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ARTICLE INFO ABSTRACT

Keywords: Background: Neuroinflammation following cerebral ischemia is a serious risk factor in stroke patients. The
MCAO purpose of this study was to investigate the neuroprotective effects of tetramethylpyrazine-2’0O-sodium ferulate
Ischemia (TSF), a structurally modified compound from tetramethylpyrazine and ferulate, on cerebral ischemic injury and
Neuroinflammation

the underlying mechanisms.

Methods: Focal transient cerebral ischemia was induced in rat for 2h by middle cerebral artery occlusion
(MCAO) and the protective effect of TSF was studied using different doses of the drug (10.8, 18, 30 mg/kg,
intravenously); Ozagrel (18 mg/kg) was used as the positive control. The drugs were given immediately after
MCAO and the efficacy and mechanisms were evaluated at 72 h of reperfusion. The level of pro-inflammatory
cytokines such as TNF-q, IL-1f and anti-inflammatory molecules such as IL-10 was measured; other factors such
as neurological deficit, brain water content and infarct size and the level of MCP-1, ICAM-1, iNOS, CD11b, TLR-
4/NF-kBp65 were also measured.

Results: TSF at the doses of 18, 30 mg/kg significantly improved neurological deficit, reduced brain water
content and infarct size, accompanied by a decrease in the concentration of TNF-a, IL-13, MCP-1, ICAM-1, iNOS
and an increase in the concentration of IL-10. The amount of CD11b and ICAM-1 was found largely decreased
and the expression of TLR-4 and the nuclear NF-xBp65 was weakened in TSF-treatment group.

Conclusions: Our study suggests that TSF possesses a neuroprotective effect against ischemic stroke which might
be mediated through suppression of the inflammatory pathways in the brain following ischemic stroke.

Tetramethylpyrazine-2’O-sodium ferulate
TLR-4/NF-xB p65

1. Background apoptosis, are activated following ischemic stroke (Lakhan et al., 2009;

Moretti et al., 2015). Previous reports demonstrated that inflammation

Ischemic stroke is the second most common cause of death and the
most frequent cause of acquired disability in adult worldwide (Shukla
et al.,, 2017). Decades of study on ischemic stroke has revealed a
complex cascade of cytotoxic mechanisms, including oxidative stress,
intracellular calcium-mediated excitotoxicity, inflammation and

plays an important role in the pathogenesis of cerebral infarction
(Huang et al., 2006). Toll-like receptors (TLRs), which play a central
role in driving host inflammatory responses (Beutler, 2009; Iwasaki and
Medzhitov, 2004), can be activated on microglia leading to the pro-
duction of inflammatory mediators in the brain. TLRs dimerize and
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oxide synthase; Mac-1, macrophage-1 antigen
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undergo conformational changes that lead to the activation of a com-
plex cascade of intracellular signaling events, ultimately resulting in
activation of the transcription factor nuclear factor-kB (NF-kB), which
in turn regulates the expression of inflammatory responses (Kawai and
Akira, 2007). The pathophysiologic evolution of stroke can be divided
into three main phases. The first phase is characterized by energy
failure that takes place at the center of an infarct within seconds to
minutes. The second phase, in which the infarct grows, lasts up to 6-
72 h after occlusion. During this period post ischemic microglial pro-
liferation peaks at 48-72h after focal cerebral ischemia. Which in-
dicates the inflammation reaction reaches its most severe time, our
experimental parameters were evaluated at 72 h reperfusion when the
post-ischemic proliferation peaks. The third phase is the chronic phase
that lasts for several days and weeks after injury, the phase of restoring
and clearing the suffered tissue damage which is aimed at regaining lost
functions to some extent.

