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Abstract

Background
Dl-3-n-butylphthalide (NBP) has been widely used for the treatment of ischemic stroke in China. However,
its mechanisms of action have not been fully elucidated.

Methods
We established a permanent middle cerebral artery occlusion (pMCAO) rat model and administered
4 mg/kg/d NBP by tail vein injection for 9 days. Changes in some molecules related to
neuroin�ammation, neovascularization and nerve regeneration were observed, such as MALDI-TOF MSI
to study the distribution of phospholipids in the brain, LA-ICP MSI to observe the changes of Foxp3, Ki-67
and pCREB, immunohistochemistry to investigate NLRP3 and its downstream in�ammatory products
Caspase-1 and IL-1β.

Results
These results showed that NBP attenuated ischemic damage in pMCAO rats, accompanied by improving
neurological de�cits. It was revealed for the �rst time in an animal stroke model that NBP decreased the
levels of PE (18:0), NLRP3, Caspase-1 and IL-1β, while increasing the levels of several phospholipids,
such as PA (16:0/18:1), PA (18:0/22:6), PE (16:0/22:6), PE (P-18:0/22:6), PE (18:0/22:6), PS (18:0/22:6),
PI (18:0/20:4), Foxp3, Ki-67 and pCREB, in the ischemic brain region.

Conclusion
These results provide evidence that NBP can reduce neuroin�ammation in brain tissue and promote the
regeneration of nerves and blood vessels, thus exerting a protective effect on neuromorphology and
function.

Introduction
With over two million new cases annually, stroke is associated with the most disability-adjusted life-years
lost of any disease in China.1 Ischemic stroke is mainly caused by the occlusion of cerebrovascular
vessels, which leads to insu�cient blood oxygen supply and necrosis of brain tissue.

In�ammation plays an important role in the overall pathogenesis of ischemic stroke. Studies in animal
models have revealed that innate and adaptive immune responses occur minutes to weeks or even
months after ischemic stroke injury.2 Cerebral ischemia can trigger in�ammatory responses, including the
activation of microglia, macrophages, neutrophils, and dendritic cells.3 Proin�ammatory factors are
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released, leading to the death of brain neurons and glial cells.4 Furthermore, stroke has systemic effects
that result in a spike in in�ammatory cytokines during the initial activation phase, which is followed by
severe immunosuppression linked to atrophy of the spleen and thymus in MCAO-induced stroke models
in mice.5 However, in�ammatory cytokines that have negative impacts on recovery and are associated
with increased damage volume, including IL-1β, E-selectin, and vascular adhesion molecules, are more
commonly studied.6

Dl-3-n-butylphthalide (NBP) was �rst discovered in the seeds of Apium graveolens Linn and was
approved by the National Medical Products Administration (NMPA) in 2002 as an anti-ischemic stroke
drug.7 A number of studies have shown that NBP can improve post-stroke symptoms through various
mechanisms, including in�ammation, collateral circulation, mitochondrial function, apoptosis, and
oxidative stress.8 NBP ameliorates experimental autoimmune encephalomyelitis by suppressing PGAM5-
induced necroptosis and in�ammation in microglia.2 NBP improves lipopolysaccharide-induced
depressive-like behavior in rats through the involvement of the Nrf2 and NF-κB pathways.9 Geng et al.
investigated metabolite biomarkers associated with NBP in hippocampal tissue in a lipopolysaccharide
(LPS)-induced rat model of depression. Most of the identi�ed differentially expressed metabolites were
related to amino acids, lipids, energy, and oxidative stress metabolism. The �ndings provide insight into
the anti-in�ammatory effects of NBP.10 However, few studies have report the mechanisms of the effects
of NBP in in situ animal stroke models. In a previous study, we used matrix-assisted laser desorption
ionization time-of-�ight mass spectrometry imaging (MALDI-TOF MSI) to evaluate the effect of NBP on
changes in small molecules in the brains of pMCAO model rats and discovered that NBP can alleviate the
abnormal accumulation of glucose and citric acid in the brains of pMCAO model rats, enhance ATP
metabolism, and improve the glutamate-glutamine cycle in the brain. It can also increase the content of
antioxidants and the balance of metal ions.11

