the
grid test, the hanging wire test and the Garcia and Bederson
scores test (Fig. 2A) were performed so that the motor
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The effect of 004 on the behavioral and pathological changes induced by I/R in WKY and SHR rats at 24 h after reperfusion. (A) 004
improved the behavioral injury in Zea Longa’s test, the grid test, the hanging wire test, the Garcia and Bederson scores test. (B) Representative
pictures for the effect of 004 on brain I/R injury using TTC staining. (C and D) 004 decreased the infarct area and edema volume in WKY and SHR
rats. In A, C and D, n ¼ 10 in each group. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Sham, #P < 0.05, ##P < 0.01, ###P < 0.001 vs. I/R.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 27480–27495 | 27483
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coordination, the motor ability, the grasping ability and the
reaction and response ability of the animals could be judged.
Rats in the I/R group displayed prominent decits, while the
004 group showed an obvious dose-dependent improvement
and the 10 mg kg�1 group displayed the best protective effect.
The Edaravone (10 mg kg�1) group also exhibited signicantly
improved neurological performance compared to brain I/R SHR
rats.

TTC staining in Fig. 2B, as well as the graphs in Fig. 2C and
Fig. 2D, showed that both 004 and Edaravone reduced brain
edema (Fig. 2C) and cerebral infarction (Fig. 2D) signicantly
aer reperfusion for 24 h. The effect of 004 was better than
Edaravone in ameliorating the infarct volume. Although 004(10
mg kg�1) decreased the edema volume signicantly and Edar-
avone showed no obvious effect, there were no signicant
differences between 004 and Edaravone in decreasing the
edema volume.

In order to investigate the protective effect of 004 aer a long
period, we tested the effect of 004 until 7 days aer reperfusion
in SHR rats. The results of survival rates and neurological
testing showed that 004 reduced the death rate (Fig. 3A) and
alleviated behavioral decits (Fig. 3B). There were slight
differences in the survival rate between 004 and Edaravone
treated groups (91.7% vs. 83.3%). We speculated that the
phenomenon might be related to the results of the edema
volume analysis, in which 004 and Edaravone showed no
signicant differences in ameliorating the edema volume, as
clinically signicant brain edema is a cause of substantial
mortality.19 The results of the MRI also proved that 004 relieved
brain lesions as the enhanced infarct volume and the edema
volume caused by brain I/R dramatically decreased (Fig. 3C–E),
especially at 24 h and 48 h. Nevertheless, the change of I/R
injury by 004 was not due to BP alteration (Fig. 3F).
3.2 004 ameliorated inammatory cell inltration and
microglia activation in SHR rats which is more severe than in
WKY rats

I/R induced neuroinammation is a progressive event and
occurs from hours to days.20 Major inammatory markers
peaked at 24 h aer I/R,21–23 so we chose 24 h as an appropriate
time point to study the effect of 004 on inammation, which
might negatively inuence the outcome of stroke. As MPO was
seen as a marker of myeloid cells (mainly neutrophils and
monocytes), we measured the number of MPO + cells in the
damaged region to examine leukocyte inltration (Fig. 4A) aer
I/R for 24 h. The results showed that the number of MPO + cells
greatly increased in the damage region of I/R rats when
compared to sham rats, while 004 notably reduced the number
of MPO + cells (Fig. 4B).

Iba1 was considered as a marker of microglia and activated
microglia were identied as showing (1) thicker Iba1 immu-
nohistochemical staining, (2) enlarged and/or irregular cell
bodies and (3) complete or partial loss of thin, elongated
processes.24 We observed that the markedly increased number
of activated microglia (red arrow, Fig. 4C) in I/R groups was
attenuated by 004 (Fig. 4D). Although the activated microglia
27484 | RSC Adv., 2017, 7, 27480–27495
showed no difference, there are many more Iba1+ cells (resting
microglia, yellow arrow, Fig. 4E) in the brain of SHR sham rats
than in WKY sham rats.