Ligusticum chuangxiong (LCX) is a common component in tradi-
tional Chinese medicinal formulas and its decoctions have been used to
treat several central nervous system diseases, suggesting its neuropro-
tective effects (Lin et al., 2009), tetramethylpyrazine (TMP) and Ferulic
acid. Tetramethylpyrazine (TMP), a kind of amide alkaloids isolated
from Ligusticum chuangxiong, whose biological functions involve va-
sodilatation and antiplatelet activity, is perhaps the most intensively
studied compound for ischemic stroke, while Ferulic acid is known for
its free radical scavenging property (Hintz and Ren, 2003). Tetra-
methylpyrazine-2’-O-sodium ferulate TSF is formed by the structure of
tetramethylpyrazine and ferulic acid. Both of them are bioactive anti-
inflammatory components of LCX. Many studies have shown that li-
gustrazine can dilate blood vessels, increase coronal and cerebral blood
flow, inhibit platelet aggregation and decrease platelet activity and
Ferulic acid is a non-peptide endothelin receptor antagonist, which can
antagonize endothelin- induced vasoconstriction, reduce blood pres-
sure. However, the half life of ligustrazine metabolism is fast and short,
which is inconvenient for maintaining effective therapeutic con-
centration in clinical practice and the effect of ferulic acid is not ideal.
Tetramethylpyrazine-2’-O-sodium ferulate TSF, a structurally modified
compound improves the electrical properties by changing tetra-
methylpyrazine ring that contributes to increase the surface charges of
platelets and erythrocytes obviously, which is favor of inhibiting of
platelet aggregation, improving drug efficacy, enhancing the stability of
the structure of medicine, thus slowing down the speed of drug meta-
bolism and prolonging the time of action in vivo.

Previous studies have demonstrated that TSF could inhibit cerebral
microcirculatory disturbance, neuron damage and cognitive impair-
ment elicited by ischaemia (Xu et al., 2017) and our preliminary ex-
periments results have come to a conclusion that TSF has a strong in-
hibitory effect on platelet aggregation via inhibiting thrombotic enzyme
(TXA2) after cerebral ischemia-reperfusion, whereas there is no re-
search on ischemic stroke through inhibition of neuro-inflammation of
TSF. The aim of this study was to explore the anti-inflammatory and
neuroprotective effects of TSF through its possible anti-inflammatory
actions and to provide a new and novel drug with definite effect for
ischemic stroke. In this experiment, ozagrel, a selective TXA2 synthase
inhibitor (Ichikawa et al., 1999), was chosen as the positive drug since
it is a commonly used drug in ischemia and its similar targets with TSF.
In this study, we determined the modulatory effects of TSF on neuro-
logical deficit, cerebral tissue infarction, brain water content, infarct
volume; CD11b, ICAM-1 expression were determined by im-
munohistochemistry; ELISA was employed for the estimation of TNF-a,
IL-1B, IL-10, MCP-1, ICAM-1; fluorescence method was applied to
INOS; Western blot (WB) was used for determination of TLR-4, NF-kB
p65 in MCAO at 72 h reperfusion in rats after TSF treatment. We found
that TSF regulated the inflammatory signaling in vivo by inhibiting the
activation of NF-kB, and thus inhibiting the generation of the proin-
flammatory cytokines. To our knowledge, the relationship between TSF
regulation of the inflammatory process and the changes in TLRs has not
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Fig. 1. Chemical structure of TSF (Tetramethylpyrazine-2’O-sodium ferulate).

been defined. The study described herein was conducted to determine
the effect of TSF on the TLRs/NF-kB p65 signaling pathway of ischemic
reperfusion in rats.

2. Methods
2.1. Animals and drugs

Adult male Sprague-Dawley rats (250-280 g) were purchased from
Qinglongshan Animal Center (Nanjing, China). Rats were maintained
under a 12h/12h light/dark cycle with free access to food and water.
TSF was provided by Hefei Medical Pharmaceutical Co. Ltd (Hefei,
China). All procedures used in this experiments were carried out in
adherence with the guidelines of the Institutional Animal Care and Use
Committee of China and followed the guidelines of the regional Animal
Ethics Committee of China Pharmaceutical University (Fig. 1).

2.2. Cerebral ischemia/reperfusion model

The standard MCAO rat model was established according to the
methods of originally described by Longa et al. (Longa et al., 1989). and
our previous study. Briefly, Male SD rats were anesthetized with 3%
chloral hydrate (1 ml/100 g) intraperitoneally, the right common car-
otid artery (CCA), external carotid artery (ECA), and internal carotid
artery (ICA) were isolated and exposed. Then a nylon monofilament
approximately 0.24 mm in diameter with a rounded tip was inserted
through ECA into the ICA to block the origin of MCA until the slightly
resistance was felt. Cerebral ischemia was maintained for 2 h, then put
off the suture slowly to achieve 72h reperfusion, meanwhile, body
temperature of rats were maintained at 36.5-37.5 °C with a thermostat-
controlled heating pad. The sham operated group rats were underwent
the same surgical procedures without inserting a filament.