Regulatory T (Treg) cells play an important role after stroke and have become a research hotspot in the
�eld of immune diseases. Treg cells maintain immune tolerance and play a key role in tissue homeostasis

and remodeling.12 The development and function of Treg cells is closely related to the expression of its

speci�c transcription factor Foxp3.13, 14 And a lack of Foxp3 can lead to the loss of Treg cell function.15

However, no studies have reported the effect of NBP on Treg cells or Foxp3.

Stubbe T et al reported that approximately 60% of Foxp3(+) Tregs in the ischemic hemisphere are positive
for the proliferation marker Ki-67 on days 7 and 14 after MCAO. The transfer of naive CD4(+) cells lacking
Foxp3(+) Tregs into RAG1(-/-) mice 1 day before MCAO does not lead to the de novo generation of Tregs
14 days after surgery. After the depletion of CD25(+) Tregs, no changes in neurological outcome are
detected. The sustained presence of Tregs in the brain after MCAO indicates a long-lasting
immunological alteration and involvement of brain cells in immunoregulatory mechanisms.16

This study aimed to provide further evidence of NBP’s effects of anti-in�ammation, regeneration of
nerves and blood vessels. We utilized MALDI-TOF MSI, laser ablation-inductively coupled plasma mass
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spectrometry imaging (LA-ICP MSI) and immunochemistry. The effects of NBP on several molecules,
including phospholipids (potential biomarkers of in�ammation), NLRP3, Caspase-1, IL-1β, Foxp3 (a Treg
marker), Ki-67 and pCREB, in the ipsilateral hemispheres of the brains of animal stroke models were
studied for the �rst time.

Material And Methods

Material
Healthy male 8- to 10-week-old SD rats weighing 280–310 g were purchased from Beijing Vital River
Experimental Animal Technology Co., Ltd. (license number: SCXK (Beijing) 2012-0001). The rats were
housed in an SPF-level laboratory at the Experimental Animal Department of Peking University Health
Science Center. The rats were kept under standard environmental conditions (23 ± 1 °C, humidity 45% ±
5%, 12-h light/dark cycle) and had free access to standard food (Keaoxieli, Beijing, China) and drinking
water.

Injectable NBP (Fig. 1A) was provided by China Shijiazhuang Pharmaceutical Company Co., Ltd. (batch
number: 17051026). Edaravone was obtained from Simcere Pharmaceutical Co., Ltd. (batch number: 80-
181203). Injectable urinary kallidinogenase (UK) was purchased from Guangdong Tianpu Biochemical
Pharmaceutical Co., Ltd. and served as the positive control drug (batch number: 311701021).

The antibodies used in this study are listed in Table 1.

Table 1
Antibodies used in this study.

