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Tetramethylpyrazine (TMP) is an active component of the Chuanxiong, effectively
crosses blood-brain barrier (BBB). It exhibits neuroprotective potential in cerebral
ischemia-reperfusion injury (CIRI). This study performed middle cerebral artery
occlusion/reperfusion (MCAO/R) surgery in rats to evaluate TMP’s efficacy and
mechanisms in mitigating CIRI. Rats received intraperitoneal TMP (40 mg/kg) for
3 days prior to MCAO/R and continued for 14 days post-surgery. Behavioral tests
were conducted using mNSS and Morris water maze tests. Histopathological
analyses, including HE, Nissl, and TUNEL staining. mRNA sequencing revealed
that RhoA and ROCK2were upregulated in the CIRI model and downregulated by
TMP treatment. GO enrichment and KEGG enrichment showed RhoA and ROCK
were related to neuroplasticity. Western blot and immunofluorescence staining
confirmed that TMP inhibited RhoA, ROCK2, phosphorylated LIMK, and
phosphorylated cofilin expression. Additionally, TMP increased the levels of
neuroplasticity-related proteins PSD95 and MAP2, promoting synaptic and
dendritic regeneration. Administration of lysophosphatidic acid (LPA), a RhoA/
ROCK pathway agonist, attenuated TMP’s neuroprotective effects, validating the
pathway’s role in TMP-mediated protection. These findings indicate that TMP
confers neuroprotection in CIRI by inhibiting the RhoA/ROCK pathway and
enhancing neuroplasticity, underscoring its therapeutic potential in CIRI.
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1 Introduction

As the world’s second deadliest health condition, stroke-related healthcare costs -
including acute treatment and prolonged recovery processes - create considerable financial
pressures on both individuals and healthcare systems (GBD, 2019 Stroke Collaborators,
2021). Approximately 87% of stroke is ischemic stroke and 13% is hemorrhagic stroke
(Virani et al., 2020). Current therapeutic options for the acute phase of ischemic stroke
include pharmacological thrombolysis and mechanical thrombectomy. However, due to
time window limitations, many patients are unable to receive timely treatment, and only
2%–10% of patients worldwide are eligible for these therapies (Mokin et al., 2019; Hacke
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et al., 2008). Thus, the development of novel therapeutic strategies
for ischemic stroke remains imperative.

Although timely reperfusion is essential for the restoration of
neurological function, cerebral ischemia-reperfusion injury (CIRI)
impedes the recovery process following ischemic stroke. CIRI leads
to cellular excitotoxicity, Ca2+ overload, autophagy, and aberrant
immune responses and so on (Zhou et al., 2018; Campbell et al.,
2019). At the same time, CIRI also causes morphological changes in
neurons, such as dendritic and axonal retraction and loss of synapses
and dendritic spines (Brown and Murphy, 2008). A series of
damages to brain can lead to patients experiencing impaired or
even loss of normal function. Therefore, how to treat CIRI has been a
hot spot in research. Currently, the drugs used to treat CIRI mainly
include anti-free radical damage drugs (Takase et al., 2018), anti-
inflammatory drugs (Xu et al., 2018), Ca2+ antagonists (Carlson
et al., 2020), excitatory amino acid receptor antagonists (Margaill
et al., 1996), and traditional Chinese medicine (TCM) (Fan
et al., 2020).

TCM, renowned for its multi-component and multi-target
approaches with minimal side effects, has been utilized for
centuries in China and other countries to treat ischemic stroke,
with Chuanxiong—a widely used and ancient medicinal herb from
Sichuan—first documented in the “Shen Nong’s Canon of Materia
Medica (Chen et al., 2018). Chuanxiong has been used to protect
against ischemic injury, enhance immunity, and treat menstrual
cramps and diabetes (Wang J. et al., 2022). In clinical treatment,
Chuanxiong has also been made into a variety of Chinese medicines,
including ligustrazine injection, Xuefu Zhuyu Granules and
Chuanxiong Chatiao San, etc (Shao et al., 2021; Li et al., 2021;
Wang et al., 2019). Tetramethylpyrazine (TMP), one of the
components of Chuanxiong, effectively penetrates blood-brain
barrier (BBB) (Tsai and Liang, 2001), thereby being widely
utilized in central nervous system (CNS) diseases.
Tetramethylpyrazine (TMP) exerts neuroprotective effects by
inhibiting calcium-ion overload (Yu et al., 2019), inhibition of
inflammatory response (Shah et al., 2019), promotion of BBB
repair (Gong et al., 2019), enhancement of synaptic plasticity
(Lin et al., 2021), and inducing recovery of neurovascular units
(Feng et al., 2023). Cellular experiments have demonstrated that
TMP reduces neuronal death induced by oxygen-glucose
deprivation (OGD) (Shao et al., 2017), and its efficacy has been
validated in clinical trials (Ni et al., 2013; Zhang et al., 2020; Yang
et al., 2012).