2.3. Drug administration and groups

TSF was dissolved in physiological saline to prepare concentrations
of 10.8, 18 and 30 mg/ml and rats were administered intravenously
once a day after operation, 60 rats were used to evaluate of neurological
deficits, cerebral infarct volume and brain water content, 60 rats were
employed for the detection of inflammatory cytokines and adhesion
molecules, six rats for Immunohistochemical in each group and four for
Western blot. Following 7 days acclimatization, rats were randomly
segregated into six groups: sham control group, for which the incision
was made but filament was not inserted and this group received a dose
of 0.9% saline; the ischemic reperfusion (IR) group, which received
MCAO and also received 0.9% saline; TSF groups, which received
MCAO and received 10.8 mg/kg (low dose), 18 mg/kg (medium dose),
30mg/kg (high dose) of TSF; and positive control group, which re-
ceived MCAO and 18 mg/kg (Ozagrel). TSF was dissolved in 0.9%



P. Zhou et al.

saline, and the intravenous injection volume of TSF and Ozagrel was
0.2ml/100 g of body weight.

2.4. Evaluation of neurological deficit

The groups were examined for neurological deficit in a blinded
manner at 72 h post-ischemia and it was scored using a four-point scale
(0: no neurological deficit with normal spontaneous movements, 1: the
left front was flexed and failure to extend the left forepaw completely,
2: circling to the left constantly, 3: falling to the left and crawling
slowly, 4: no spontaneous walking with no response to noxious sti-
mulus). After this evaluation, animals were sacrificed immediately by
decapitation and submitted to the next tests.

2.5. Assessment of cerebral infarct volume

The brain was removed and kept at —20 °C for 40 min. Then the
frozen brains were sliced into uniform coronal sections of approxi-
mately 2mm thickness each using 2% 2,3,5-triphenyltetrazolium
chloride (TTC, Sigma, Austria) in 0.9% saline at 37 °C incubation for
15 min, then slices were photographed. The unstained (white) areas
indicated infracted tissue and the stained (red) areas indicated normal
tissue. The infracted tissue areas were analyzed by weighing the infarct
area, and infarct area content was calculated as infarct weight / (infarct
area + normal area weight) X 100%.

2.6. Determination of brain water content

For brain water content measurement, brain coronal sections were
cut at a thickness of 2mm and each slice was divided into ipsilateral
and contralateral hemispheres. The two hemispheres slices, packaged
with tin foils, were weighed and dried for 24 h at 100 °C to calculate the
dry weight. Brain water content was calculated as (wet weight — dry
weight) / wet weight X 100%.

2.7. Measurements of TNF-a, IL-1f, and IL-10 concentrations by ELISA

To determine TNF-a, IL-13, and IL-10 concentrations in the is-
chemic brain, the cortex was homogenized in 0.9% cold saline and then
centrifuged at 3000 x g for 15min at 4 °C. The supernatant was col-
lected and 10% homogenate was used to determine TNF-a, IL-1f and
IL-10 concentrations at 460 nm as described by the assay kit (Suzhou
Calvin Biotechnology Co., Ltd., Nanjing, China). The level of the mo-
lecules was expressed as pg/mg of wet tissue.

2.8. Detection of MCP-1, ICAM-1 and iNOS

Tissue samples were disposed as described above and the level of
MCP-1, ICAM-1 was determined. The measurements were performed as
described by the assay kits (Suzhou Calvin Biotechnology Co., Ltd.,
Nanjing, China). Nitric oxide synthase activity(iNOS) based on fluor-
escence method was determinated by multi-mode Microplate Reader
using Nitric Oxide Synthase Assay Kit (Beyotime Biotechnology Co.,
Ltd., Shanghai, China). The content was expressed as pg/mg protein for
MCP-1, and ICAM-1 and U/mg protein for iNOS.