3.3 004 alleviated abnormal hemorheological indices
changes caused by I/R in SHR and WKY rats

When acute inammation occurs, the blood viscosity increases,
so the leukocytes in the blood will easily accumulate along and
stick to the vascular endothelium and eventually migrate
through the vascular wall into the site of injury. Therefore, we
monitored the hemorheological indices, which are also avail-
able clinically. The WBV at low (1.0 s�1), middle (50 s�1) or high
(180 s�1) shear rates (Fig. 5A–C) and the WBRV-L or WBRV-H
shear rates (Fig. 5D and E) gave similar results, that is, blood
viscosity was enhanced aer I/R, while 004 and Edaravone
showed decreased blood viscosity. As the PV, hematocrit and
brinogen concentration of the animals in each group did not
show signicant differences (Fig. 5F–H), WBRV-L and WBRV-H
were mainly determined by EAI and ERI because both of them
were thought to be more obviously correlated with the severity
of hypertension when there is no obvious change in the afore-
mentioned parameters.25 Results showed that the enhanced EAI
and ERI in I/R groups were alleviated by Edaravone or 004
administration (Fig. 5I and J). It is known that oxidative stress is
involved in the enhancement of EAI and ERI,26 so the effect of
004 may be derived from its antioxidant capacity which was
proved in an earlier study.27 We also measured the coagulation
function, which presented no useful information to our study
(Additional le 1†).

3.4 004 lowered the enhanced expression of VCAM-1 and
MMP2 in I/R treated WKY and SHR rats

VCAM-1 is important in attaching circulating leukocytes to
endothelium and in helping leukocytes migrate through
vessels. In our study, the ameliorating effect on VCAM-1 by 004
was observed (Fig. 6A). We observed a similar outcome in the
immunouorescence images of SHR rats (Fig. 6B).

Matrix metalloproteinase (MMP) 2 and MMP9 are two key
gelatinases in degradating type IV collagen, which is considered
the major constituent of basal lamina. The breakdown of basal
lamina is believed to be a critical process in inammation. The
expression of MMP2 increased aer I/R, while the up-regulated
state was attenuated by 004 administration (Fig. 6C and D). The
results of MMP2 showed similar trends, although there were no
signicant differences between the groups (Fig. 6E).

3.5 004 suppressed the release of inammatory factors in
WKY and SHR rats throughmodulating the MAPKs and NF-kB
pathways

The release of inammatory factors promotes the chemotaxis of
inammatory cells in prolonged inammation. As shown in
Fig. 7A, the results revealed that there was an increase of TNF-a,
IL-1b, IL-6 and IL-23 in I/R groups, while an obvious suppres-
sion effect occurred in the groups treated with 004.

CKLF1, a newly discovered novel cytokine, was also observed
in our study. The expression of CKLF1 was high in the brains of
This journal is © The Royal Society of Chemistry 2017
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fetuses and changed to be low in adults,28 but was up-regulated
in the occurrence of cerebral I/R.29 However, the source of
CKLF1 is still obscure. As shown in Fig. 7B, the obvious
expression of CKLF1 was found to be restrained in the 004
Fig. 3 The effect of 004 on the survival rate and the behavioral and patho
004 decreased the death rate in SHR rats after observation for 7 days
observation for 7 days. n¼ 8. (C) Representative pictures for the effect of
E) 004 decreased the edema volume and infarct volume at different time
***P < 0.001 vs. I/R. (F) Changes in SBP caused by 004 in WKY and SHR

This journal is © The Royal Society of Chemistry 2017
treated SHR group. Of note, there was co-localization of CKLF1
and neuron cells (NeuN+, asterisk), but not microglia (Iba1+,
white arrow), vascular endothelial cells (yellow arrow) or
logical changes induced by I/R in SHR rats were observed for 7 days. (A)
. n ¼ 12. (B) 004 relieved the neurological deficits in SHR rats after
004 on brain I/R injury usingmagnetic resonance imaging (MRI). (D and
points in SHR rats. In D and E, n¼ 6 in each group. *P < 0.05, **P < 0.01,
rats. In F, n ¼ 15. Values expressed as mean � standard deviation (SD).
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Fig. 4 004 ameliorated inflammatory cell infiltration andmicroglia activation. (A and B) 004 decreased myeloperoxidase (MPO)+ cell numbers in
the ischemic area of the cortex. (C and D) 004 decreased activated microglia numbers in the ischemic area of the cortex. (E) There were more
ionized calcium-binding adapter molecule 1 (Iba1)+ cells per field in the brains of SHR than in WKY rats. n ¼ 6 in each group. Scalebar¼ 200 mm.
***P < 0.001 vs. Sham, ###P < 0.001 vs. I/R. @P < 0.05 vs. WKY sham. Values expressed as mean � SD.
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astrocytes (GFAP+, Additional le 1†), which indicated that the
neurons secrete CKLF-1 in I/R brains for the rst time.