Ischemic-hypoxic injury in the CNS activates the RhoA/ROCK
signaling pathway, where ROCK, as the primary downstream
effector of RhoA, is critical in cytoskeletal regulation (Lang et al.,
1996; Matsui et al., 1996; Nakagawa et al., 1996; Wang Q. et al.,
2022). ROCK participates in multiple processes such as cytoskeletal
regulation and cell survival by phosphorylating LIM kinase (LIMK)
(Mulherkar and Tolias, 2020), which subsequently phosphorylates
cofilin, thereby modulating F-actin homeostasis and inducing

cytoskeletal remodeling that leads to dendritic contraction and
the loss of dendritic spines (Jahani et al., 2018; Allen et al.,
2010). TMP can inhibit the RhoA/ROCK signaling pathway and
alleviate damage to brainmicrovascular endothelial cells (Yang et al.,
2017). Leveraging mRNA sequencing analysis, this study further
explores the neuroprotective effects of TMP in CIRI, thereby
providing theoretical foundation for the application of TMP.

2 Materials and methods

2.1 Experimental animal preparation

We utilized Sprague-Dawley rats (n = 64) sourced from an
AAALAC-accredited supplier (Hubei Bainter Laboratory Animal
Technology Co., China). Ethical oversight was maintained through
formal review (Approval ID: WP20230166) by Zhongnan Hospital,
Wuhan University. After acclimatizing the rats for 3 days, they were
divided into the sham, model, and TMP groups. To allow the drug
concentration to build up, the rats in TMP group were injected with
TMP (40 mg/kg) for 3 days before the surgery. The specific
experimental steps were: after anesthetizing the rats with 3%
pentobarbital sodium, the skin was prepared and sterilized. A
1.5–2 cm notch was cut in the neck of the rats. After separating
the muscle, the common carotid artery (CCA) was exposed. The
proximal CCA and external carotid artery (ECA) were ligated
separately. A thin thread was left in the CCA to facilitate
subsequent fixation of filament. Transient focal ischemia was
induced via intraluminal filament technique. After temporary
occlusion of the CCA with a 40 g vascular clamp, a 4–0 nylon
suture (diameter 0.23 ± 0.02 mm) coated with poly-L-lysine was
introduced through a micro-incision (0.4 mm) and navigated 20.5 ±
0.3 mm into the internal carotid artery to achieve MCAO. For sham
group, no filament was inserted. 90 min later, the filament was
removed. The Longa scale was performed by an uninformed
researcher (Longa et al., 1989). Subjects meeting predefined
inclusion criteria (neurological deficit scores 1–3 on the 5-point
Garcia scale) were prospectively enrolled for longitudinal
assessment, while those scoring at scale extremes (0 = no deficit;
4 = maximal impairment) were systematically eliminated to ensure
cohort homogeneity. The experimental steps are shown in Figure 1.

2.2 Behavioral tests

Behavioral changes in different groups were assessed using the
mNSS and the MWM test (n = 10). The mNSS was performed on
postoperative days 3, 7, and 14. The mNSS, totaling 18 points, was
assessed from sensory, motor, balance, and reflexes (Bieber
et al., 2019).

The MWM was performed on postoperative days 14–19. The
water was dyed black with ink to track the rat’s movement. An
animal video tracking was used to record the rats’ swimming
trajectories, speeds, arrival times at the platform, and the number
of times they traversed the platform. MWM test was divided into a
5-day spatial learning period and a platform-free exploration period
on the last day. During the spatial learning period, the platform was
placed in one quadrant. The rats were placed in the water from four

Abbreviations: TMP, Tetramethylpyrazine; TCM, traditional Chinese
medicine; BBB, blood-brain barrier; CNS, central nervous system; CIRI,
cerebral ischemia-reperfusion injury; OGD, oxygen-glucose deprivation;
MCAO/R, middle cerebral artery occlusion/reperfusion; MWM, Morris water
maze; LPA, lysophosphatidic acid; GO, Gene Ontology; KEGG, Kyoto
Encyclopedia of Genes and Genomes.
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positions. If the rats did not find the platform within 60 s, the rats
were instructed to stand on the platform to ensure that all rats had
the same time for spatial observation and learning. On the sixth day,
the platform was removed and the rats were placed in the water for
60 s to end the experiment.