2.9. Immunohistochemical determination of CD11b, and ICAM-1

Paraffin-embedded sections were used to assess the expression of
CD11b, and ICAM-1 according to standard histological procedures. We
chose Rabbit Anti-CD11b antibody (bs-1014R) and Rabbit Anti-ICAM1/
CD54 antibody (bs-0608R) (Beijing Biosynthesis Biotechnology Co.,
Ltd.) to measure the expression of the proteins. The immunoreactive
cells were detected under a 200 x light microscope in three visual
fields of the ischemic cortex region of the infarct.
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Fig. 2. Effects of TSF on neurological deficit scores at 72 h reperfusion after
MCAO. The evaluation of neurological deficits was measured by four-point
scale (0-4). Data were expressed with mean values * standard deviation (SD).
##P < 0.01 versus Sham group, **P < 0.01 *P < 0.05 versus TSF group,
N.S. stands for “no significance”.

2.10. Western blot of TLR-4/NF-kB p65

To examine the inhibitory effects of TSF on TLR-4/NF-kB p65
pathway following MCAO, the protein expressions of TLR-4, and the
nuclear NF-kBp65 were analyzed. The tissues from the cerebral cortex
and hippocampus of brain were obtained at 72 h after MCAO (n = 4 for
each group) and homogenized in RIPA buffer containing PMSF, the
nuclear proteins NF-kB p65 was prepared by using nuclear protein ex-
traction kit (Beyotime Institute of Biotechnology, Shanghai, China).
Briefly, the brain tissues were homogenized in ice-cold hypotonic buffer
followed by centrifugation at 4 °C, 3000g for 5 min. After addition of
appropriate volume of lysis buffer, the lysate was homogenized and
centrifuged at 4 °C, 15,000 g for 10 min to obtain supernatant nucleo-
protein which was employed to detect the level of nuclear NF-xB p65
with Histone H3 as an inner control. The isolated protein supernatant
was measured using a BCA Protein Assay reagent kit (Beyotime
Biotechnology, Shanghai China). Equal quantities of protein samples
was separated by 6% to 12% SDS/PAGE and transferred on to PVDF
membranes. Membranes were blocked with BSA and probed with pri-
mary antibodies TLR-4 (1:200) (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), NF-kB (Cell Signaling Technology, Boston, MA, USA) at 4 °C
overnight. The membranes were washed three times with Tris-buffer
saline containing 0.05% Tween 20 (TBST) buffer and were probed with
secondary antibodies (anti-mouse IgG) coupled to horseradish perox-
idase (HPR) (1:5000; Abgent Biotechnology, CA, USA) for 2h at room
temperature. Protein bands were visualized with enhanced chemilu-
minescence kit (Thermo, IL, USA). The protein bands were quantified
using the electrochemiluminescence detection system (Tannon-5200,
Shanghai, China) as per the instructions of conventional protocol and
the relative protein expressions were expressed as the ratios of TLR-4,
and NF-KB p65; B-actin, Histone-H; was used as the loading control for
TLR-4 and nuclear NF-KB p65 respectively.

2.11. Statistical analyses

Quantitative data were expressed as mean * standard deviation
(S.D.) using statistical software SPSS19.0. Differences were evaluated
by one-way analysis of variance (ANOVA) followed by a least sig-
nificant difference t-test (LSD). Differences were considered significant
at P < 0.05.
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Fig. 3. Effects of TSF on brain infarction at 72 h reperfusion after MCAO. A) Representative images of TTC staining in different groups of TSF at 72 h after I/R. Red
areas represent normal tissue, while the white is infarction. B) Quantitative analysis of infarct size in different groups of TSF. Data were expressed with mean
values *+ standard deviation (SD). ##P < 0.01 versus Sham group, **P < 0.01 *P < 0.05 versus TSF group. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

3. Results
3.1. TSF improved neurological deficit

Animals in the IR group increased significantly neurological deficit
MCAO: (3.09 = 0.71%) than Sham-operated group (P < 0.01). The
medium 18mg/kg (1.70 = 1.05%) and high doses 30mg/kg
(1.40 *= 1.26%) of the TSF ameliorated neurological deficits during
ischemia, versus the model group (P < 0.01, P < 0.01); however, no
significant difference was seen in the low dose group 10.8 mg/kg
(2.55 + 0.88%) compared to Model group (Fig. 2).

