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Stroke, which leads to death and disability in high proportions globally, is one
of the most deleterious neurological diseases. Ischemic stroke (IS) is the major
cause of disease attack and accounts for ~70% of all incident stroke cases in
China. Up to now, only two therapies for IS were officially approved, which are
intravenous administration of recombinant tissue-plasminogen activator (rt-PA)
and endovascular mechanical thrombectomy to rapidly recanalize the occluded
artery, which both recanalize the occluded artery rapidly to reduce disability,
but are limited in a fixed time window. In this study, the therapeutic effect of
a traditional Chinese medicine, DengZhanXiXin injection (DZXI), was evaluated
on middle cerebral artery occlusion (MCAOQO) rats at the neurobehavioral and
pathophysiological levels through neurological tests, neurohistological staining,
proteomic assay, and biological information analysis. We found that DZXI
significantly ameliorated the neurological deficit, prevented infarct volume
evolution, and protected cortical neural cells from death in ischemia penumbra
on MCAO rats. Furthermore, corresponding therapeutic molecular targets were
investigated through proteomic analysis of ischemic hemispheres of MCAO rats.
One hundred ninety-one differentially expressed proteins involved in response to
metalions, neurofilament bundle assembly, and modulation of chemical synaptic
transmission were identified between the MCAO model and DZXI groups after 7
days. DZXI influenced the expression levels of proteins in 13 specific biological
functions, with cell signaling and chemical synaptic transmission-associated
proteins being most affected. Subsequent molecular docking analysis predicted
binding potential between key target proteins and DZXI compounds. The results
suggested that DZXI ameliorates neurological deficits by potentially affecting
cellular signaling and chemical synaptic transmission physiological processes.
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Introduction

As one of the most damaging neurological diseases, stroke is
the second highest cause of death and a leading cause of disability
globally (GBDS Collaborators, 2021). China has the highest number
of prevalent cases of stroke in the world, affecting ~3 million
people (Wang W. et al, 2017). Among them, ischemic stroke
(IS) accounts for ~70% of all incident stroke cases based on a
Chinese nationwide community study (Wu et al., 2019). It is caused
by a sudden disruption of blood flow due to arterial occlusion,
resulting in the sudden onset of a focal neurological deficit. The
clinical features of IS are greatly related to location, volume,
and number of presented infarcts, such as right hemiparesis
with aphasia due to occlusion of the left middle cerebral artery
(Campbell and Khatri, 2020). Ischemic stroke has a serious effect
on individuals, their caregivers, and society. To date, the major
approved therapy for IS patients involves rapid recanalization
of the occluded artery through intravenous thrombolysis and
endovascular mechanical thrombectomy in cases with large-vessel
occlusions, which reduces disability but is time-critical (Powers
etal., 2019). There is still the key challenge of extending therapeutic
advantages to broader IS patients. Therefore, minimizing usage
constraints drives the exploration of more innovative therapeutic
targets for drug development.