Furthermore, we investigated whether 004 blocked the
mitogen-activated protein kinase (MAPK) family and NF-kB
signal pathways. As shown in Fig. 7C, the expression of p-IKKa/
b (Fig. 7D), p-NF-kB (Fig. 7E) and the translocation of NF-kB to
the nucleus (Fig. 7F) was greatly elevated in I/R rats, which were
considerably restrained in the 004 group. Besides, up-regulated
expression of p-JNK (Fig. 7I) and p-p38 (Fig. 7J) induced by I/R
was also restrained in the 004 group, however, 004 showed no
effect on the increased p-ERK expression (Fig. 7H).
3.6 The effects and mechanism of 004 on VCAM-1
expression in HBMEC cells

We examined the relationship between 004, MAPKs and NF-kB
in modulating VCAM-1 expression in HBMEC cells. At rst, we
27486 | RSC Adv., 2017, 7, 27480–27495
examined the effect of oxygen glucose deprivation/
reoxygenation (OGD/R) with or without IMM-H004 on HBMEC
cell viability to nd out the proper OGD/R procedure to avoid
severe damage to the cells. The results indicated that although
an obvious decrease was found aer OGD2h/R24h, the viability
ratio was still as high as 92.09% (Fig. 8A). The viability of
HBMEC cells showed no signicant difference until reperfusion
for 12 h following 2 h OGD (Fig. 8A). The maximum expression
of VCAM-1 was observed in the OGD2h/R24h group when
compared to groups treated with OGD for different time periods
followed by 24 h reperfusion, and at OGD2h/R4h there was
obvious up-regulation of VCAM-1 which lasted for 24 h (Fig. 8B),
So we evaluated the expression of VCAM-1 using the model of
OGD2h/R4h treated HBMEC cells.

In this model, increased VCAM-1 expression aer OGD/R
was observed to be suppressed by 004, SP600125 (an inhibitor
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 004 alleviated abnormal hemorheological indices changes induced by I/R inWKY and SHR rats. (A, B and C) 004 alleviated abnormal blood
viscosity at 1.0, 50 and 180 s�1 shear rates. (D and E) 004 depressed the whole blood relative viscosity at low-(WBRV-L) or high-(WBRV-H) shear
rates. (F, G and H) There were no changes in plasma viscosity (PV), hematocrit and fibrinogen in each group. (I and J) 004 decreased the
erythrocyte aggregation index (EAI) and the erythrocyte rigidity index (ERI). n¼ 10 in each group. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Sham, ##P
< 0.01, ###P < 0.001 vs. I/R. Values expressed as mean � SD.
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of JNK) and BAY11-7082 (an inhibitor of NF-kB), but SB203580
(an inhibitor of p38) showed no effect (Fig. 8C), demonstrating
that JNK and NF-kB participated in the up-regulation of VCAM-
This journal is © The Royal Society of Chemistry 2017
1. However, the phosphorylation of JNK, IKKa/b and NF-kB
occurred aer reoxygenation at 1 h and then began to decline
(Fig. 8D), so there may be underlying mechanisms mediating
RSC Adv., 2017, 7, 27480–27495 | 27487
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the delayed expression of VCAM-1. In order to test whether JNK
and NF-kB pathways interact with each other or if the two
pathways are independent, BAY11-7082 and SP600125 were
administered. The expression of p-JNK and p-NF-kB was abol-
ished in their corresponding inhibitor treated OGD2h/R1h
groups or the 004 treated group when compared to the OGD/R
group, however, the phosphorylation of JNK or NF-kB was not
Fig. 6 004 decreased the vascular cell adhesion molecule (VCAM)-1 a
administration decreased VCAM-1 expression. (B) VCAM-1 was attenuat
orescence staining in SHR rats. Scalebar ¼ 200 mm (C, D and E) 004 ad
although there is a similar trend. n ¼ 4. **P < 0.01, ***P < 0.001 vs. Sha