3.2. TSF reduced infarct volume

About 30.0% of severe infarct volume was observed in the MCAO/R
group when compared to the sham-operated group (P < 0.01). Among
the other groups, treatments with TSF at all doses significantly reduced
the infarct volume and showed dose-dependent reductions compared

36

with the control group. Infarct volumes after treatment with 10.8, 18

and 30mg/kg TSF were reduced approximately by 35.6%
(18.97 = 2.28%), 39.1% (17.94 = 3.83%), and 44.8%
(16.27 = 3.99%), respectively, versus the model group
(29.45 = 3.54%). Compared to the positive group of 17.05 = 2.13%,

the protective effects of TSF at 18 mg/kg reached the same effect as that
of the positive group, and the high dose showed better efficacy than the
positive control Ozagrel (Fig. 3).

3.3. TSF reduced brain edema

TSF significantly decreased water content compared to the animals
in model group, especially with the administration of medium and high
TSF dose (medium 79.93% =+ 2.09%; high 78.00% =+ 2.82%; MCAO:
84.08% = 2.58%, P < 0.05). However, low dose had no evident dif-
ference on water content. TSF medium dose showed equal effectiveness
to positive control drug (positive vs. medium: 79.75% = 1.52% vs.
79.93% =+ 2.09%) (Fig. 4).
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Fig. 4. Effects of TSF on brain water content at 72 h reperfusion after MCAO.
Data were expressed with mean values + standard deviation (SD).
##P < 0.01 versus Sham group, **P < 0.01 *P < 0.05 versus TSF group,
N.S. stands for “no significance”.

3.4. Effects of TSF on the levels of TNF-qa, IL-1f3, and IL-10 in the injured
brain after MCAO

ELISA assay showed that the MCAO group had significantly higher
expressions of pro-inflammatory mediators, such as TNF-a, and IL-1f3
than did the sham group (P < 0.05). In comparison with the model
group, TSF treatment (18 mg/kg/day, 30 mg/kg/day) significantly de-
creased TNF-a, and IL-1 concentration in the cerebral cortex and
hippocampus of brain tissue (P < 0.05); compared to the positive
control group, the efficacy of the medium dose was better in this aspect.
On the other hand, expression of the anti-inflammatory mediator IL-10
was higher in the MCAO group than the sham group. Expression of IL-
10 was observed to be significantly up-regulated in TSF groups.
Treatment with TSF, especially the medium and high doses, sig-
nificantly up-regulated IL-10 level (Fig. 5).

3.5. Effects of TSF on the levels of MCP-1, ICAM-1, and iNOS in the injured
brain after MCAO

MCAO/R rats showed a significant increase in MCP-1 level than
sham-operated group. And MCP-1 level was found to be decreased
significantly in the 18 and 30 mg/kg-treated TSF groups than the model
rats (P < 0.01); The level of ICAM-1 was significantly increased in
MCAO/R group, and suppressed by treatment of TSF medium and high
dose (P < 0.01); the positive control and the low dose also attenuated
the expression of ICAM-1 but the effect was not as strong as the medium
and high dose, but the data still have statistical differences (P < 0.05).
Nitric oxide synthase was also increased in the MCAO/R rats
(P < 0.01, compared to the Sham-operated group). Among the drug
treatment groups, the medium and high administration of TSF greatly
reduced the nitric oxide synthase content than the MCAO/R group, but
10.8 mg/kg TSF did not have significant effect (Fig. 6).

3.6. TSF reduced positive Immunoreactive cells of CD11b and ICAM-1

To determine the expression of CD11b and ICAM-1 in the rat is-
chemic cerebral cortex and hippocampus before and after treatment, we
performed immunohistochemical analyses of brain sections. CD11b
antigen was expressed in recruited leukocytes and resident microglia
(Cheng et al., 2008), ICAM-1 immunoactivity was presented on en-
dothelium. The amount of CD11b and ICAM-1 were found little in the
sham group, however these significantly increased in MCAO at 72h of
reperfusion. (P < 0.05 vs. Sham group). Compared with MCAO group,
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Fig. 5. Results of TSF treatment in the cerebral cortex at 72h after MCAO-
induced inflammation A) TNF-a, B) IL-$, C) IL-10. Inflammatory cytokines were
detected by ELISA kits following manufacturer's procedure. Data were ex-
pressed with mean values * standard deviation (SD). ##P < 0.01 versus
Sham group, **P < 0.01 *P < 0.05 versus TSF group.