Antibodies Source Identi�er

Cell-ID™ Intercalator-Ir Fluidigm Cat# 201192A

Anti-Mouse/Rat Foxp3 (FJK-16 s)-165Ho Fluidigm Cat# 3165024A

Anti-Ki-67(B56)-168Er Fluidigm Cat# 3168022D

Anti-pCREB[S133](87G3)-176Yb Fluidigm Cat# 3176005A

Anti-NLRP3 Abcam Cat# ab214185

Anti-IL-1β Abcam Cat# ab9722

Anti-Caspase-1 Immunoway Cat# YT5743

Model establishment and drug administration
The establishment of the rat pMCAO model was in accordance with our previous study.11 Rats were
anesthetized by an intraperitoneal injection of 0.35 g/kg chloral hydrate. The right common carotid artery
and the external carotid artery were exposed after an incision was made in the neck. Then, the right
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external carotid artery and the proximal end of the common carotid artery were ligated with a suture. A
"V"-shaped cut was made at the distal end of the common carotid artery, and a thread was inserted
through the incision to the internal carotid artery. When the thread was inserted 15–16 mm into the
internal carotid artery and the resistance increased signi�cantly, insertion was stopped, and the thread
was tied to the distal end of the common carotid artery with a suture to �x it. The incision in the neck was
then sutured and disinfected with medical-grade alcohol. The surgery was completed within 15 min, and
the rats woke after approximately 2 h. Only the rats that rotated to the left were considered successful
models. The sham surgery group underwent a similar operation, but the common carotid artery was left
intact, and a thread was not inserted.

After surgery, approximately 60% rats developed stroke symptoms and were considered successful
models. These animals were randomly divided into 5 groups of 15 rats each: the model group, the NBP-
treated group, the edaravone (ED, positive control drug)-treated group and the urinary kallidinogenase (UK,
positive control drug)-treated group. Drug administration was started 2 h after the end of modeling. In the
NBP group, 4 mg/kg NBP injection (q.d.) was administered through the tail vein;11 in the ED group,
5 mg/kg edaravone (q.d.) was administered through the tail vein; and in the UK group, 0.013 PNA/kg UK
(q.d.) was administered via the tail vein. The sham surgery group and model group were given the same
volume of normal saline (q.d.). The drugs were administered for 9 days.

At the end of drug administration, 6 rats were randomly selected from each group for the following study
(Fig. 1B).

Behavioral test
The modi�ed neurological severity score (mNSS) test was used to evaluate the degree of neurological
de�cit after the establishment of the rat pMCAO model. It included exercise, sensory, re�ex and balance
tests. In this study, the mNSS score was determined according to the method described by Chen.17 A
higher mNSS score indicated more severe neurobehavioral damage.

MALDI-TOF MSI for the detection of small molecules in
brain tissue
Three rats from each group were perfused with normal saline, and the brains were quickly collected,
frozen in liquid nitrogen, and stored at -80 °C before slicing. Frozen brain tissues were sliced into 10-µm
thick sections beginning at 0.6 mm from bregma and then mounted on the indium-tin oxide coated
surface of a glass slide for MALDI-TOF MSI. MALDI-TOF MSI was conducted and analyzed according to
the method described by Liu Huihui.18 An ultra�eXtreme MALDI-TOF/TOF MS (Bruker Daltonics, Billerica,
USA) equipped with a Smartbeam Nd: YAG 355 nm laser was utilized for MALDI analysis. Negative-ion
mass spectra were acquired in re�ector mode with a pulsed ion extraction time of 80 ns, an accelerating
voltage of 20.00 kV, an extraction voltage of 17.90 kV, a lens voltage of 5.85 kV, and a re�ector voltage of
21.15 kV. For MSI analysis, the imaging spatial resolution of brain tissues from rats was set to 100 µm.
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The regions of interest were manually de�ned in the imaging software using both the optical image and
MSI data image.

Histopathological observation
The other 3 rats from each group were perfused with normal saline and formalin and �xed in formalin
overnight. Four-micrometer-thick para�n slices 0.6 mm from bregma were prepared for HE staining.
Pathological changes in the brain were observed under Motic Tele-Microscope System (Motic China
Group, Xiamen, China).