27488 | RSC Adv., 2017, 7, 27480–27495
changed in the BAY11-7082 or SP600125 treated OGD/R groups
respectively (Fig. 8E), which meant that JNK and NF-kB partic-
ipated in the expression of VCAM-1 in HBMEC cells indepen-
dently and 004 inhibited both of the two inuential factors and
therefore relieved VCAM-1 expression in HBMEC cells.

Actually, we are curious about the result where OGD2h/R24h
showed only a minor detrimental effect on HBMEC cells as we
nd matrix metalloproteinase (MMP)2 expression in SHR rats. (A) 004
ed by 004 near the positions of brain microvessels using immunoflu-
ministration decreased MMP2 expression, but not MMP9 expression,
m, #P < 0.05, ###P < 0.001 vs. I/R. Values expressed as mean � SD.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 004 depressed neuroinflammation via decreasing JNK, p38 MAPK and NF-kB activity in SHR rats. (A) 004 abolished the release of TNF-a,
IL-1b, IL-6 and IL-23. (B) The release of chemokine-like factor 1 (CKLF1) by neurons is attenuated by 004. Scalebar ¼ 200 or 100 mm. (C–F) 004
suppressed the translocation of NF-kB. (G–J) 004 suppressed the phosphorylation of JNK and p38, but not ERK. n¼ 4. *P < 0.05, **P < 0.01, ***P
< 0.001 vs. Sham, #P < 0.05, ##P < 0.01, ###P < 0.001 vs. I/R. Values expressed as mean � SD.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 27480–27495 | 27489
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Fig. 8 004 decreased VCAM-1 expression via inhibiting the phosphorylation of JNK and NF-kB. (A) The effect of OGD/R with or without IMM-
H004 on HBMEC cell viability. *P < 0.05, ***P < 0.001 vs. Con. (B) The expression of VCAM-1 induced by OGD/R at various times. (C) 004,
SP600125 and BAY11-7082 abolished VCAM-1 expression induced by OGD/R. (D) The maximum expression of p-JNK, p-IKKa/b and p-NF-kB
was O2h/R1h. (E) 004 abolished the phosphorylation of JNK and NF-kB, but JNK and NF-kB pathways are independent of each other. n ¼ 3 in
each group. SP600125, SB203580, and BAY11-7082 are JNK, p38 and NF-kB inhibitors, respectively. **P < 0.01, ***P < 0.001 vs. Sham, #P < 0.05,
##P < 0.01, ###P < 0.001 vs. I/R. Values expressed as mean � SD.
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observed serious injury when OGD2h/R24h was conducted in
primary neuron cells (data not shown). But the results were
consistent with a previous study, in which the cell viability was
as high as 86% aer OGD for 3 h.30 In another research study,
the OGD time was set at 6 h in order to make the OGD/R-
induced damage obvious.31 The results showed that endothe-
lial cells are more tolerant to OGD injury compared to neurons
which undergo more severe damage aer identical OGD/R
27490 | RSC Adv., 2017, 7, 27480–27495
treatment. For example, only 42.5% of neuron cells remained
viable at 24 h aer OGD for 3 h.32 The reason for this
phenomenon may come from the production of NO in endo-
thelial cells. Vascular endothelial cells could even assist
neurons in preventing hypoxic injury by the production of NO in
the direct neuron-brain microvessel endothelial cell (-BMEC)
co-culture system.33
This journal is © The Royal Society of Chemistry 2017
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4. Discussion

Hypertension is not only the main cause of a stroke, but also
deteriorates the outcome and causes poor prognosis. However,
the reason remains an enigma. Although there is a close rela-
tionship between hypertension and ischemic strokes in many
clinical trials, lowering BP may not always lead to a favorable
outcome in stroke patients. Actually, in 1977, scientists even
tried to favorably alter stroke outcomes by maintaining hyper-
tension because hypertension always means better perfusion,
but the outcome was inevitably sad.34 Besides, although hyper-
tension means an increased pressure on the vessel wall, the
majority (�80%) of hypertension strokes are thrombotic but not
haemorrhagic,35 so we can conclude that it is the complications
rather than hypertension itself that cause and inuence stroke
outcomes.