TSF decreased the positive cells of CD11b and ICAM-1 (Figs. 7-8) in the
ischemic cortex (P < 0.05), especially the medium and the high TSF
groups dramatically lowered the expression the CD11b and ICAM-1
with comparison of MCAO group.

3.7. TSF decreased the expression of TLR-4 and NF-xB p65

To investigate the further mechanism, we used WB to examine the
expression of nuclear NF-xB p65 and TLR-4 (Figs. 9-10). WB analysis
revealed a significant increase in NF-kB p65 and TLR-4 nuclear in the
MCAO/R rats compared to the sham group and the results indicated
that the expressions of both nuclear NF-kB p65 and TLR-4 were mark-
edly up-regulated by 114.47% and 147.02% respectively. After in-
travenous administration of TSF, especially 18 mg/kg and 30 mg/kg
TSF per day at 72h of reperfusion notably inhibited the expression of
the expression of nuclear NF-kB p65 and TLR-4 compared with the
MCAO group (P < 0.01, P < 0.01), meanwhile the results showed
there are also greatly differences between the low dose TSF and model
group on nuclear NF-kB p65, as well as the expression of TLR-4.

4. Discussion

It has been reported that inflammation plays an important role in
the pathogenesis of central nervous system injury and there is in-
creasing evidence that post-ischemic inflammation contributes to is-
chemic brain injury (Feuerstein et al., 1998; Deb et al., 2010). In this
study we found that TSF improved the functional recovery following
MCAO, as proved by decreased neurological deficit score and infarct
volume. Furthermore, TSF increased anti-inflammatory mediator IL-10
and decreased pro-inflammatory mediators TNF-a, and IL-1f in the
cerebral cortex, which was likely associated with restorative effects of
TSF; TSF also reduced the expression of MCP-1, ICAM-1, and INOS. TSF
attenuated these inflammatory cascades by possibly suppressing the
TLR-4/NF-xB p65 pathways as observed in our WB experiments. An-
other mechanism that controls TLR-induced neuro-inflammation and
injury may involve negative feedback inhibitors of TLRs and in-
flammatory cytokines. It was hypothesized that in cerebral ischemia,
endogenous signals are generated that trigger a mild inflammatory re-
sponse and induce the production of inflammatory inhibitors. This
process would limit the inflammatory response to a subsequent event of
severe ischemia (Kariko et al., 2004; Lambertsen et al., 2012). IL-10 is
one of the suggested negative regulators, which blocks the production
of inflammatory cytokines (Moore et al., 2001; Park et al., 2012) and
downregulates TLR-4 expression. In the current study, negative reg-
ulation of TLR-4/NF-kB p65 through the increasing expression of IL-10
could be one of the ameliorative mechanisms by which TSF mediated its
effect in the injured brain.

The Pathobiology of ischaemic stroke develops from a complex
series of pathophysiological events that involves the complex interplay
of multiple pathways including: excitotoxicity, acidotoxicity and ionic
imbalance, peri-infarct depolarization, oxidative and nitrative stress,
inflammation and apoptosis (Fann et al., 2013). Inflammation plays a
crucial role in the overall pathogenesis of ischemic stroke, it is now
widely known that the inflammatory reaction following by cerebral
ischaemia result in the progression of brain injury and exacerbation of
focal neurological deficits. Inflammation is an innate immune response
to infection and tissue damage triggered by the detection of acute da-
mage through extracellular and intracellular pattern recognition re-
ceptors (PRRs). The toll-like receptors (TLRs) are important receptors of
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Fig. 6. Results of TSF treatment in the cerebral cortex at 72h after MCAO-
induced inflammation A) MCP-1, B) ICAM-1, C) iNOS. The inflammatory ad-
hesion, chemokine were detected by ELISA kits following manufacturer's pro-
cedure; Nitric oxide synthase were measured by fluorescence method. Data
were expressed with mean values * standard deviation (SD). ##P < 0.01
versus Sham group, **P < 0.01 *P < 0.05 versus TSF group, N.S. stands for
“no significance”.