Most IS are triggered by cerebral embolism, which may come
from atherosclerotic plaque in the aortic arch, carotid artery, or
the heart. Furthermore, intracranial atherosclerosis with in situ
thrombosis is also an important mechanism of IS. Occlusion of a
cerebral artery reduces cerebral blood flow and initiates a cascade of
events, including depleted ATP stores, irreversible failure of energy
metabolism, excitotoxicity and calcium overload, mitochondrial
alterations, reactive oxygen species (ROS) production, protein
misfolding, and inflammatory response leading to neural cell loss
(George and Steinberg, 2015; Moskowitz et al.,, 2010). Ischemia
results in a deficiency of glucose and oxygen, causing the inability
of neurons to maintain normal transmembrane ionic gradients
(Campbell et al, 2019). Furthermore, anoxic depolarization
at presynaptic terminals leads to excessive glutamate release
(Obrenovitch et al., 1993) and further results in the intracellular
influx of calcium, triggering cell death pathways (Lipton, 1999),
which is termed excitotoxicity. The intracellular increase in
calcium also triggers mitochondrial dysfunction, free radical
overproduction, and activation of proteases and phospholipases,
which are neurotoxic (George and Steinberg, 2015; Szydlowska and
Tymianski, 2010). Numerous therapeutic approaches have focused
on blocking pathways associated with excitotoxicity to improve
stroke recovery, although they often have efficacy in animal models
(Yenari et al., 2001; Namura et al., 2013) and translation of them
into the clinic remains challenging. Furthermore, the inflammatory
response is another principal systemic example that both helps
propagate ischemic injury and promotes recovery. Inflammation
initially contributes to cellular injury by releasing cytokines and
detrimental radicals (Huang et al., 2006), but eventually helps to
remove damaged tissue (Stephan et al., 2012), enabling synaptic
remodeling (Lalancette-Hébert et al., 2007; Wang et al., 2013). The
neuroprotective efficacy of modulating these pathological processes
in ischemia remains to be fully elucidated and warrants further
systematic investigation.
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Erigeron breviscapus (Vant.) Hand.-Mazz. is a traditional
Chinese medicinal plant mainly grown in southwest China
and has a long medicinal history in Chinese medicine (Chai
et al., 2013). There are numerous preparations that have been
extensively used in clinics in China to treat ischemic cardio-
cerebral vascular diseases for a long time (Ding and Li, 2009). The
DengZhanXiXin injection (DZXI) is a phenolic acid extract from
the herb Erigeron breviscapus, which has been officially listed in
the Chinese Pharmacopeia since 2005 (Commission, 2005) and
approved by the China Food and Drug Administration with its
approval number Z53021620/253021569 (Wang J. et al., 2017).
The main active compounds of DZXI include scutellarin, 3,4-O-
dicaffeoylquinic acid, 3,5-O-dicaffeoylquinic acid, erigoster B, 4,5-
O-dicaffeoylquinic acid, and erigeroster (Lin, 2020). DZXT has been
clinically applied to treat IS, coronary artery disease, stenocardia,
and other cardio-cerebral vascular diseases (Li et al., 2017; Wang
et al.,, 2015). The mechanism of DZXI, as listed in its instructions,
is that DZXI can activate blood circulation to dissipate blood stasis
and relieve pain. Previous research showed that DZXI suppresses
platelet aggregation and reduces blood viscosity to improve blood
supply for ischemic neural cells (Lin et al., 2003). Furthermore, it
can also upregulate neurotrophic factors synthesis and release in
hypoxia/reoxygenation astrocytes (Chai et al., 2013) and exhibit
strong antioxidation by inhibiting protein kinase C (PKC; Li
et al,, 2017). These findings suggest that DZXI may represent a
promising therapeutic candidate for rescuing acute ischemia injury
to ameliorate focal clinical deficit in IS patients.

In the present study, we investigated the ameliorative effect of
DZXI intervention and explored molecular therapeutic targets in
rats with middle cerebral artery occlusion (MCAO), a model with
reliable and well-reproducible infarcts, highly mimicking human
IS in the majority of studies that investigated pathophysiological
processes and neuroprotective agents for IS (Fluri et al., 2015). We
examined behavioral tests, neurohistological staining, proteomic
assay, and biological information analysis in the rat stroke model
with DZXI intervention. This study explores potential target
proteins for DZXI, providing insights into its pharmacological
mechanism, which helps develop more effective IS drugs and
benefits more IS patients.

Materials and methods

Drugs
DengZhanXiXin injection (specifications: 5.32mg
scutellarin, 2.26 mg  3,4-O-dicaffeoylquinic acid, 1.10mg

3,5-O-dicaffeoylquinic acid, 1.79 mg erigoster B, 2.70 mg 4,5-O-
dicaffeoylquinic acid, and 11.26 mg erigeroster, 10 ml/ampoule, Lot
No. 20180137) was provided by Yunnan Biovalley Pharmaceutical
Co., Ltd (Kunming, China).

Animals and grouping
The animal experiments were conducted under the direction

of NIH Guidelines for the Care and Use of Laboratory Animals
(NTH Publications No. 80-23, revised 1996). The procedures were
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approved by the Animal Care and Use Committees of Beijing
Normal University, China. Adult male Sprague-Dawley rats (270 4
10 g) were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. The animals were allowed to acclimate
for 7 days before the experiments. Rats were randomly divided
into a sham-operated (sham) group, MCAO model group, and
DZXI-treated (DZXI) group (n = 10 rats each group). Animals
were housed in cages in a controlled environment (22-25°C, 50%
humidity, and a 12-h light/dark cycle) with free access to standard
laboratory chow and distilled water. All efforts were made to
minimize animal suffering and the number of animals used.

Middle cerebral artery occlusion surgery

All rats were fasted overnight before surgery but allowed free
access to water. The rats were anesthetized with 3.5% chloral
hydrate (350 mg/kg body weight, i.p.), and MCAO surgery was
performed. Focal cerebral ischemia was induced using the filament
model as described in previous research (Mhairi Macrae, 1992).
Briefly, the right common carotid artery (CCA) and external and
internal carotid arteries (ECA and ICA) were exposed through
a midline cut. Temporarily clamp the CCA with an arterial clip,
ligate the proximal bifurcation of the ECA and the proximal
end of the CCA, then clamp the ICA with an arterial clip, and
make a small incision between the CCA ligation point and the
clamping point. A nylon monofilament coated at the tip with
5mm of silicone (diameter 0.36 & 0.02 mm) was inserted into the
lumen of the right ICA through the CCA. Keep inserting until
encountering slight resistance, then the tip reaches the entrance
to the middle cerebral artery (MCA). The length of the inserted
filament was around 18-22 mm from the carotid bifurcation point.
Then, the CCA was ligated to fix the filament and prevent bleeding.
After a 90-min ischemic period, the occluding filament was gently
withdrawn to restore the blood flow for reperfusion injury, followed
by surgical site suturing. The rectal temperature was maintained
at 37 = 0.5°C with a thermostatically controlled heating blanket
throughout the surgical procedure. In the sham group, animals
were subjected to the same procedure, except for the insertion of
the nylon monofilament.