Inammation, which is thought to play a pivotal role in the
progression of acute brain injury aer I/R, has aroused our
attention. Hypertension is always closely related to a plethora of
inammatory processes. Increased BP activates brain-resident
astrocytes and microglia and upregulates adhesion molecule
(AM) expression. Besides, hypertension correlates to monocyte
activation and increased plasma levels of pro-inammatory
cytokines in the periphery.9 As 004 showed ROS reduction
effects and inammatory pathway inhibition in our previous
study, we observed the inammation inhibiting effect in this
study. The results showed that neutrophil inltration, microglia
activation, blood viscosity, the expression of VCAM-1 and
MMP2, inammatory factors and pathways were enhanced in
SHR I/R rats, while 004 suppressed these pathological changes
by inhibiting inammation mainly through down regulation of
VCAM-1 (Fig. 9) and eventually improved neurological defects
and alleviated infarction in a time- and dose-dependent manner
in SHR rats.

There are 3 questions we want to answer in our study.
The rst is the question as to why hypertension gives rise to

elevated inammatory reaction. The relationship between
hypertension and severe inammation is known, but the reason
is controversial. In our study, we emphasized the importance of
hemorheology in hypertension. Although the science of hem-
orheology has evolved over 400 years, the importance of hem-
orheological variables in strokes have been known only for the
last 20 years.36 The relationship that associates enhanced blood
viscosity with hypertension was claried as “chicken and
eggs”:35,37 an increase in blood viscosity could result in hyper-
tension by enhancing the vascular resistance in the periphery38

and evaluated BP is required to compensate physiologically for
the increased viscosity.39 The changes in hemorheology oen
result from the dysfunction of the sympathetic nervous system
or the renin-angiotensin-aldosterone system.37 Although there
is a close correlation between hypertension and high blood
viscosity, only a few studies consider the role of blood viscosity
in strokes. There is also an interesting observation that satis-
factory BP reduction with various kinds of antihypertensive
drugs may not lead to an identical reduction in stroke patients,
so it is inferred that this observation may partly be due to the
This journal is © The Royal Society of Chemistry 2017
unsatisfactory effects of some drugs in hemorheology.40

Furthermore, epidemiological studies have found an increased
risk of cardiovascular disease in patients with higher mean
blood viscosity levels, but it is not relevant to whether they
belong to hypertensive or normotensive individuals.41 So hem-
orheological change might play a more important role in stroke
patients.

However, the effect of the change in blood viscosity was
neglected inmost studies, while we believed that blood viscosity
might serve as a potential breakthrough point for analyzing the
mechanism. In our study, the results showed that elevated
WBRV-L was observed to be much higher in SHR rats when
compared to WKY rats and both WBRV-L and WBRV-H were
markedly enhanced in SHR I/R rats compared to WKY I/R rats.

In normal blood ow, erythrocytes are conned to a central
axis of the ow and displace the leukocytes toward the vessel
wall. In the case of inammation, as vasodilation and extrava-
sation of plasma uid and proteins happens consecutively,
blood ow slows and hemodynamic changes occur (wall shear
stress decreases) and a large number of leukocytes dri to
a peripheral position along the endothelial surface. This
process is called “margination”.42 Leukocytes must rst become
marginated to collide with the endothelial cells, and blood
viscosity was thought to be one of the most important inu-
encing factors in this process. A study showed that both
enhanced erythrocyte aggregation and increased hematocrit led
to elevated blood viscosity which correlated with more slow-
owing leukocytes near the wall and eventually facilitated
leukocyte adhesion.43 As the wall shear rate decreased, which
elevated blood viscosity, leukocytes were increasingly distrib-
uted toward the wall in blood owing in glass capillaries.44