2.3 HE and nissl staining

Following induction of deep anesthesia using sodium
pentobarbital (n = 5), cardiac perfusion was performed
transcardially with 4% paraformaldehyde (PFA). Excised cerebral
tissues underwent 24-hour post-fixation in the same fixative at 4°C
before being processed for paraffin embedding. Using a rotary
microtome, consecutive 5 μm coronal sections were obtained and
mounted on adhesive-coated slides. After standard dewaxing and
rehydration procedures, adjacent sections were alternately processed
for HE and Nissl staining to assess cytoarchitectural integrity. A
systematic random sampling approach was implemented for
microscopic analysis, with four non-overlapping fields (400 ×
magnification) examined in peri-lesional regions per animal
across three anatomically matched sections. Brightfield imaging
was conducted utilizing a BX53 light microscope (Olympus)
equipped with a DP74 digital camera system. To maintain
objectivity, experimental groups were coded prior to analysis, and
quantitative assessments were performed by two independent
investigators unaware of treatment conditions.

2.4 TUNEL staining

Following standard paraffin section preparation as previously
described, apoptotic cells were identified using TUNEL assay
system. Nuclear visualization was achieved through DAPI

fluorescent labeling. For quantitative analysis, a systematic
random sampling strategy was employed, wherein four non-
overlapping microscopic fields (400 × magnification) within peri-
infarct regions were captured per animal using a BX53 fluorescence
microscope (Olympus) equipped with appropriate filter sets for
DAPI (excitation/emission: 358/461 nm) and TUNEL detection.
Three anatomically matched coronal sections were analyzed for each
experimental subject. To ensure unbiased data collection, all image
acquisition and analysis procedures were conducted by investigators
blinded to experimental conditions, with sample identification codes
maintained by an independent researcher until completion of
quantitative assessments.

2.5 mRNA sequencing

To detect the impact of TMP on the cerebral gene expression, we
took the tissues of the ischemic penumbra from rats in the sham,
model and TMP groups (n = 3) respectively. After RNA extraction
using the Trizol method, the concentration and integrity of the RNA
were assessed. Library preparation was performed using the Library
Prep Kit (BGI-Shenzhen, China). The library was amplified to
obtain DNA nanoballs (DNBs). The sequencing data underwent
filtering and quality control with SOAPnuke (v2.2.1) (Li et al., 2008),
ensuring only high-quality reads were retained for further analysis.
For alignment against the reference genome, we employed
HISAT2 to accurately map the cleaned reads (Kim et al., 2015).
To assess gene expression, clean reads were aligned to a database of
reference coding genes utilizing Bowtie2 (Langmead and Salzberg,
2012). Gene expression quantification was then conducted using
RSEM (Li and Dewey, 2011). Ultimately, to identify differentially
expressed genes (DEGs), an analysis was carried out with DESeq2
(v1.34.0), applying a threshold of a q-value below 0.05 for stringent
statistical significance (Love et al., 2014). To gain deeper insights

FIGURE 1
Experimental protocol, and TMP. (A) TMP was injected intraperitoneally 3 days before MCAO/R surgery and 14 days after it. Behavioral test was
conducted at postoperative days (POD) 3, 7, and 14. The Morris water maze (MWM) was tested from POD14 to POD19. Tissue analysis and mRNA
sequencing were performed on day 20. (B) Chemical structural formula of TMP.
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into the functions and pathways of DEGs regulated by TMP in CIRI,
we employed Gene Ontology (GO) enrichment and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis.

2.6 Western blot

Following deep anesthesia induction with sodium pentobarbital
(n = 3 Sprague-Dawley rats), cerebral tissues from peri-infarct
regions were harvested after transcardial perfusion with ice-cold
phosphate-buffered saline. Tissue specimens (50 mg) were
processed through mechanical homogenization using RIPA
extraction buffer. Protein quantification was subsequently
performed via BCA protein assay kit prior to SDS-PAGE
separation. Based on the predicted molecular weights of target
proteins, protein extracts were resolved on discontinuous SDS-
polyacrylamide gels (Epizyme Biomedical, Shanghai, China)
under reducing conditions. Electrophoretically separated proteins
were transferred to PVDF membranes (Millipore). Bands were
blocked for 1 h. Subsequently, the strips were incubated with
primary antibodies: anti-RhoA protein (RhoA; 1:1,000;
Proteintech), anti-ROCK2 protein (ROCK2; 1:1,000; Abmart),
anti-phosphorylated LIMK1 protein (Phospho-LIMK1; 1:1,000;
Abmart), anti-phosphorylated Cofilin protein (Phospho-Cofilin;
1:1,000; Abmart), anti-PSD95 protein (PSD95; 1:2000;
Proteintech), anti-MAP2 protein (MAP2; 1:2000; Affinity), and
anti-β actin protein (β actin; 1:4,000. Proteintech). Then the
strips were placed in secondary antibody and incubated for 1 h.
Protein bands were imaged on Bio-Rad. All experimental groups
were coded prior to analysis, and quantitative assessments were
conducted by investigators blinded to treatment conditions to
ensure unbiased data interpretation.