LA-ICP MSI for the observation of Foxp3, Ki-67 and pCREB
distribution in brain tissue
FFPE (formalin-�xed and para�n-embedded) brain tissues were sectioned at a thickness of 4 µm for LA-
ICP MSI.19 Staining for anti-Foxp3 (FJK-16 s)-165Ho, anti-Ki-67 (B56)-168Er, and anti-pCREB [S133]
(87G3)-176Yb was performed manually. The tissue sections were baked for 2 h at 60 °C in a slide oven.
Then, the tissue sections were dewaxed in fresh xylene for 20 min and rehydrated in a graded series of
alcohols (absolute ethanol, and 95:5, 80:20, 70:30, and 0:100 ethanol:deionized water; 5 min each). Heat-
induced epitope retrieval was conducted in Tris-EDTA buffer, pH 9, in a 96 °C water bath for 30 min. After
immediate cooling, the sections were washed with deionized water and PBS for 10 min each and then
blocked with 3% BSA in PBS for 45 min. The sections were incubated overnight at 4 °C with an antibody
master mix (anti-Foxp3 (FJK-16 s)-165Ho: 1:50 dilution; anti-Ki-67 (B56)-168Er: 3:100 dilution; anti-pCREB
[S133] (87G3)-176Yb: 1:100 dilution). After 2 8-min washes in 0.2% Triton X-100 in PBS and 2 8-min
washes in PBS, the sections were incubated with Cell-ID™ Intercalator-Ir (125 µM) in PBS (1:400 dilution)
for 30 min at room temperature. After being washed, the sections were dried at room temperature before
LA-ICP MSI.

An NWR 213 laser ablation system (Elemental Scienti�c Lasers, Bozeman, USA) coupled to a NexION
300D ICP-MS (Perkin Elemer, Waltham, USA) was utilized for LA-ICP MSI analysis. Helium was utilized as
the ablation gas and introduced with argon gas through a T-piece into the ICP-MS after the ablation cell.
The LA-ICP-MS was calibrated with NIST 612 glass standards for high U signal intensity while keeping
the oxide production (i.e., UO+/U + ratio) at a low level. The LA-ICP-MS operating parameters are shown in
Table 2. The laser ablation parameters, including spot size, laser energy, scan rate, and ablation
frequency, were carefully chosen to guarantee quantitative ablation of the brain sections and minimal
ablation of the glass slides. All brain sections were ablated using a line ablation mode, where ICP-MS was
triggered by a laser shot, and the data were acquired by ICP-MS in the time-resolved analysis mode. The
acquired data were processed into images by Iolite software (V3.6, serial number: 74272) .20
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Table 2
Operating parameters of LA-ICP-MS for elemental imaging

ICP-MS Laser ablation

Nebulizer gas 0.94 L min− 1 He carrier gas 0.60 L min− 1

Auxiliary gas 0.50 L min− 1 Ablation frequency 20 Hz

Plasma gas 18 .0 L min− 1 Spot size 100 µm

RF power 1300 W Scan speed 100 µm s− 1

Acquisition mode Time-resolved analysis Fluence 2.05 J cm− 2

Isotope monitored 165Ho, 168Er, 176Yb, 193Ir    

Dwell time 50 ms per isotope    

Immunohistochemistry
For immunohistochemistry, FFPE brain tissue sections were stained with prediluted antibodies, including
anti-NLRP3 (1:100 dilution), anti-Caspase-1 (1:50 dilution), and anti-IL-1β (1:100 dilution), according to
standard protocols.21 Brie�y, the sections were baked, dewaxed, and rehydrated as described above. Heat-
induced epitope retrieval was conducted in sodium citrate, pH 6, in a 96 °C water bath for 30 min. After
immediate cooling, the sections were washed with deionized water and PBS for 5 min each. The slides
were incubated with 3% H2O2 in PBS for 1 h at 37 °C and then washed 3 × 5 min with PBS. The sections
were blocked with 10% normal serum/0.3% Triton X-100 in PBS for 1 h at 37 °C. The sections were
incubated overnight at 4 °C with primary antibody (diluted in PBS/1% BSA). The samples were then
washed 3 × 5 min with PBS. The sections were incubated with HRP-conjugated goat anti-rabbit IgG H&L
as the secondary antibody for 1 h at 37 °C. After further washing three additional 5-min washes with PBS,
immunoperoxidase staining was developed using a 3,3’-diaminobenzidine (DAB) chromogen (Dako) for
5 min. The slides were washed with deionized water for 5 min, dehydrated in graded alcohol and xylene,
mounted and coverslipped. Changes in the brain were observed under an optical microscope (Motic Tele-
Microscope System, Motic China Group Co., Ltd.).