Aer margination, the leukocytes then adhere rmly and
insert pseudopods into the junctions between endothelial cells,
and escape into the extravascular space, which is called
“adhesion”.42 In this stage, the immune cells were activated to
express integrins like Very Late Antigen (VLA)-4 and lymphocyte
function-associated antigen (LFA)-1. Endothelial cells were also
activated to express ligands for integrins, especially VCAM-1
(ligand for VLA-4) and ICAM-1 (ligand for LFA-1), which are
called adhesion molecules. Integrins and adhesion molecules
showed a high-affinity state, so leukocytes stop rolling and
spread out on the endothelial surface to prepare for inltration.
In this process, endothelial cells play important roles and blood
viscosity could alter the adhesion of leukocytes to endothelial
cells, as the physiological status of endothelial cells could be
changed by hemorheological alteration in the blood. Vascular
endothelial cells do not only act as components of blood
vessels, but also act as sensors of mechanical stress and
conductors of mechanical signals in the blood ow. It was
found that pathological shear stress stimulates expression of
VCAM-1.45 Because blood is particulate and has non-Newtonian
nature, decreasing shear rate leads to an increase in viscosity43,
therefore, at low shear stress in experiments in blood, expres-
sion of VCAM-1 was enhanced and inammation was
induced.46–48 Besides, these interactions between leukocytes and
endothelial cells are both governed by local hydrodynamics
such as uid velocity and viscosity, as increased viscosity and
RSC Adv., 2017, 7, 27480–27495 | 27491
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Fig. 9 The mechanism of 004 in ameliorating inflammation caused by brain I/R.
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decreased velocity means it is hard to separate the combina-
tion.49 In one study, the efficiency of integrin-dependent adhe-
sion was highest (�0.2) at high viscosity and it decreased to
approximately zero at low viscosity.50 All of these results indicate
that high blood viscosity facilitated the margination of leuko-
cytes and adhesion of leukocytes to endothelial cells and
eventually affected the occurrence of inammation.48 So, we
may conclude that 004 could alleviate VCAM-1 up-regulation by
decreasing the enhanced blood viscosity so that inammation
could be suppressed (Fig. 9). Interestingly, we also found out
that although the activated microglia numbers seemed the
same, there were more resting microglia in the brains of SHR
rats than those of WKY rats. That would also partly explain why
SHR rats exhibited a stronger effect in activating microglia and
thus underwent more serious injury induced by I/R compared to
WKY rats.

The second question is whether MAPKs and NF-kB were
involved in the up-regulation of VCAM-1 in HBMECs and
whether they took part in this progress independently or were
inuenced by each other. It was found that MAPKs and NF-kB
were deeply involved in VCAM-1 expression under different
stimulation, such as gastrin-releasing peptide (GRP), lipopoly-
saccharides (LPS), thyroid stimulating hormone (TSH) and
tumor necrosis factor a (TNF-a), in different endothelial cells.
For example, the expression of VCAM-1 was observed in GRP
treated human umbilical vein endothelial cells (HUVECs), while
the inhibition of ERK1/2, p38 and NF-kB signicantly reduced
27492 | RSC Adv., 2017, 7, 27480–27495
the expression of VCAM-1 and subsequent adhesion of mono-
cytes to the endothelium.51 In another study using TSH as
a stimulator, the enhancement of VCAM-1 was accompanied by
ERK1/2 activation in HUVECs.52 It was also observed that TNF-
a induced activation of JNK and p38 promoted endothelial
activation resulting in enhanced VCAM-1 expression in an in
vitro experiment using HUVECs, while inhibition of p38, JNK or
NF-kB blocked the expression of VCAM-1.53 In another
commonly used endothelial cell type, human aortic endothelial
cells (HAECs), a similar phenomenon was observed. TNF-a was
found to increase VCAM-1 expression via JNK, ERK1/2, p38
MAPK and NF-kB in HAECs.54 Activation of p38 MAPK is
believed to be at least partially involved in LPS-induced VCAM-1
expression in HAECs.55 The triglyceride-rich lipoproteins
mediated sensitization to inammatory stimuli such as TNFa
stimulated VCAM-1 expression, which was dependent upon p38
activity because the sensitization was abrogated by pharmaco-
logical blockade of p38.56 Many experiments indicated that NF-
kB worked as a VCAM-1 promoter in both HUVECs and
HAECs.57–63 It was also found that MAPKs and NF-kB partici-
pated in VCAM-1 expression in other cell types. For example,
p38 was involved in the expression of VCAM-1, which was
induced by adding inammatory cytokines to cardiac cells.64

