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Abstract
Background Previous studies have shown that L-3-n-butylphthalide(NBP), which is a compound found in
Apium graveolens Linn seed extracts, could have neuroprotective effects on acute ischemic stroke
through anti-in�ammation and by reducing brain edema. The pathological in�ammatory pathways and
consequent brain edema in intracerebral hemorrhage (ICH) share some characteristics with ischemic
stroke. Methods We hypothesized that NBP has anti-in�ammatory and therapeutic effects on rats with
ICH. ICH was induced by an infusion of bacterial collagenase type IV into the unilateral striatum of
anesthetized rats. The therapeutic effect of NBP was measured by assessing neurological function, brain
water content, blood-brain barrier permeability, and expression of tumor necrosis factor-alpha (TNF-α)
and matrix metalloproteinase-9 (MMP-9) around the hematoma 48 hours after surgery. Magnetic
resonance imaging (MRI) was performed 4 and 48 hours after ICH induction, and ICH-induced injured
area volumes were measured using T2-weighted images. Results  The NBP treatment group performed
better in the neurological function test than the vehicle group. Moreover, in comparison with the vehicle
group, NBP group showed a lower expanded hematoma volume, brain water content, blood-brain barrier
permeability, and TNF-α/ MMP-9 expression level. Conclusions Our results suggested that NBP have a
neuroprotective effect by reducing in�ammation and brain edema in rat ICH model. Therefore, our
�ndings also show the potential for clinical application of NBP in the treatment of ICH.

Background
Intracerebral hemorrhage (ICH) is the most severe subtype of stroke and is associated with high morbidity
and considerable mortality rates in middle- and low-income countries. Despite a continually evolving
knowledge of ICH, the mortality rate has not decreased over time[1]. Currently, the 30-day mortality rate of
ICH is still as high as 35–50%, with approximately 50% of mortalities occurring within the �rst two days
[2]. Brain injury after ICH is roughly classi�ed into primary and secondary brain injury. Primary brain injury
is mainly caused by the destruction and oppression of the brain tissue by the hematoma. Secondary
brain injury is mainly due to an in�ammatory response, which can aggravate brain edema near the
hematoma. Brain edema after ICH can cause poor outcomes such as severe neurological de�cits,
herniation, and even death[3]. There are numerous promising preclinical reports on ICH treatment, and
most of these are focused on the treatment of primary injuries such as the reduction of intracranial
pressure, control of blood pressure, and rehabilitation, and are available clinically. But unfortunately, none
of the clinical treatments are centered on alleviating the secondary injury caused by the in�ammatory
response[4] or increasing the survival rate after ICH[5].

L–3-n-butylphthalide (NBP) is a drug that was originally extracted from the seeds of Apium graveolens
Linn for acute ischemic cerebrovascular injury (Fig. 1). It has been approved by National Medical
Products Administration for the treatment of ischemic stroke in China since 2002. Previous studies have
shown that NBP could have a neuroprotective effect on ischemic stroke through multiple mechanisms,
including reducing the in�ammatory response of ischemic stroke[1], attenuating microglia activation[2],
decreasing the levels of cytokines such as tumor necrosis factor-alpha (TNF-α), reducing blood-brain
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barrier (BBB) damage and brain edema[3], and promotes remyelination process[6]. Although the original
cause of the brain damage induced by ICH is different from ischemic stroke, the subsequent
in�ammatory pathological pathways and consequent brain edema in ICH share many common
characteristics with ischemic stroke. Additionally, the secondary ischemic damage often occurs after the
initial ICH[7]. Thus, we hypothesized that NBP treatment would have therapeutic effects against ICH. To
date, it appears that no studies have been conducted on the therapeutic effect of NBP on ICH. Here we
report the neuro protective effect of NBP in a rat ICH model and explore its underlying molecular
mechanisms. In this study, we investigated the neuro protective effect of NBP on intracerebral
hemorrhage in rat model. We found the evidences that NBP ameliorated neurological de�cits, decreased
hematoma expansion, brain water content, blood-brain barrier permeability and expression of pro-
in�ammatory cytokine TNF-α and MMP–9 when dosed following ICH induction. Those results indicated
that NBP have an anti-in�ammatory effect, and thus may prevent secondary injury in the setting of ICH.