2.7 Immunofluorescence staining

Paraffin sections were prepared as above. After antigen repair
with EDTA antigen repair solution, the sections were blocked with
blocking buffer (n = 5). Specific primary antibodies were added
overnight. After washing the sections, specific secondary antibody
was added in the dark. In the end, sections were stained with DAPI.
The primary antibodies were: anti-RhoA protein (RhoA; 1:800;
Proteintech), anti-ROCK2 protein (ROCK2; 1:200; Abmart), anti-
phosphorylated LIMK protein (Phospho-LIMK1; 1:500; Abmart),
anti-phosphorylated Cofilin protein (Phospho-Cofilin; 1:500;
Abmart), anti-PSD95 protein (PSD95; 1:800; Proteintech), and
anti-MAP2 protein (MAP2; 1:200; Affinity).For quantitative
histological analysis, a systematic random sampling approach was
implemented in peri-infarct cortical regions. Four non-overlapping
microscopic fields (400 × magnification) were captured per animal
using an Olympus BX53 imaging system equipped with a
DP74 digital camera (Olympus Corporation, Tokyo, Japan).
Three anatomically matched coronal sections, spaced at 200 μm
intervals to ensure independent sampling, were analyzed for each
experimental subject. To maintain objectivity throughout the
quantification process, all image acquisition and analysis
procedures were performed by investigators blinded to
experimental conditions, with sample identification codes

maintained by an independent researcher until completion of
data collection.

2.8 Observation of synaptic structure

Following deep anesthesia induction via intraperitoneal
administration of sodium pentobarbital (n = 5), cubic tissue
blocks (1 mm3) from peri-infarct cortical regions were dissected
and immersion-fixed in 2.5% glutaraldehyde/4% paraformaldehyde.
Following fixation with 1% osmium tetroxide, tissue specimens
underwent sequential ethanol dehydration and subsequent
embedding in Epon 812 epoxy resin. Ultrathin sections were
obtained using a diamond knife-equipped ultramicrotome,
followed by dual staining with uranyl acetate and lead citrate for
electron density enhancement. Ultrastructural examination was
performed using a Hitachi HT7800 TEM. A systematic random
sampling protocol was implemented, wherein four non-overlapping
fields (15,000 × magnification) within the ischemic penumbra were
captured per animal across three anatomically matched tissue planes
spaced at 200 µm intervals. To ensure unbiased evaluation, all
specimens were coded prior to imaging, and quantitative
morphometric analyses were performed by researchers blinded to
groupings using ImageJ software with particle analysis plugins.

2.9 Golgi staining

After rats (n = 5) were anesthetized, brain tissues were removed
as quickly as possible, handling carefully so as not to damage or
compress the tissues. The blood on the surface of the tissues was
quickly rinsed off with double-distilled water (ddH2O), and the
tissues were subsequently cut into 100 μm thin slices. The sections
were dehydrated and sealed with a resin sealer after completing the
subsequent staining. Dendritic length and dendritic spine density
were analyzed separately using Sholl analysis in ImageJ software.

2.10 Data analysis

The data were analyzed using GraphPad Prism 8.0. mNSS and
the escape latency data were tested using two-way ANOVA, and the
rest of the data were tested using one-way ANOVA. Statistical
significance was established at P values below the 0.05 threshold.

3 Results

3.1 TMP improves neurological function in
rats after CIRI

To evaluate the impact of TMP on behavioral changes, we
implemented the mNSS and MWM tests. After performing the
mNSS on days 3, 7, and 14, we found that the rats in the sham group
hadmNSS of 0, indicating no neurological deficits. On days 7 and 14,
the mNSS scores of rats in the TMP group were significantly lower
than those in the model group (Figure 2A; P < 0.01). It suggests
although TMP could not completely eliminate the neurological
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impairments, it was effective in improving the neurological
functions over time.

From days 14 to day 19, we conducted MWM tests. The results
showed no significant difference in swimming speed between different
groups, which eliminated any potential bias caused by differences in
motor ability (Figure 2B). The escape latency time gradually decreased
in all groups as training progressed. Starting from the second day, the
TMP group showed a shorter escape latency time than model group
(Figure 2D; P < 0.01), and this difference became more significant as
time went on (Figure 2D; P < 0.001). After completing the 5-day
learning period, we conducted the spatial exploration test to measure
the time rats spent in the correct quadrant, the number of times they
crossed the platform. The TMP group crossed the platform significantly
more times than the model group (Figure 2E; P < 0.001), and they also
spent significantly more time in the correct quadrant thanmodel group
(Figure 2F; P < 0.001).