Statistical analysis
Statistical analysis was performed using GraphPad Prism software. The data are expressed as the mean 
± standard deviation (mean ± SD). The distribution of data was tested with Shapiro-Wilk normality test.
One-way ANOVA was used for comparisons between groups, and P < 0.05 was considered statistically
signi�cant.

Results
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NBP improves the neurobehavioral performance and
cerebral damage in the pMCAO rat model
As shown in Fig. 1C, compared with that of the sham surgery group, the mNSS of the model group
increased after 9 days (P < 0.001), indicating severe neurobehavioral damage. The NBP group exhibited a
lower mNSS than the model group (P < 0.05). The mNSS of the edaravone-treated group and the UK-
treated group decreased less than the mNSS of the NBP group.

As shown in Fig. 1D, compared with that of the sham surgery group, the survival rate of the model group
decreased after 9 days (P < 0.001), and the survival rates of the NBP, UK and edaravone groups were lower
than the survival rate of the sham surgery group but higher than that of the pMCAO group.

HE staining of FFPE sections of brain tissue (Fig. 1E) showed that the striatal area of the sham surgery
group had normal morphology, neat arrangement, rich cytoplasm and central nuclei. The model group
had a large area of cell lysis, a large vacuolar area, a loose interstitium, broken cell structure, nuclear
pyknosis and deep staining. The NBP group and UK groups showed improvement compared with the
model group, exhibiting less cell lysis and a lower degree of interstitial loosening. The lesion area in brain
tissues from each group was computed, and the lesion area in the model group was signi�cantly
increased compared with that in the sham surgery group (P < 0.001). The areas of brain tissue damage in
the NBP group and the positive control UK group were signi�cantly decreased (both P < 0.05) compared
with that of the model group.

NBP affects the distribution of phospholipid molecules in
the brain tissues of ischemic rats
MALDI-TOF MSI showed (Fig. S1) that on the ischemic side of the brain, NBP alleviated the abnormal
accumulation of glucose and citric acid, enhanced ATP metabolism, improved the glutamate-glutamine
cycle, and increased the content of antioxidants. These results are consistent with our previous study 11.

Furthermore, we also found (Fig. 2A) that the distribution of phospholipid PE (18:0) in the in the right
cortex and striatum of the model group was increased compared with that in the sham surgery group,
while the NBP group had a reduced distribution of phospholipid PE (18:0) in these areas. PA (16:0/18:1),
PA (18:0/22:6), PE (16:0/22:6), PE (P-18:0/22:6), PE (18:0/22:6), PS (18:0/22:6), and PI (18:0/20:4) were
decreased in the right cortex and striatum of the model group compared with the sham surgery group,
while the NBP group had increased levels of these molecules. There were obvious differences in the
average mass spectrometry signal intensities between the pMCAO and NBP-treated groups in the
ischemic areas (Fig. 2B, C), which was consistent with the imaging results.

NBP changes the distribution of Foxp3, Ki-67 and pCREB in
the brain tissues of pMCAO rats
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The intercalator 193Ir is a dye that speci�cally binds to the nucleus. The results of LA-ICP MSI (Fig. 3)
revealed decreased 193Ir signals in the right cortex and striatum of the model group compared with the
sham surgery group. The administration of NBP increased the distribution of 193Ir in these areas. These
results indicated that NBP reduced cell death in the cortical and striatal regions of the brains of ischemic
animals. The administration of the positive control drug UK had similar effects as those of NBP.

The levels of Foxp3, Ki-67, and pCREB in the in the right cortex and striatum of the model group were
reduced compared with those in the sham group, and the administration of NBP increased the levels of
Foxp3, Ki-67, and pCREB. The administration of the positive control drug UK had similar effects as those
of NBP.