Methods

Experimental Animals
A total of 45 pathogen-free and healthy adult male Sprague-Dawley rats (280–320 g) were purchased
from Silikejingda Experimental Animals Corporation (Changsha, China). All experimental procedures on
animals were conducted in accordance with the Guidelines for the Care and Use of Animals issued by the
International Guidance Center of Life[8] and approved by the Animal Care and Use Committee of Hunan
Normal University. The rats were housed in the Hunan Provincial People’s Hospital, China, in a controlled
environment at a temperature of 22 ± 2 °C and a humidity of 40–50%, with a 12 h dark/ 12 h light cycle.
Water and food were provided ad libitum. The rats were given 1 week to adjust to the new environment
before the start of the experiment, then were randomly divided into three groups: (1) sham group (n = 15)
without ICH modeling; (2) vehicle group (n = 15) with ICH modeling and saline treatment; (3) NBP group
(n = 15) with ICH modeling and NBP treatment. The schematic diagram of experimental design was
shown in Fig. 2.

Establishing ICH Models and Drug Administration
After the rats were anesthetized using 10% chloral hydrate (3–5 mL/kg intraperitoneally), 2 μL (0.2
μL/min) of saline containing 0.4 units of bacterial collagenase (type IV; Sigma-Aldrich, Germany) were
infused via a 30-gauge needle into the striatum (1.0 mm posterior, 4.0 mm lateral, 6.0 mm ventral to the
cortical surface) [9]. The sham group was infused with 2 μL of saline. The needle was left in place for an
additional 10 minutes following infusion to prevent back�ow. The craniotomies were sealed with bone
wax. The rats were left to recover in individual cages in the animal center under a 12/12 h light/dark cycle
with free access to food and water. Rats in the NBP group were treated with NBP sodium chloride 30
minutes after ICH induction (CSPC NBP Pharmaceutical Co., Ltd., China, 25 mg/kg, twice per day,
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intraperitoneally), while rats in the sham and vehicle groups were given the same amount of normal
saline by intraperitoneal injection.

Evaluation of Neurological Function
An investigator blinded to the treatment scheme conducted a modi�ed Garcia test (mGarcia) on the
experimental rats before ICH (Day 0) and 48 h after treatment. Neurological function was graded on a
scale of 0 –18 (normal score: 18; maximum de�cit score: 0). The mGarcia is a composite test of motor,
sensory, and balance functions[7]. Rats with an abnormal score (< 18) before ICH were excluded from the
experiment.

Measurement of Brain Water Content
The rats were deeply anesthetized with 10% chloral hydrate (3–5 mL/kg intraperitoneally) and
decapitated. The brain water content was measured using a drying method [10]. With the cerebellar tissue
removed, the wet weight of the right and left hemispheres was measured. Wet weight was measured
using an MA110 electronic analytical balance (Shanghai Second Balance Instrument Factory, Shanghai,
China). The brain tissues were then placed in an oven at 110 °C and dried for 24 h. The left and right
hemispheres were then measured for dry weight. Brain water content was calculated using the Elliot
formula: brain water content (%) = (wet weight - dry weight)/wet weight × 100%.

Assessment of BBB Permeability
The vascular permeability of the BBB was evaluated using a modi�ed Evans blue (EB) dye method [11].
Brie�y, EB (2% in 0.9% saline; 3 mL/kg) was administered intravenously 2 hours prior to sacri�ce. Via a
thoracotomy performed under chloral hydrate anesthesia, intracardiac perfusion was performed through
the left ventricle with saline to remove the intravascular EB dye and continued until the �uid from the right
atrium became colorless. The rats were then decapitated and the brains quickly removed. The brain was
weighed and homogenized in 2 mL of a 50% trichloroacetic acid solution. After centrifugation at 10,000 g
for 20 min, the supernatants were diluted with ethanol (1:3), and the EB concentration was determined
using a spectrophotometer at 620 nm for absorbance against a standard curve. EB extravasation was
expressed in μg/g.