3.2 TMP ameliorates neuronal damage in
rats after CIRI

To evaluate the impact of TMP on neurons in peri-infarct area,
we performed HE, Nissl and TUNEL staining to assess neuronal
damage. The results of HE staining showed the peri-infarct tissues in
the sham group were structurally intact, uniformly arranged and
clearly outlined, with bluish-purple nuclei and light red cytoplasm.
In the model group, the cells exhibited obvious defects and

disordered arrangement. Some cells were swollen, and the nuclei
were solidified in the model group. Although necrotic cells were still
present in the TMP group, the overall number of surviving cells were
more, and edema was reduced (Figure 3A).

The results of Nissl staining showed the neurons in sham group
were well-arranged and stained deeply, with clear nuclei and nucleoli
and visible Nissl bodies. Whereas the model and TMP groups had
shallow staining, nuclear consolidation or fragmentation, and some
Nissl bodies disappeared (Figure 3B). Further counting of surviving
neurons revealed that there were significantly more surviving neurons
in the TMP group than in the model group (Figure 3D; P < 0.001).

TUNEL staining specifically shows broken DNA, therefore it is
used to detect cell death. Red color after staining indicates positive
cells, and blue color indicates nuclei. There are no positive cells were
observed in the sham group, and positive cells were seen in both the
model and TMP groups (Figure 3C). Statistical analysis showed that
the number of positive cells in the TMP group was significantly less
than that in the model group (Figure 3E; P < 0.001). These results
suggested that TMP promoted the repair of neurons.

3.3 mRNA-sequencing results suggest
RhoA/ROCK2 as a potential target of TMP to
protect against CIRI

After TMP intervention, we extracted RNA from the peri-infarct
area from sham, model and TMP groups for mRNA sequencing. We

FIGURE 2
TMP attenuated neurological deficits after CIRI. (A) Comparison of mNSS between Model and TMP groups. (B) Swimming speed of rats. (C)
Swimming trails of rats. (D) Escape latency time. (E)Number of times crossed the original platform. (F) Time in correct quadrant n= 10. Data are expressed
as mean ± SD. **P < 0.01, ***P < 0.001.
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filtered the top 100 DEGs by P-value from smallest to largest
(Figure 4A) and found that RhoA and ROCK2 were up-regulated
in the model group compared to the sham group, but TMP
intervention resulted in significant down-regulation of RhoA and
ROCK. This indicates that RhoA and ROCK2may be the pathogenic
genes of CIRI and the target genes of TMP intervention.
Additionally, we found 391 DEGs between model and TMP
groups, including 172 upregulated genes and 219 downregulated
genes (Figure 4B).

3.4 GO analysis

GO analysis was performed on 391 DEGs to predict the
potential biological functions of DEGs between TMP and
model groups. GO functional enrichment revealed that
the top 10 BPs upregulated in the TMP group were
axon ensheathment, ensheathment of neurons, myelination,
astrocyte differentiation, gliogenesis, locomotory behavior,
neurotransmitter loading into synaptic vesicles, ear
development, positive regulation of amine transport, positive
regulation of synaptic transmission, along with cholinergic
processes. The top 10 enriched CCs upregulated in the TMP
group were myelin sheath, paranode region of axon, main axon,
exocytic vesicle membrane, synaptic vesicle membrane,
transport vesicle membrane, neuron to neuron synapse,
external encapsulating structure, extracellular matrix
and receptor complex. The top 10 enriched MFs upregulated
in TMP group were growth factor binding, passive
transmembrane transporter activity, channel activity,
insulin−like growth factor binding, monoatomic ion channel
activity, protein−hormone receptor activity, monoatomic ion
gated channel activity, gated channel activity, metal ion
transmembrane transporter activity, and structural
constituent of myelin sheath (Figure 5A). Based on the

results of the GO functional enrichment analysis, it is evident
that most of the results are related to neuroplasticity.
Subsequently gene set enrichment analyses (GSEAs) were
conducted (Figures 5B–E). The results revealed that the
RhoA/ROCK2 signaling pathway was significantly related to
dopaminergic synaptic transmission, behavioral responses to
cocaine and amphetamine, and regulation of calcium ion
transmembrane transport activity.

3.5 KEGG analysis of DEGs

The top KEGG pathways included the PI3K−Akt signaling
pathway, Neuroactive ligand−receptor interaction, Calcium
signaling pathway, Nicotine addiction, Wnt signaling pathway,
Glioma, cAMP signaling pathway, signaling pathways regulating
pluripotency of stem cells, Ras signaling pathway, and Non−small
cell lung cancer (Figure 6A). Subsequently we performed GSEA
analysis (Figures 6B–G). The results revealed RhoA/ROCK signaling
pathway exhibited significant changes in several pathways that are
closely related to neuroplasticity, such as Cocaine addiction,
Sphingolipid metabolism, Ether lipid metabolism, Steroid
hormone biosynthesis, Retinol metabolism and Phagosome.