ERK and JNK took part in the synthesis of VCAM-1 in human
bone marrow mesenchymal stem cells.65 All MAPKs facilitate
the expression of VCAM-1 in human rheumatoid arthritis
synovial broblasts.66 However, contrary results were also
This journal is © The Royal Society of Chemistry 2017
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obtained in some experiments. For example, a study indicated
that JNK might serve as a suppressor of VCAM-1 expression in
HAECs.67 Another report proved that salusin-a could selectively
decrease the expression of the VCAM-1 protein independently of
p38 and JNK.68 The discrepancies between the reports implied
that the divergent pathways that induce VCAM-1 production
depend on the type of stimulus, cell type or experimental
procedure.

Previous results regarding the relationship between MAPKs
and NF-kB pathways were also obscure. Some studies showed
that they were independent from each other.66 While some
experiments indicated that JNK and p38 induce the activation
and translocation of NF-kB,69,70 other reports proved that NF-kB
facilitates the phosphorylation of MAPKs.70 In order to answer
the question, we designed an OGD/R model in vitro using
HBMEC cells and examined the role of MAPKs and NF-kB in
regulating the expression of VCAM-1.

We observed for the rst time that both JNK and NF-kB were
involved in modulating the expression of VCAM-1, and they
inuenced the expression of VCAM-1 independently in OGD/R
treated HBMEC cells. Although there was little discussion
about the role of MAPKs and NF-kB in modulating VCAM-1
expression in HBMEC cells previously, we found that the
results of an earlier study were similar to ours, although the cell
types were not identical. In that study, TNF-a induced VCAM-1
expression in HAECs via JNK/p38 and NF-kB signaling path-
ways, while reduction of VCAM-1 expression in response to TNF-
a treatment was affected by JNK and p38 inhibitors, not by an
ERK inhibitor.71

The last question is which cell type released CKLF-1 in the
cortical ischemia area of I/R rats. CKLF-1 is a newly discovered
novel cytokine which is used as a functional ligand for the
chemokine (C–C motif) receptor 4 (CCR4). The expression of
CKLF1 was high in the brains of fetuses and changed to be low
in adults,28 but it was up-regulated in the occurrence of cerebral
I/R and the neutralization was associated with reduced damage
by decreasing the production of inammatory mediators.72

However, the source of CKLF1 is still unclear. We observed that
it is neuron cells, rather than microglia, astrocyte or vascular
endothelial cells, that secrete CKLF-1 in the process of brain I/R
for the rst time (Fig. 7B). However, the results need to be
further conrmed by other experiments.

There has been a problem puzzling pharmaceutical scien-
tists for a long time, that is, why there are so many “popstar”
medicines that are effective for strokes in preclinical experi-
ments, but are invalid in clinical trials. It may be that the
internal environment of a human body is too complicated to be
completely simulated. As there are so many stroke patients that
suffer from high BP at the same time, it is of great value to use
hypertensive instead of normal animals to evaluate the efficacy
of a potential compound.

However, pathologic features should not be limited to only
hypertension in stroke patients, others such as ageing, diet and
hormone abnormality, all need to be discussed with medicinal
judgment. Besides, the animal model of MCAO could also not
accurately imitate the actual obstruction of a blood vessel.
Therefore, additional experiments need to be designed to fully
This journal is © The Royal Society of Chemistry 2017
reveal the effects of 004. As a type of compound which shows
protective effects in a variety of animal brain I/R models, 004
deserves further study. Of course, more effort is needed and
there is a long way to go.

5. Conclusion

In this study, we used hypertensive SHR rats to study the effect
of 004 in treating brain I/R injury and the results showed that
004 could efficiently ameliorate the neurological defects and
infarct volume in a time and dose dependent manner. It was
observed that 004 alleviated neuroinammation, such as the
inltration of leukocytes, the activation of microglia and
increased blood viscosity, and the alleviating effect was ach-
ieved through down-regulating the expression of VCAM-1 by
inhibiting the JNK/NF-kB pathway.
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