MRI examination of the ICH-Induced Injured Area
Serial MRI examination was performed using a 3.0 T MRI (MAGNETOM Skyra MR D13, SIEMENSAGFWB:
SIE, Germany) with a 4.3 cm diameter surface coil to assess the hematoma expansion 4 and 48 h after
ICH induction (total n = 6, vehicle and NBP group). During the MRI examination, rats were anesthetized
and placed in a prone position using the same method used for ICH induction. The MRI protocol
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consisted of a T2-weighted 3-dimension fast recovery fast spin echo (FRFSE) sequence with the
following relevant parameters: repetition time (TR)/echo time (TE): 5860/119 ms, matrix size = 256 ×
256, �eld of view (FOV) = 162 mm × 100 mm, slice thickness = 2 mm. Every image was converted to and
saved as a Digital Image and Communications in Medicine �le, and a blinded observer measured the
injured area from the T2-weighted images using Image J software (version 1.52, National Institutes of
Health, USA). The injured area contour was extracted by manually outlining the regions of
hyperintensity/hypointensity that were distinct from the surrounding brain tissue in each image[12]. The
ICH-induced injured volume was calculated by Coniglobus formula. Volume = π/6 × length × width × layer
thickness × layer number. The expanded injured area volume was calculated by subtracting the volume
measured at 48 hours from that at 4 hours.

Western blotting
Forty-eight hours after ICH, three rats were randomly selected from each group. The rats received deep
anesthesia followed by perfusion with 4% paraformaldehyde, and then were decapitated. The protein in
the peri-hematoma brain tissue was extracted using a cell lysate, and the protein content in each slice
was determined using Coomassie brilliant blue staining. Protein samples (50–100 μg) were loaded onto
an 8–15% sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to nitrocellulose �lm,
blocked using 5% skim milk powder, and subsequently incubated with primary antibodies diluted in
blocking solution overnight. The following antibodies were used for western blot: mouse monoclonal anti-
TNF-α (1:500, Proteintech Biotechnology, Rosemont, California), mouse monoclonal anti-MMP–9 (1:200,
Proteintech Biotechnology), and mouse monoclonal anti-β-actin (1:4,000, Proteintech Biotechnology).
After washing with tris-buffered saline (TBS) 3 times, the membrane was incubated with secondary
antibodies (horseradish peroxidase-conjugated anti-mouse or anti-goat IgG, 1:3,000, Proteintech
Biotechnology) at room temperature of 22 ± 2 °C for 1 h. Slices were developed using an enhanced
chemiluminescence (ECL) detection reagents for 3 min, exposed, and then �xed. The mean absorbance
value from the western blot analysis was analyzed using a digital imaging analysis system, with the
target absorbance serving as the reference.

Statistical Analysis
Data analysis was performed using GraphPad Prism, version 6.01 (GraphPad Software Inc., San Diego,
CA, USA). All results are expressed as mean ± SD. Group differences were assessed using Student’s t test.
P < 0.05 was used to indicate a signi�cant difference.

Results

NBP improved the neurological function after ICH
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One of the consequences of ICH is impaired neurological function. In order to examine the neuro
protection effect of NBP after ICH, we �rst performed the neurological de�cit assay using mGarcia
neurological scoring system, which has been widely used to investigate early pathophysiological
changes. In this scoring system, the more severe the neurological damage, the lower the mGarcia score
obtained. At 48h postoperatively, the sham group performed normally according to the modi�ed Garcia
score. The rats in vehicle group and NBP group showed a phenomenon of hemiplegia to the left after ICH
operation. Although the mGarcia score for vehicle/NBP group were signi�cantly lower than the sham
group (P<0.05), which means a signi�cant neurological de�cit after ICH, the NBP group’s rats gained a
signi�cantly higher mGarcia score than vehicle group (P < 0.05; Fig. 3A). These results suggested that
NBP treatment can improve and rescue the neurological function after ICH injury effectively.