3.6 TMP inhibits the expression of RhoA/
ROCK signaling pathway in rats after CIRI

Figure 7A shows the representative bands of pathway proteins.
The protein expression of the pathway proteins in model group was
higher than that in sham group (Figures 7B–E; P < 0.001). The
expression of pathway proteins was decreased after TMP
intervention (Figures 7B–E; P < 0.05). The expression of pathway
proteins was increased after the intervention of lysophosphatidic
acids (LPA), an agonist of RhoA/ROCK signaling pathway (Figures

FIGURE 3
TMP exerts neuroprotective effects after CIRI injury. (A) Images of HE staining. (B,D) Results of Nissl staining. (C,E) Results of TUNEL staining. n = 5.
***P < 0.001.
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7B–E; P < 0.05). The levels of pathway proteins was significantly
higher after the intervention of both TMP and LPA compared to
TMP alone (Figures 7B–E; P < 0.05). The results of
immunofluorescence were similar to Western blot results (Figures
8, 9; P < 0.05). TMP group had less positive cells than model group
and TMP + LPA group had more positive cells than TMP group,
suggesting that TMP may exert its neuroprotective effect through
the RhoA/ROCK signaling pathway. The intervention of LPA could
weaken the neuroprotective effect of TMP.

3.7 TMP upregulated neuroplasticity related
proteins in rats after CIRI

To test the effect of TMP on neuroplasticity, we assessed
synaptic and dendritic related proteins. Figure 10A shows the
representative bands of proteins. Western blot results showed the
expression of the synaptic plasticity-related protein PSD95 and
dendritic plasticity-related protein MAP2 was significantly
reduced in the model group compared to the sham group
(Figures 10B,C; P < 0.001). The expression of PSD95 and
MAP2 in the TMP group was significantly increased compared
to the model group (Figures 10B,C; P < 0.01). However, the
expression of PSD95 and MAP2 in the LPA group was reduced
compared to the model group (Figures 10B,C; P < 0.05).
Additionally, the expression of PSD95 and MAP2 were decreased
in the TMP + LPA group compared to the TMP group (Figures
10B,C; P < 0.01). The trend observed in the immunofluorescence
staining results was similar to that in the Western blot (Figures
10D–G; P < 0.05).

3.8 TMP promoted the regeneration of
synapses and dendrites in rats after CIRI

To further verify the relationship between TMP and
neuroplasticity, we observed the morphological changes of
synapses and dendrites. Transmission electron microscopy
(TEM) results showed that the sham group exhibited complete
synaptic morphology. Model, TMP, LPA and TMP + LPA
groups displayed significant synaptic disruption, fusion of
synaptic gaps, and loss of vesicles (Figure 11A). Statistical
analysis showed that the model group had fewer synapses than
the sham group (Figure 11B; P < 0.001). The TMP group had more
synapses than model group (Figure 11B; P < 0.05). In contrast, the
LPA group had fewer synapses than the model group (Figure 11B;
P < 0.05). Additionally, the number of synapses was significantly
lower in the TMP + LPA group compared to the TMP group
(Figure 11B; P < 0.05).

Sholl analysis was used to measure the total dendritic length,
number of dendrites per neuron, and number of dendritic spines
per 10 µm of dendrites (Figures 12A–C). Statistical analysis
showed that the model group had shorter dendrites, fewer
branches, and fewer dendritic spines compared to the sham
group (Figures 12D–F; P < 0.001). The TMP group had longer
dendrites, more branches, and more dendritic spines than the
model group (Figures 12D–F; P < 0.05). In contrast, the LPA
group had shorter dendrites, less branches and dendritic spines
compared to the model group (Figures 12D–F; P < 0.05). The
TMP + LPA group had shorter dendrites, fewer branches, and
fewer dendritic spines than the TMP group (Figures 12D–F;
P < 0.001).

FIGURE 4
Differentially Expressed Genes (A) Heat map of DEGs. (B) Volcano plot of DEGs.
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4 Discussion

The incidence of stroke continues to rise annually, impacting up
to one in five individuals in some high-income countries and nearly

half of the population in low-income countries (Hilkens et al., 2024).
t-PA remains the only therapeutic agent for acute ischemic stroke.
However, its efficacy is limited by a narrow therapeutic window,
underscoring the urgent need for more effective treatments with

FIGURE 5
GO analysis (A) The results of GO analysis. (B–E) The results of GSEA analysis.
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fewer side effects (Fonarow et al., 2014). Therapeutic interventions
during the subacute phase not only promotes functional recovery,
but also reduces the risk of stroke recurrence. Implementing
effective secondary prevention strategies in patients experiencing

a first stroke or transient ischemic attack could potentially reduce
the overall stroke burden by up to 25% (Hankey, 2014).