Drug treatment

DZXI (0.18 mL/100g) was intravenously injected into
rats in the DZXI group. The concentrations of main active
compounds (in 10 ml/ampoule): 5.32mg scutellarin, 2.26 mg
3,4-O-dicaffeoylquinic acid, 1.10mg 3,5-Odicaffeoylquinic acid,
1.79mg erigoster B, 2.70mg 4,5-O-dicaffeoylquinic acid, and
11.26 mg erigeroster. The first drug treatment was conducted
immediately after the MCAO surgery, and subsequent treatments
were continually performed at an interval of 12 h, i.e., twice a day.
The drug treatments lasted for 7 days. The dosage and treatment
course referred to general usage for humans and the equivalent
dose ratio based on body surface area (An et al., 2021). The rats
in the sham group and model group were treated with the same
volume of saline in the same way.
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Neurobehavioral assessment

(mNSS) test was
conducted by raters who were blind to animal grouping to measure
neurological function at 6h, 24h, and 7 days after MCAO and
DZXI treatment. The mNSS test is the standard and globally
accepted method to evaluate the severity of post-stroke injury and

Modified neurological severity score

recovery. The mNSS test comprised motor, sensory, reflex, and
balance tests. The total score of mNSS ranges from 0 to 18, and a
higher test score indicates a more severe neurological deficit (Chen
etal., 2001).

2,3,5-triphenyltetrazolium chloride (TTC)
staining

Infarction caused by MCAO was confirmed by TTC staining to
assess infarction size (Bederson et al., 1986). The rats were sacrificed
7 days after MCAO and drug treatment. The rat brains were rapidly
removed and frozen at —20°C for 30 mi, after which 2 mm thick
coronal sections of the rat brains were cut. The brain sections were
incubated with 1% TTC in the dark for 20 min at 37°C. After
TTC staining, sections were fixed in 4% polyformaldehyde buffered
solution for 20 min. The cerebral infarct area was outlined in white
in MCAQO rats.

Hematoxylin-eosin staining

Pathological alterations in the morphology of neural cells
around the focal ischemic area, also referred to as the ischemic
penumbra, were evaluated by hematoxylin-eosin (HE) staining.
After the rats were anesthetized with 3.5% chloral hydrate,
they were perfused with warm saline via the left ventricle,
and their brains were fixed with 2% glutaraldehyde and 4%
paraformaldehyde (PFA). Then the whole brain was embedded
in paraffin and serially coronally sectioned. The sections were
dewaxed with xylene, dehydrated with a gradient of alcohol
solutions, and washed with running water. After this, the brain
sections were stained with haematoxylin and differentiated with
0.5% hydrochloric acid alcoholic solution, then washed with
running water. Then, the sections were returned to a blue color
by incubating them with a saturated lithium carbonate solution
for 1 min and stained with a 0.1-0.5% eosin solution for 10 min.
The sections were examined using a light microscope and then
photographed. Moreover, the numbers of dead neural cells in
sections of rats in each group were counted using Image] software.
The ratio was calculated as the number of dead neural cells divided
by the number of total neural cells in images. Notably, histological
staining was accomplished by raters who were blind to the animal
grouping situation.

Proteomic analysis
In the sham, model, and DZXI groups, rats were sacrificed

7 days after surgery, and ischemic hemispheres (four replicates
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in each group) containing the ischemic core were harvested. The
samples were digested with trypsin and labeled with TMT (tandem
mass tags, Thermo). An equal amount of each labeled sample was
mixed, chromatographically separated, and finally subjected to an
LC-MS/MS analysis. The peptide mass maps were analyzed using
Proteome Discoverer'™ 2.2 software (Thermo) and the UniProt
database. The significantly differential proteins between the two
groups were identified with a fold change (FC) >1.2 and p-
value (calculated by t-test) < 0.05. These differentially expressed
proteins were entered as foci into the subsequent biological
information analysis.