NBP reduced the brain edema after ICH
Brain edema is one of the manifestations of brain damage.To explore the effect of NBP on brain edema
after ICH, we investigated the extent of brain after saline or NBP treatment. The brain water content in the
vehicle group was signi�cantly higher than in the sham group (P < 0.05). In addition, the brain water
content in the NBP group was signi�cantly lower than that in the vehicle group (P < 0.05; Fig. 3B). These
results showed that NBP could reduce the brain edema in ICH model.

NBP attenuated the BBB permeability after ICH
A modi�ed EB dye method was performed to investigate the vascular permeability of the BBB. The
amount of EB exudation in the vehicle group was signi�cantly higher than the amount in the sham group
(P < 0.05). Moreover, EB exudation in the NBP group was signi�cantly lower than that in the vehicle group
(P < 0.05; Fig. 3C). Considering that the brain tissue of the lateral plane of the injured side was
approximately 5 mm thick, this result showed that NBP could signi�cantly decreased the EB
extravasation signi�cantly in ICH model.

NBP decreased the ICH-induced injured area
In order to visually show the effect of NBP on the expansion of hematoma, we used MRI to observe the
brain of ICH model rats. All 6 animals had a clearly and identi�able hematoma develop after ICH insult,
and typical T2-weighted images were illustrated in Fig. 4. The T2-weighted signal intensity of the injury
area maintained hypo-intensity after 4 h, and converted to hyperintensity 48 h after ICH in both the vehicle
group and NBP group (Fig. 4A). MRI T2WI examination of the head of the rats was performed at 4 h after
ICH modeling. It can be seen that the lesion area of the NBP group was approximately the same as that
of the vehicle group, and there was no statistically signi�cant difference (p >0.05). MRIT2WI was
performed again at 48 hours after surgery, and we found that there was still no signi�cant difference
between vehicle and NBP group(p >0.05). During the period from 4 hours to 48 hours after surgery, the
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lesion area of the vehicle group increased signi�cantly, while the lesion area of the NBP group showed no
signi�cant change. That is, the expansive lesion area of the NBP group was signi�cantly smaller than
that of the vehicle group (15.22 ± 3.31 mm3 vs. 2.91 ± 0.40 mm3, P < 0.05; Fig. 4B), indicating that NBP
can effectively inhibit cerebral edema caused by ICH.

NBP inhibited the expression of pro-in�ammatory factor
TNF-α and MMP–9
The above results showed that NBP could play a neuroprotective role in ICH. Previous studies indicated
that in�ammation could be the key mechanism of edema formation after ICH[13]. To explore whether
NBP could play a neuroprotective role in ICH through an anti-in�ammatory mechanism, we �rst examined
the expression level of pro-in�ammatory factor TNF-α in the brain tissue surrounding the hematoma area.
The western blotting results showed that ICH injury led to an increase expression of TNF-α. Meanwhile,
the NBP treatment can signi�cantly reduce the expression of TNF-α compared with vehicle group. We
also examined the expression of MMP–9, a downstream of TNF-α in the peri-hematoma cortex tissue. In
the vehicle group, the upregulated TNF-α resulted in an upregulation of MMP–9 compared with sham
group. In addition, the expression level of MMP–9 in the NBP group fell down compared with vehicle
group (Fig. 5). These results indicated that NBP have an anti-in�ammatory effect, and thus may prevent
secondary injury after ICH.

Discussion
Early protection of brain injury is considered to be conducive to the recovery of brain function. The
�ndings of our investigation provide new evidence that NBP may have a neuro protective effect against
ICH in addition to con�rming the previously hypothesized neuroprotective effect of NBP against ischemic
stroke. To date, there have been few reports on the evaluation of NBP in an ICH model. Our group is the
�rst to show that NBP can protect the neuro by reducing in�ammation and brain edema in ICH rats.