Natural products, especially active compounds derived from
TCM, have demonstrated therapeutic effects in various diseases

FIGURE 6
KEGG analysis (A) The results of KEGG analysis. (B–G) GSEA results.
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(Zhu et al., 2022). TMP, as a herbal extract, has been utilized for over
two millennia in treating numerous ailments. TMP has shown
efficacy in managing conditions such as stroke (Chen and Chen,
1992), coronary heart disease (Zhang et al., 2016), diabetes mellitus
(Yang et al., 2011), cancer (Chen et al., 2013), and kidney injury
(Gong et al., 2013). TMP can effectively cross BBB, making it a
valuable agent in treating CNS disorders. Clinically, TMP has been
employed in the management of CIRI for nearly 5 decades. In the
past 2 decades, research on TMP’s effects on cerebral ischemia-
reperfusion injury (CIRI) has gained significant attention. Ding et al.
demonstrated that TMP could reduce oxygen and glucose

deprivation (OGD)-induced neuronal death (Ding et al., 2019).
Similarly, Gong et al. found that TMP enhances neural function
recovery post-CIRI by restoring BBB integrity and function of the
BBB (Gong et al., 2019). Our study corroborates these findings,
showing that TMP promotes neurological function recovery as well
as neuronal repair following CIRI in rats.

To elucidate the molecular mechanisms underlying TMP’s
ameliorative effects on CIRI, we conducted mRNA sequencing on
the peri-infarct tissues. DEGs analysis revealed significant
upregulation of RhoA, ROCK2 and downstream genes such as
LIMK1 and Cofilin1 in the model group compared to the sham

FIGURE 7
Western blot results of RhoA/ROCK signaling pathway in different groups. (A) Images for Western blot of RhoA, ROCK2, P-LIMK, P-COFILIN and β
actin expressions. (B) RhoA protein expression analysis. (C) ROCK2 protein expression analysis. (D) P-LIMK protein expression analysis. (E) P-COFILIN
protein expression analysis n = 3. *P < 0.05, **P < 0.01, ***P < 0.001.
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group. TMP intervention markedly downregulated these genes.
Heatmap and volcano plot analyses indicated distinct clustering
patterns of RhoA/ROCK pathway-related genes between the
model and TMP-treated groups. Gene Ontology (GO)
enrichment analysis highlighted the significant association of
RhoA and ROCK with neuroplasticity. Additionally, Gene Set
Enrichment Analysis (GSEA) linked the RhoA/ROCK pathway to
various biological processes. Specifically, RhoA influences
cytoskeletal remodeling and postsynaptic membrane stability
through ROCK activation, which subsequently phosphorylates
and regulates downstream effectors like LIMK and Cofilin. Under
pharmacological stimulation (e.g., cocaine and amphetamine),
RhoA/ROCK signaling impacts synaptic connection formation,
synaptic transmission efficiency, and neuronal excitability
(Lepack et al., 2020; Ferreira et al., 2024). Moreover, it
modulates calcium signaling’s regulatory effects on synaptic
plasticity by adjusting the coupling efficiency of calcium ion
transport proteins with the actin cytoskeleton (Zonouzi et al.,
2011). KEGG pathway analysis further indicated a significant
association between TMP intervention and the Ras signaling

pathway. GSEA results also connected the RhoA/ROCK
pathway with multiple other pathways. RhoA activation of
ROCK1/2 inhibits cofilin’s depolymerization activity via LIMK
phosphorylation, affecting actin stability. This regulation is
crucial in cocaine addiction-related signaling and may
influence synaptic transmission and dendritic spine
morphology remodeling through CREB and dopamine
receptor pathways (Tropea et al., 2022; Tropea et al., 2024).
Additionally, sphingolipid and ether lipid metabolism play
vital roles in cell membrane structure and signaling,
interacting with RhoA/ROCK-mediated cytoskeletal
remodeling (Incontro et al., 2025). The upregulation of steroid
hormone and retinol metabolism may further activate the RhoA
pathway, synergizing with neuronal synaptic adaptations (Lee
et al., 2024; Carazo et al., 2021). Notably, the downregulation of
the phagosome pathway suggests reduced immune stress
following TMP intervention, aiding in maintaining neuronal
function homeostasis and enhancing plasticity (Martinelli
et al., 2021). Combined with the results of differential gene
screening, GO analysis, and KEGG analysis, we proposed that

FIGURE 8
Immunofluorescence staining results of RhoA and ROCK2 in different groups. (A) Immunofluorescence images of RhoA. (B) Analysis of RhoA
positive cells. (C) Immunofluorescence images of ROCK2. (D) Analysis of ROCK2 positive cells n = 5. Scale bar = 50 μm*P < 0.05, **P < 0.01, ***P < 0.001.
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RhoA and ROCK2 may be the pathogenic genes of CIRI, and
TMP may promote nerve regeneration in CIRI rats through the
RhoA/ROCK2 signaling pathway.