the innate immune system, acting as indicators of tissue injury and
mediating inflammatory responses to brain damage that expressed on
endothelial cells, microglia, astrocytes and neurons Within the CNS
function, TLRs as a first-line defense against pathogen invasion which
recognize pathogen-associated molecules such as lipopolysaccharide
(TLR4). Activation of TLRs contributes to an activation of proin-
flammatory transcription factors NF-kB, one of the primary down-
stream signals that upregulate cytokine and chemokine production in-
itiating a localized inflammatory response (Takeuchi and Akira, 2010).
The inflammatory response is characterized by the production and re-
lease of pro-inflammatory cytokines which are important molecular
signals released in the injured brain quickly after ischaemic insult.
Among those tumor necrosis factor-a (TNF-a), interleukin-1 (IL-18)
activated by cells including neurons, astrocytes, microglia and en-
dothelial cells contribute greatly to neuronal cells and glial cell death
during cerebral ischemia (Rakoff-Nahoum and Medzhitov, 2008).
Consequently, the expression of adhesion molecules on the surface of
endothelial cells, leukocytes, and platelets elicited by pro-inflammatory
cytokines such as intercellular adhesion molecule-1(ICAM-1), selectins,
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and integrins Mac-1. These adhesions are crucial for the interaction
between the endothelium and blood-borne leukocytes, adhesion mole-
cules interact with complementary surface receptors on leukocytes
which in turn adhere to the endothelium of postcapillary venules, fol-
lowed by transmigration of leukocytes into the brain parenchyma, what
is the process of leukocyte infiltration into brain tissue (Kunz et al.,
2010). In addition, monocyte chemoattractant protein-1 (MCP-1) re-
leased by activated neurons and glial cells, the major chemokine in
mammalian systems, is important in guiding leukocyte migration to-
wards the damaged tissue (Peruzzotti-Jametti et al., 2014). Meanwhile,
coinciding with leukocyte infiltration, a variety of pro-inflammatory
cytokines along with toxic metabolites are emerging by activated mi-
croglia, the production of toxic mediators play a vital role to brain
damage, it has been demonstrated that nitric oxide synthase (iNOS), an
enzyme that that generates toxic amounts of nitric oxide (NO), and
release both matrix metalloproteinases (MMPs), NO is a significant
molecule that would worsen infarct volumes as well as neurologic da-
mage. Release of MMP-9 contribute to the further down-regulation of
junctional proteins and are the main contributors to the first derange-
ment of the BBB (McColl et al., 2009).

In general, a robust inflammatory reaction following focal cerebral
ischemia releases inflammatory signaling molecules, adhesion mole-
cules and transcriptional regulators as key elements (Danton and
Dietrich, 2003; Wang et al., 2007). Several cell types contribute to post-
ischemic inflammation. First of all, the activated microglia and astro-
cytes secrete inflammatory factors such as cytokines, chemokines and
inducible nitric oxide synthase (Che et al., 2001; Hewett et al., 1996).

Fig. 7. Representative photographs depicted the
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Fig. 8. Representative photographs depicted the ex-
pression of ICAM-1 in the cerebral cortex and hip-
pocampus at 72 h reperfusion after MCAO. ICAM-1
immunoactivity was presented on endothelium. The
appearance of brown or brown granular deposition
in the cytoplasm and the intercellular of ICAM-1
immunostaining were performed in order to visua-
lize the interaction and between neutrophils and
endothelium. Data were expressed with mean va-
lues + standard deviation (SD). ##P < 0.01
versus Sham group, **P < 0.01 *P < 0.05 versus
TSF group. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 9. Western blot analysis of nuclear NF-kB p65 in
the cerebral cortex and hippocampus of rats at 72h
after MCAO. Representative images of nuclear NF-xkB
p65 protein are present. The protein levels were
expressed as a ratio of the Histone Hj levels. Data
were expressed with mean values + standard de-
viation (SD). ##P < 0.01 versus Sham group,
**P < 0.01 *P < 0.05 versus TSF group.
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Upon activation following ischemia, within 4-6 h after ischemic onset,
circulating leukocytes adhere to vessel walls and migrate into the brain
with subsequent release of more pro-inflammatory mediators
(Hallenbeck, 1996). Cytokines are important inflammatory mediators
that are produced by immune cells and resident brain cells after
ischemia. Increased production of pro-inflammatory cytokines and
lower levels of the anti-inflammatory IL-10 are related to larger in-
farctions (Vila et al., 2003). Cytokines elicit the synthesis of ICAM-1 and
adhesion molecules play a pivotal role the infiltration of leukocytes into
the brain parenchyma (Degraba, 1998; Khan et al., 2007). Also che-
mokines are important for cellular communication and inflammatory
cell recruitment. Expression of chemokines such as MCP-1 is thought to
have a deleterious effect by increasing leukocyte infiltration
(Stamatovic et al., 2003; Guo et al., 2012). Meanwhile microvascular
obstruction by neutrophils can worsen the degree of ischemia, pro-
duction of toxic mediators by activated inflammatory cells and injured
neurons also has important consequences. In rodent models of cerebral
ischemia, infiltrating neutrophils produce inducible NOS (iNOS), an
enzyme that produces toxic amounts of NO (Forster et al., 1999) as seen
in patients with stroke (Askalan et al., 2006).