Brain edema plays an important role in both primary and secondary brain injury after ICH[14].
Accumulating data from preclinical and clinical studies suggest that in�ammation could be the key
mechanism of edema formation after ICH, causing cell swelling and BBB disruption. Previous studies
have demonstrated that the in�ammatory response could take place in and around the hematoma, with
an in�ltration of neutrophils, macrophages, and active microglia[15]. Neutrophils or polymorphonuclear
leukocytes (PMNs) are the �rst leukocytes to in�ltrate the nervous system after ICH, and could cause
direct neurotoxicity to brain tissue and cell swelling by releasing TNF-α, matrix metalloproteinases
(MMPs), and other cytokines[3, 16]. TNF-α, which is a pleiotropic cytokine with a diverse range of
biological functions, is known for its ability to cause in�ammatory reactions. TNF-α appears to be
involved in in�ammation, BBB, thrombogenesis, and vascular changes associated with brain injury. TNF-
α has been shown to upregulate MMP expression, especially MMP–9, in in�ammatory reactions. MMP–9
is one of the most important MMPs associated with BBB damage and could lead to an increase in
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cerebral vessel permeability [17, 18]. MMPs might also cause further damage by stimulating microglia,
which could also be activated by thrombin and heme after ICH [19–21]. The main purpose of microglia
cell activation is to clear the hematoma, but excessive activation can also result in neurotoxicity to brain
tissue by releasing diverse toxic factors such as cytokines, chemokines, proteases, reactive oxygen
species (ROS), and heme oxygenase, among others[20, 22]. In brief, intracerebral hemorrhage can cause
in�ammatory reactions by activating PMNs, microglia, and other cells, which can upregulate the
expression of TNF-α, MMP–9, and other in�ammatory cytokines, thereby causing BBB destruction and
cell swelling and aggravating cerebral edema (Fig. 6).

Despite numerous promising preclinical studies on ICH, only a few experimental approaches are aimed at
reducing edema after ICH, and these treatments are limited in terms of their clinical utility [23–29].
Previous studies have shown that NBP has an obvious therapeutic effect on acute ischemic stroke by
alleviating the in�ammatory response, reducing brain edema [17, 30, 31]. Therefore, to assess the
overlapping in�ammatory and brain edema pathological mechanisms in ischemic and hemorrhagic
stroke, we used an intracerebral hemorrhage model in our study and explored the therapeutic effect of
NBP in rats with intracerebral hemorrhage.

In our study, the data showed that treatment with NBP reduced the brain water content after ICH.
Consistent with the reduction in cerebral edema, the BBB permeability was also reduced. These data
suggest that NBP could reduce brain edema and alleviate BBB disruption after ICH. The T2-weighted
images showed that the expanded hematoma volume, which is the most important factor enhancing
brain injury after ICH, was signi�cantly reduced in the NBP group[18]. These images indicated that
treatment with NBP post-ICH did not increase the risk of re-bleeding or hematoma enlargement, and might
even reduce such risks after ICH. Neurological function tests also showed that NBP contributes to the
recovery of brain function after ICH injury.

The data from the western blot analysis showed that NBP could inhibit the expression of both TNF-α and
MMP–9 protein content around the hematoma, which play key roles in the mechanism of the
in�ammatory response and edema formation after ICH. The results of this study showed the underlying
molecular mechanism of the neuroprotective effect of NBP in ICH rats via an inhibitory action on
in�ammation. A recent study also con�rmed that NBP had an anti-in�ammatory properties and thus
promote the survival of oligodendrocytes in a mouse cuprizone demyelination model[32].Decreasing the
expression of TNF-α and other in�ammatory cytokines could reduce cell swelling and cytotoxic edema
after ICH. In addition, reducing the in�ammatory response-associated activation of MMP–9 could
alleviate the damage to BBB permeability and vasogenic edema that occur after ICH.

Conclusions
In summary, our results demonstrate that NBP inhibits the expression of TNF-α and MMP–9, thereby
reducing in�ammatory reactions, BBB damage, the ICH-induced injured area, and both cytotoxic and
vasogenic edema, further providing evidence for the treatment of intracerebral hemorrhage and the
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clinical application of NBP(Fig. 6). However, there are some limitations in this study, so female and older
rats shall be utilized in future studies to address any sex- or age-related differences that may exist. In
addition, the neuroprotective effects of NBP, which might involve other mechanisms in addition to anti-
in�ammation, are not fully understood. Therefore, for the future treatment of ICH, further animal studies
that focus on the molecular mechanism by selective blockade of the NBP pathway are necessary. Finally,
previous studies showed that NBP could signi�cantly inhibit platelet activation and might be an effective
antiplatelet drug for ischemic stroke [33–35]. Therefore, future studies are also needed to address the
safety, mg/-dependent effects, and treatment initiation of NBP for ICH.