Immunohistochemistry
Immunohistochemistry was used to detect the production of NLRP3 and its downstream in�ammatory
products Caspase-1 and IL-1β in the rat central nervous system. The results showed (Fig. 4) that
compared with that in the sham surgery group, the expression of NLRP3 and Caspase-1 was increased in
the right striatum of the model group and that the distribution of IL-1β was abnormal. NBP improved the
abnormal expression of NLRP3 and Caspase-1 in the right striatum and the abnormal distribution of IL-1β
in the model rats compared with the model rats, and the UK group also showed similar improvements.

Discussion
Middle cerebral artery occlusion is a common model for ischemic stroke. In this study, the modi�ed
Longa method,22 which allows stable and reproducible modeling, is simple and can simulate clinical
stroke caused by ischemia well, was used to prepare a permanent middle cerebral artery occlusion
(pMCAO) model.

The modi�ed neurological severity score test is a commonly used and preferred method for assessing the
extent of neurological impairment in permanent and transient middle cerebral artery occlusion models. In
this experiment, pMCAO rats showed obvious symptoms of neurological damage, while NBP improved
the degree of neurological damage in pMCAO rats to some extent. Taken together with the pathological
staining results in brain tissues, these data show that NBP can signi�cantly reduce the area of brain
damage area in this model, which is consistent with the existing research results.23

LA-ICP MSI is a new method of mass spectrometry imaging. Several metal-labeled antibodies bind
speci�c proteins on a tissue slice, and then the tissue is ablated by a laser to produce aerosol, which is
transported by a carrier gas into plasma to complete ionization. Then, the ions are detected by mass
spectrometry, and a distribution map of various proteins in a single test is obtained. LA-ICP MSI is simple,
fast, high-throughput, and highly accurate and has a low operating cost, and it is gradually becoming a
widely used imaging method.24
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The mechanisms of brain damage in ischemia mainly involve the consumption of oxygen and energy
(within a few minutes), the release of excitatory amino acids (within a few hours), the in�ammatory
response and apoptosis. These biochemical reactions mediate the death of nerve cells. Accordingly, one
of the important early treatment methods for cerebral infarction is preventing the biochemical reactions
of these processes, thereby blocking the death of nerve cells in brain tissue after cerebral vascular
occlusion.

Phospholipids are important components of cell membranes and can indicate apoptosis, necrosis and
the occurrence of excessive in�ammation in cerebral ischemia. We used MALDI-TOF MSI technology to
detect the distribution of phospholipid molecules in the brains of pMCAO rat models, which was very
important for our study of the effect of NBP on the brain.25 We found that PA (16:0/18:1), PA (18:0/22:6),
PE (16:0/22:6), PE (P-18:0/22:6), PE (18:0/22:6), PS (18:0/22:6), PI (18:0/20:4) and other phospholipids
were decreased in the ischemic area (right cortex and striatum), indicating that cell death occurred in
ischemic cells; however, NBP alleviated cell death in ischemic cells. It is noteworthy that phospholipid PE
(18:0) is abnormally increased in the ischemic area of the pMCAO model and that it is susceptible to
oxidative stress for the formation of oxidized phospholipids. Oxidized phospholipids have a strong
proin�ammatory effect, indicating that NBP may inhibit the in�ammatory reaction by indirectly affecting
the excessive production of oxidized phospholipids.