RhoA/ROCK pathway is implicated in various diseases, including
ovarian cancer (Wei et al., 2021), chronic headache (Jing et al., 2019),
traumatic brain injury (Mulherkar and Tolias, 2020), Parkinson’s
disease (Iyer et al., 2021), stroke (Lu et al., 2023)and other
neurological disorders. Numerous studies have demonstrated that
inhibition of the RhoA/ROCK signaling pathway promotes
neuroregeneration. For instance, Ding et al. demonstrated that
hydrogen sulfide facilitates the phenotypic conversion of astrocytes
to the A2 phenotype post-CIRI by inhibition of the RhoA/ROCK
signaling pathway, thereby enhancing neurological recovery (Ding
et al., 2024). Similarly, Yuan et al. reported that Xueshuantong
injection promotes neuroregeneration by activation of the PI3K/
AKT/mTOR signaling pathway and inhibiting RhoA/ROCK
pathway, thereby enhancing synaptic plasticity after focal CIRI in
rats (Yuan et al., 2022).

To further investigate TMP’s neuroprotective and
neuroregenerative effects via the inhibition of the RhoA/
ROCK pathway, we employed lysophosphatidic acid (LPA) as

an agonist to activate this pathway (Sawada et al., 2002). Western
blot and immunofluorescence staining analyses revealed that
TMP downregulated the expression of RhoA, ROCK, P-LIMK,
and P-Cofilin. Western blot and immunofluorescence staining
analyses revealed that TMP downregulated the expression of
RhoA, ROCK, phosphorylated LIMK (P-LIMK), and
phosphorylated Cofilin (P-Cofilin) (Yang et al., 2017).
Conversely, the addition of LPA attenuated TMP’s inhibitory
effect on the RhoA/ROCK pathway, consistent with other studies
(Li et al., 2022). Conversely, the addition of LPA attenuated
TMP’s inhibitory effect on the RhoA/ROCK pathway, consistent
with other studies (Levy et al., 2015), and MAP2, a dendritic
plasticity-related protein sensitive to ischemia, were both
upregulated by TMP treatment (Li et al., 1998). This
upregulation was accompanied by enhanced synaptic and
dendritic morphology regeneration. However, these effects
were diminished upon LPA addition. The findings
cumulatively indicate that TMP exerts its neuroprotective
effects against CIRI primarily through modulation of the
RhoA/ROCK signaling cascade. While our data support the
involvement of the RhoA/ROCK2 pathway in TMP’s

FIGURE 9
Immunofluorescence staining results of P-LIMK and P-COFILIN in different groups. (A) Immunofluorescence images for P-LIMK. (B)Quantification
of P-LIMK positive cells. (C) Immunofluorescence images for P-COFILIN. (D)Quantification of P-COFILIN positive cells n = 5. Scale bar = 50 μm*P < 0.05,
**P < 0.01, ***P < 0.001.
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neuroprotection, whether TMP directly binds to RhoA/ROCK or
their upstream regulators (e.g., GEFs like p115-RhoGEF or
LARG) remains unclear. Future studies employing biophysical
assays (e.g., SPR) and genetic manipulation (e.g., GEF-knockout
models) are needed to identify the direct target. Additionally, the
crosstalk between TMP and parallel pathways (e.g., MAPK/NF-
κB) warrants investigation to fully elucidate its mechanism.

5 Conclusion

Our findings indicate that TMP exerts neuroprotective
and neuroregenerative effects in CIRI by inhibiting the
RhoA/ROCK signaling pathway. By downregulating
key components of this pathway, TMP promotes synaptic
and dendritic plasticity, thereby facilitating

FIGURE 10
Western blot and immunofluorescence staining results of MAP2 and PSD95 in different groups. (A) Images of MAP2, PSD95 and β actin bands. (B)
MAP2 protein expression analysis. (C) PSD95 protein expression analysis. (D) P-LIMK protein expression analysis.(E) P-COFILIN protein expression
analysis. (F)Quantification of MAP2 positive cells. (G)Quantification of PSD95 positive cells n = 3. Scale bar = 50 µm *P < 0.05, **P < 0.01, ***P < 0.001.
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neurological recovery. These insights not only enhance our
understanding of TMP’s therapeutic mechanisms but also
highlight the RhoA/ROCK pathway as a promising target for
developing novel treatments for CIRI and related
neurological disorders.
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