Abbreviations
NBP L–3-n-butylphthalide ICH intracerebral hemorrhage TNF-α tumor necrosis factor-alpha MMP–9
matrix metalloproteinase–9 BBB blood-brain barrier BID: twice-daily; i.p.: intraperitoneal MRI: magnetic
resonance imaging CNS: central nervous system ROS: reactive oxygen species.

Declarations

Ethics approval and consent to participate
All experimental procedures on animals were conducted in accordance with the Guidelines for the Care
and Use of Animals issued by the International Guidance Center of Life. This study was approved by the
Animal Care and Use Committee of Hunan Normal University.

Consent for publication
Not applicable.

Availability of data and materials
The datasets analyzed during the current study are available from the corresponding author on
reasonable request.

Competing interests
The authors declare no con�ict of interest.

Funding
Not applicable



Page 10/17

Author Contributions
Z. H. designed the studies; Z. Z. and X. G. conducted the Experiments and analyzed the data; Z. Z. and
Z. H. wrote this manuscript. All authors read and approved the �nal manuscript.

Acknowledgements
Not applicable.

References
1.Flower O, Smith M: The acute management of intracerebral hemorrhage. Curr Opin Crit Care 2011,
17(2):106–114.

2.Zahuranec DB, Gonzales NR, Brown DL, Lisabeth LD, Longwell PJ, Eden SV, Smith MA, Garcia NM, Hoff
JT, Morgenstern LB: Presentation of intracerebral haemorrhage in a community. J Neurol Neurosurg
Psychiatry 2006, 77(3):340–344.

3.Zheng H, Chen C, Zhang J, Hu Z: Mechanism and Therapy of Brain Edema after Intracerebral
Hemorrhage. Cerebrovasc Dis 2016, 42(3–4):155–169.

4.Keep RF, Hua Y, Xi G: Intracerebral haemorrhage: mechanisms of injury and therapeutic targets. Lancet
Neurol 2012, 11(8):720–731.

5.Pouratian N, Kassell NF, Dumont AS: Update on management of intracerebral hemorrhage. Neurosurg
Focus 2003, 15(4):E2.

6.Cheng X, Wang H, Liu C, Zhong S, Niu X, Zhang X, Qi R, Zhao S, Zhang X, Qu H et al: Dl–3-n-
butylphthalide promotes remyelination process in cerebral white matter in rats subjected to ischemic
stroke. Brain Res 2019, 1717:167–175.

7.Garcia JH, Wagner S, Liu KF, Hu XJ: Neurological de�cit and extent of neuronal necrosis attributable to
middle cerebral artery occlusion in rats. Statistical validation. Stroke 1995, 26(4):627–634; discussion
635.

8.Demers G, Gri�n G, De Vroey G, Haywood JR, Zurlo J, Bedard M: Animal research. Harmonization of
animal care and use guidance. Science 2006, 312(5774):700–701.

9.MacLellan CL, Silasi G, Poon CC, Edmundson CL, Buist R, Peeling J, Colbourne F: Intracerebral
hemorrhage models in rat: comparing collagenase to blood infusion. J Cereb Blood Flow Metab 2008,
28(3):516–525.



Page 11/17

10.Wang T, Chen X, Wang Z, Zhang M, Meng H, Gao Y, Luo B, Tao L, Chen Y: Poloxamer–188 can
attenuate blood-brain barrier damage to exert neuroprotective effect in mice intracerebral hemorrhage
model. J Mol Neurosci 2015, 55(1):240–250.

11.Esen F, Erdem T, Aktan D, Orhan M, Kaya M, Eraksoy H, Cakar N, Telci L: Effect of magnesium sulfate
administration on blood-brain barrier in a rat model of intraperitoneal sepsis: a randomized controlled
experimental study. Crit Care 2005, 9(1):R18–23.