The neuroin�ammatory response promotes damage in cerebral ischemia. After cerebral ischemia, there is
a severe in�ammatory reaction in the brain tissue. In addition to inducing cell pyroptosis, excessive
in�ammatory factors promote apoptosis and necrosis.26 The NLRP3 in�ammasome in neurons and glial
cells may play an important role in detecting cell damage and mediating in�ammatory responses.27, 28

During the innate immune response, the NLRP3 in�ammasome regulates the activation of Caspase-1,
which promotes the maturation of the cytokine pro-IL-1β. Additionally, the NLRP3 in�ammasome
regulates Caspase-1-dependent pyroptosis and induces cell death under pathological conditions of
in�ammation and stress.29 Immunohistochemistry showed that NBP reduced the levels of NLRP3, IL-1β
and Caspase-1 in the ischemic brain area, indicating that NBP can inhibit the in�ammatory response
mediated by the NLRP3 pathway. Similarly, Yang et al. suggested that NBP reduces neurovascular
in�ammation and ischemic brain injury in mice. This effect is associated with reduced in�ltration of
myeloid cells into the brain and improved cerebral blood �ow after reperfusion. 30

Regulatory T (Treg) cells are a special subset of T cells that are essential for inducing and maintaining the

stability and tolerance of the immune environment.13, 31 Treg cells prevent the overactivation of the

immune system in in�ammatory diseases.32 Foxp3-positive T cells are typical anti-in�ammatory cells
that control and limit antigen-speci�c immune responses and immune tolerance.33, 34 A previous study
reported staining for Foxp3 (a Treg marker) in the striatal and cortical regions of the brain after ischemia

and reperfusion in an MCAO-induced stroke model.35 In our study, this protein was observed using LA-ICP
MSI technology, which can evaluate the expression of several different proteins in a single test. We found
for the �rst time that NBP signi�cantly increases the content of Foxp3 in the ischemic area in an animal
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stroke model. Additionally, NBP can play an anti-in�ammatory and neuroprotective role by maintaining
the function of Foxp3-positive T cells.

The most well-recognized mechanisms of action of NBP are improvements in the microcirculation, the
promotion of angiogenesis, and increased cerebral blood �ow in the ischemic area. Using LA-ICP MSI, we
also found that NBP can increase the distribution of Ki-67 and pCREB in the ischemic cortex and
striatum. Ki-67 is a nuclear protein involved in cell proliferation and can indicate vessel density.36 Our
study �rst explored the level of Ki-67 after NBP administration in an animal stroke model. The increase in
the Ki-67 level in the ischemic area induced by NBP illustrated that NBP can improve angiogenesis in the
ischemic region of the pMCAO model. NBP treatment also promotes the expression of vascular
endothelial growth factor and angiopoietin-1 and induces angiogenesis.37 Li et al. found that the Ang-
1/Ang-2/Tie-2 signaling axis is altered in the cortex of chronic cerebral hypoperfusion rats and that NBP
treatment can regulate this angiopoietin/Tie signaling axis in a timely manner to promote
neovascularization in early stages.38

Cyclic-AMP response element-binding protein (CREB) is a protein that regulates gene transcription and is
involved in synaptic plasticity, memory, and cognition.39 The activation of the CREB pathway promotes
nerve regeneration after cerebral ischemia-reperfusion in rats.40 Liu B et al found Gadd45b-RNAi
signi�cantly decreased the expression levels of both BDNF and cAMP/PKA/phosphorylated cAMP
response element-binding protein (pCREB) pathway and promoted ROCK expression. They conclude that
Gadd45b stimulates recovery after stroke by enhancing axonal plasticity required for brain repair.41 LA-
ICP MSI showed that NBP can increase the level of phosphorylated CREB (pCREB) in the ischemic cortex
and striatum, which is consistent with the results of Yang et al., indicating that NBP can improve nerve
regeneration in the pMCAO model.42 Nevertheless, how NBP exerts nerve regeneration and protects
cognitive function deserves further research.

We demonstrated that NBP can reduce in�ammatory damage, maintain immune tolerance, improve
vascular density, and promote nerve cell regeneration through mechanisms that are shown in Fig. 5.

Conclusion
NBP improves neurobehavior, reduces the area of brain damage, alleviates in�ammation, and promotes
nerve regeneration and angiogenesis in a rat model of pMCAO-induced cerebral ischemia.