Our previous studies have demonstrated that TSF significantly re-
duced BBB permeability and brain oedema which were correlated with
regulating the expression of TJ proteins, MMP-9 and AQP4 (Xu et al.,
2017). The purpose of the present study was to examine whether
treatments with TSF have anti-inflammation neuroprotection in rats
undergoing transient focal cerebral ischemia followed by 72h re-
perfusion. According to our observations, 18 and 30 mg/kg TSF sig-
nificantly decreased neurological deficit scores, infarct volume, brain
water content and the inflammatory mediators. And the levels of ad-
hesion molecule ICAM-1, chemokine MCP-1, and toxic mediator iNOS
were notably depressed after the treatment of TSF, the dose of 18 mg/
kg and 30 mg/kg doses were shown effectiveness in our experimental
animals through its neuroprotective roles in ischemic stroke, while the
10.8 mg/kg dose failed to exhibit the significant effect presented in
some particular data from results above.

CD11b, a subunit of macrophage-1 antigen (Mac-1, CD11b/CD18)

TSF(mg/kg)

41

Pharmacology, Biochemistry and Behavior 176 (2019) 33-42

Fig. 10. Western blot analysis of TLR-4 in the cere-
bral cortex and hippocampus of rats at 72h after
MCAO. Representative images of TLR-4 protein are
present. The protein levels were expressed as a ratio
of the -actin levels. Data were expressed with mean
values + standard deviation (SD). ##P < 0.01
versus Sham group, **P < 0.01 *P < 0.05 versus
TSF group.

30TSF

which is a heterodimeric protein, is expressed on the surface of acti-
vated leukocytes (Arumugam et al., 2004; Hickstein et al., 1993).
CD11b also acts as an activation maker for microglia (Nakase et al.,
2004), which release a range of neurotoxic compounds including nitric
oxide (NO), cytokines, and chemokines (Kao et al., 2006; Allen and
Bayraktutan, 2009). In our results, immunohistochemistry was per-
formed to examine the immunoreactivity of CD11b and ICAM-1, the
positive cells of CD11b and ICAM-1 observed were significantly de-
creased with TSF treatment, with the medium and high doses having
obvious effect. This indicated TSF may have attenuated the activation
of leukocytes and microglia to alleviate the injured brain tissue
(Arumugam et al., 2004; Nakase et al., 2004).

To further explore the protective mechanisms of TSF, we studied
NF-kB signal transduction pathways known to be activated by TLR-4.
TLR-4 signaling plays a significant and detrimental role in brain
ischemia (Kacimi et al., 2011; Buchanan et al., 2010). TLR signaling
pathways culminate the activation of the transcription factor NF-xB
(Xiang et al., 2018), which controls the expression of an array of in-
flammatory cytokine genes (Beutler, 2009; Baker et al., 2011). From
our results of WB of TLR-4 and NF-kB p65, TSF seemed to weaken the
expression of TLR-4 and the NF-kB p65 greatly.

5. Conclusions

In conclusion, our study demonstrated that treatment with TSF
could alleviate the injured brain following MCAO via improvement of
neurological deficit, reduction of brain edema and by decreasing the
levels of chemokines, adhesion molecules, inducible nitric oxide syn-
thase and inflammatory cytokines and increasing anti-inflammatory
molecules, through the suppression of TLR/NF-kB p65 signaling
pathway. Our results suggest TSF as a new therapeutic agent for the
treatment of ischemic stroke.
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