12.Tang XN, Berman AE, Swanson RA, Yenari MA: Digitally quantifying cerebral hemorrhage using
Photoshop and Image J. J Neurosci Methods 2010, 190(2):240–243.

13.Zhou F, Jiang Z, Yang B, Hu Z: Magnolol exhibits anti-in�ammatory and neuroprotective effects in a
rat model of intracerebral haemorrhage. Brain Behav Immun 2019, 77:161–167.

14.Xi G, Keep RF, Hoff JT: Mechanisms of brain injury after intracerebral haemorrhage. Lancet Neurol
2006, 5(1):53–63.

15.Gong C, Hoff JT, Keep RF: Acute in�ammatory reaction following experimental intracerebral
hemorrhage in rat. Brain Res 2000, 871(1):57–65.

16.Nguyen HX, O’Barr TJ, Anderson AJ: Polymorphonuclear leukocytes promote neurotoxicity through
release of matrix metalloproteinases, reactive oxygen species, and TNF-alpha. J Neurochem 2007,
102(3):900–912.

17.Xu HL, Feng YP: Inhibitory effects of chiral 3-n-butylphthalide on in�ammation following focal
ischemic brain injury in rats. Acta Pharmacol Sin 2000, 21(5):433–438.

18.Sorokin L: The impact of the extracellular matrix on in�ammation. Nat Rev Immunol 2010,
10(10):712–723.

19.Chen S, Zeng L, Hu Z: Progressing haemorrhagic stroke: categories, causes, mechanisms and
managements. J Neurol 2014, 261(11):2061–2078.

20.van Rossum D, Hanisch U-K: Microglia. Metabolic Brain Disease 2004, 19(3):393–411.

21.Lin S, Yin Q, Zhong Q, Lv FL, Zhou Y, Li JQ, Wang JZ, Su BY, Yang QW: Heme activates TLR4-mediated
in�ammatory injury via MyD88/TRIF signaling pathway in intracerebral hemorrhage. J
Neuroin�ammation 2012, 9:46.

22.Taylor RA, Sansing LH: Microglial responses after ischemic stroke and intracerebral hemorrhage. Clin
Dev Immunol 2013, 2013:746068.

23.Kitaoka T, Hua Y, Xi G, Nagao S, Hoff JT, Keep RF: Effect of delayed argatroban treatment on
intracerebral hemorrhage-induced edema in the rat. Acta Neurochir Suppl 2003, 86:457–461.



Page 12/17

24.Lee ST, Chu K, Jung KH, Kim J, Kim EH, Kim SJ, Sinn DI, Ko SY, Kim M, Roh JK: Memantine reduces
hematoma expansion in experimental intracerebral hemorrhage, resulting in functional improvement. J
Cereb Blood Flow Metab 2006, 26(4):536–544.

25.Lee ST, Chu K, Sinn DI, Jung KH, Kim EH, Kim SJ, Kim JM, Ko SY, Kim M, Roh JK: Erythropoietin
reduces perihematomal in�ammation and cell death with eNOS and STAT3 activations in experimental
intracerebral hemorrhage. J Neurochem 2006, 96(6):1728–1739.

26.Nakamura T, Keep RF, Hua Y, Park JW, Itano T, Nagao S, Hoff JT, Xi GH: Intracerebral hemorrhage
induces edema and oxidative stress and alters N-methyl-D-aspartate receptor subunits expression. Acta
Neurochir Suppl 2005, 95:421–424.

27.Wagner KR, Hua Y, de Courten-Myers GM, Broderick JP, Nishimura RN, Lu SY, Dwyer BE: Tin-
mesoporphyrin, a potent heme oxygenase inhibitor, for treatment of intracerebral hemorrhage: in vivo and
in vitro studies. Cell Mol Biol (Noisy-le-grand) 2000, 46(3):597–608.

28.Wu G, Huang FP: Effects of venom de�brase on brain edema after intracerebral hemorrhage in rats.
Acta Neurochir Suppl 2005, 95:381–387.

29.Liew HK, Hsu CW, Wang MJ, Kuo JS, Li TY, Peng HF, Wang JY, Pang CY: Therapeutic bene�t of
urocortin in rats with intracerebral hemorrhage. J Neurosurg 2012, 116(1):193–200.