We found that NBP can reverse abnormal changes in various phospholipid molecules, Foxp3, Ki-67 and
pCREB, in the brain tissues of pMCAO rat models. The potential anti-in�ammatory mechanism of NBP
involves the inhibition of NLRP3 in�ammasome, Caspase-1 and IL-1β overexpression to further alleviate
the in�ammatory reaction and improve brain tissue damage. Nevertheless, how NBP promotes nerve
regeneration and angiogenesis requires further study.

Abbreviations



Page 12/20

Abbreviations Unabbreviations

NBP Dl-3-n-butylphthalide

UK Urinary kallidinogenase

ED Edaravone

pMCAO Permanent middle cerebral artery occlusion

MALDI-TOF
MSI

Matrix-assisted laser desorption ionization time-of-�ight mass spectrometry
imaging

LA-ICP MSI Laser ablation-inductively coupled plasma mass spectrometry imaging

mNSS Modi�ed neurological severity score

Treg Regulatory T

FFPE Formalin-�xed and para�n-embedded
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NBP treatment attenuated brain injury after pMCAO. (A) Structure of l-NBP. Racemic NBP was utilized in
this study. (B) Experimental schematic. The pMCAO model was established, grouped, and then, drug
administration was administered via the tail vein for 9 days. (C) The modi�ed neurological severity scores
(mNSS) of various groups. The data are presented as the mean ± SD, n = 5. (D) The survival function of
groups. (E) Representative images of brain morphology and statistical analysis of injury area, as revealed
by HE staining. The striatum on the lesioned side was scanned at 200× and is shown on the right. Scale
bar = 3 mm for the full coronal section. Scale bar = 100 μm for microscopic observation. The injury area
was delineated by Motic DSAssistant Lite and analyzed by ImageJ. Sham: sham surgery group; pMCAO:
permanent middle cerebral artery occlusion group; NBP: dl-3-n-butylphthalide-treated group; ED:
edaravone-treated group; UK: urinary kallidinogenase-treated group. ### P < 0.001 vs. the sham group, *
P < 0.05 vs. the pMCAO group.

Figure 2

Change in phospholipids in the brains of rats with pMCAO. (A) In situ MALDI-TOF MSI of PE (18:0), PA
(16:0/18:1), PA (18:0/22:6), PE (16:0/22:6), PE (p-18:0/22:6), PE (18:0/22:6), PS (18:0/22:6) and PI
(18:0/20:4). The spatial resolution was set to 100 μm. Scale bar=1 cm. (B)(C) The absolute intensity of
the phospholipids mentioned above. The regions of interest (ROIs) are shown, and the peak mass spectra
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intensities are displayed in the same color as the corresponding ROI. Sham: sham surgery group; pMCAO:
permanent middle cerebral artery occlusion group; NBP: dl-3-n-butylphthalide-treated group.

Figure 3

Representative LA-ICP MS images of the intercalator 193Ir, Foxp3, Ki-67, and pCREB in the brain tissues
of rats with pMCAO. For all tissues, 193Ir and three metal-labeled proteins were measured simultaneously
at a resolution of 110 μm. Scale bars = 5 mm. Sham: sham surgery group; pMCAO: permanent middle
cerebral artery occlusion group; NBP: dl-3-n-butylphthalide-treated group; UK: urinary kallidinogenase-
treated group.
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Figure 4

Expression of NLRP3, Caspase-1 and IL-1β in the right striatum of brain tissues of rats from each group.
The striatum on the lesioned side was scanned at 200× and is shown on the right. Scale bar = 3 mm for
the full coronal section. Scale bar = 100 μm for microscopic observation. Sham: sham surgery group;
pMCAO: permanent middle cerebral artery occlusion group; NBP: dl-3-n-butylphthalide-treated group; UK:
urinary kallidinogenase-treated group. n = 3.
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Figure 5

Effects of NBP on ischemic stroke in pMCAO rats and the associated mechanisms
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