30.Hu J, Wen Q, Wu Y, Li B, Gao P: The effect of butylphthalide on the brain edema, blood-brain barrier of
rats after focal cerebral infarction and the expression of Rho A. Cell Biochem Biophys 2014, 69(2):363–
368.

31.Zhao CY, Lei H, Zhang Y, Li L, Xu SF, Cai J, Li PP, Wang L, Wang XL, Peng Y: L–3-n-Butylphthalide
attenuates neuroin�ammatory responses by downregulating JNK activation and upregulating Heme
oxygenase–1 in lipopolysaccharide-treated mice. J Asian Nat Prod Res 2016, 18(3):289–302.

32.Wu Y, Dong L, Huang Q, Sun L, Liao Y, Tang Y, Wu Y: Multiple functional therapeutic effects of DL–3-n-
butylphthalide in the cuprizone model of demyelination. Life Sci 2019.

33.Ye J, Zhai L, Zhang S, Zhang Y, Chen L, Hu L, Zhang S, Ding Z: DL–3-n-butylphthalide inhibits platelet
activation via inhibition of cPLA2-mediated TXA2 synthesis and phosphodiesterase. Platelets 2015,
26(8):736–744.

34.Wang XL, Wang ZY, Ling JJ, Zhang YH, Yin J: Synthesis and biological evaluation of nitric oxide (NO)-
hydrogen sul�de (H2S) releasing derivatives of (S)–3-n-butylphthalide as potential antiplatelet agents.
Chin J Nat Med 2016, 14(12):946–953.

35.Ma F, Gao Y, Qiao H, Hu X, Chang J: Antiplatelet activity of 3-butyl–6-bromo–1(3H)-isobenzofuranone
on rat platelet aggregation. J Thromb Thrombolysis 2012, 33(1):64–73.



Page 13/17

Figures

Figure 1

The chemical structure of NBP.
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Figure 2

Schematic diagram of experimental design. ICH: intracerebral hemorrhage; BID: twice-daily; i.p.:
intraperitoneal; NBP: butylphthalide; MMP-9: matrix metalloproteinase-9; TNF-α: tumor necrosis factor-
alpha; BBB: blood-brain barrier; MRI: magnetic resonance imaging.

Figure 3

The neuro protecitve effects of NBP. A. NBP improved the neurological function after ICH; B. NBP reduced
the brain edema after ICH; C. NBP attenuated the BBB permeability after ICH. All data were recorded 48 h
after ICH modeling and were presented as the mean ± SD (n = 6, each group). *, P < 0.05. NBP:
butylphthalide; BBB: blood-brain barrier; ICH: intracerebral hemorrhage.
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Figure 4

Effect of butylphthalide on the changes of injured area volume post-ICH. A. Representative T2-WI images
of the vehicle and NBP groups; B. The hematoma volume at different time points(4h and 48h post-ICH)
were quanti�ed. Δ represented the expanded injured area volume , which was calculated by subtracting
the volume measured at 48 hours from that at 4 hours. Data are presented as the mean ± SD (n=3, each
group). N.s., no signi�cant difference, *, P < 0.05. ICH: intracerebral hemorrhage; NBP: butylphthalide.
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Figure 5

TNF-α and MMP-9 expression in peri-hematoma brain tissue. A. Western blot analysis of TNF-α and
MMP-9; B. Quantitative analysis of TNF-α and MMP-9, normalized to β-actin. Data were recorded 48 h
after modeling. Data are presented as the mean ± SD (n = 6, each group). *, P < 0.05. ICH: intracerebral
hemorrhage; NBP: butylphthalide; MMP-9: matrix metalloproteinase-9; TNF-α: tumor necrosis factor-
alpha.

Figure 6
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NBP could play a neuroprotective role in ICH throuth an anti-in�ammatory mechanism. BBB: blood-brain
barrier; CNS: central nervous system; MMP-9: matrix metalloproteinase-9; NBP: butylphthalide;
ROS:reactive oxygen species; TNF-α: tumor necrosis factor-alpha
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