Biological information analysis

To interpret experimental information and discover potentially
valuable proteins, the proteomic data were analyzed using
biological information from the Gene Ontology (GO) and STRING
databases. GO enrichment analysis of 191 differentially expressed
proteins was performed on the Metascape platform to classify
these proteins according to their biological process (Zhou et al.,
2019). GO enrichment analysis refers to the distribution of
experimental data, which was compared with the distribution of the
overall protein, confirming experimentally identified proteins were
significantly enriched in which categories. Subsequently, to further
understand the biological context of the differentially expressed
proteins, protein interaction analysis was carried out using the
free website search tool STRINGI11.5. The STRING database
(https://string-db.org) systematically collects and integrates known
and predicted protein-protein interaction data, both physical
interactions and functional associations, for many organisms
(Szklarczyk et al., 2023). The gene symbol list of 191 differentially
expressed proteins was input into the STRING database to identify
known and predicted protein-protein interaction networks.

Molecular docking simulation

The potential binding capacity between the main compounds
of DZXI and key protein targets was analyzed by molecular docking
using the Autodock Vina and AutoDock (Trott and Olson, 2010).
The 3D structures of the main compounds were obtained from the
TCMSP database, whereas the key protein targets’ 3D structures
were obtained from the RCSB Protein Data Bank (PDB) and
AlphaFold. The figures of the active binding sites between chemical
compounds and key proteins were generated with the PyMOL
software (Burley et al., 2017).

Statistical analysis

Neurobehavioral data were analyzed using two-way ANOVA,
followed by Turkey’s HSD test to complete post-hoc multiple
comparisons. Statistical figure was drawn in Prism 8.0 with data
expressed as mean =+ SD. The difference in infarction ratio and dead
cell ratio between groups was analyzed using one-way ANOVA
and Turkeys HSD test, then plotted in R. Differential analysis
for proteomic data was calculated by Student’s t-test with FDR
correction in R. The visualization of protein expression data was
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conducted in R. The criterion for statistical significance was set
as p < 0.05.

Results

DZXI treatment prevented infarct evolution
and ameliorated motor impairment in
MCAQO rats

To evaluate the potential neuroprotection activity of DZXI in
focal cerebral ischemia, rats were subjected to MCAO surgery.
The severity of neurological deficits, such as hemiparesis and
motor coordination, is a crucial issue for the evaluation of stroke
consequences. After 6h, 24h, and 7 days of treatment, the post-
stroke neurological deficits of the experimental rats in each group
were scored using the mNSS scoring criterion. The results of
mNSS showed that DZXT intervention could significantly improve
the neurological function recovery of ischemia-reperfusion injury
rats compared with MCAO rats (Figure 1A). Besides, MCAO was
validated by TTC staining, where infarction in the right caudate
putamen and temporal lobe cortex could be observed 7 days post-
MCAO. Compared with the typical image of the sham group, the
infarct size of the MCAO group was significantly increased after
MCAO injury. When treated with DZXI, TTC staining images
showed that the infarct volume in the DZXI group significantly
reduced compared with the MCAO group (Figures 1B, C).

DZXI treatment exhibited neuroprotection
in the ischemic penumbra in MCAO rats

Besides, we examined the morphology of cortical neural cells
in ischemic penumbra through HE staining. In the brain tissue of
sham group, the morphology of neural cells was normal, and no
pathological degeneration or necrosis of nerve cells was observed
(Figure 2A left). In contrast, in the MCAO group, the penumbra
tissue cells were arranged irregularly and appeared to have more
cellular swelling and necrosis with a certain degree of fuzzy neural
structure and deep nuclear staining (Figure 2A middle). Moreover,
compared with the sham group, the number of dead neural cells
stained by HE staining increased in the cortex of MCAO rats
(Figure 2B). After DZXI treatment, the cortical penumbra neural
cells exhibited restored intact morphological features, including
more orderly arrangement and clearer cell structures (Figure 2A,
right). Furthermore, the number of dead neural cells in the cortical
penumbra after DZXI treatment significantly declined compared
with the MCAO group (Figure 2B). These results illustrated that
the DZXI treatment could protect neural cells from ischemic injury,
possibly associated with its ameliorative effect on IS.

Identification of the differentially expressed
proteins explored the DZXI neuroprotective
effect at the protein level

Through the proteomic detection and analysis, we identified
145 differentially expressed proteins (DEPs) between the sham and
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FIGURE 1

(A) mNSS score of the rats in each MCAO and DZXI treatment group. Red, blue, and green lines represent the mean scores of MCAO, DZXI, and sham
groups, respectively (n = 10 in each group). Error bars indicate SD. The time and group effects on mNSS score were analyzed by two-way ANOVA
followed by Turkey's HSD test, *P < 0.05, DZXI vs. model. (B) TTC staining of rat brain serial coronal slices in sham, MCAO, and MCAO with DZXI
treatment groups. TTC staining showed red healthy zones and pale infarcted regions. (C) The infarction ratio in different groups was plotted (n = 5 in
each group). Error bars indicate SD. The group difference was analyzed with one-way ANOVA followed by Turkey's HSD test, *P < 0.05.
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FIGURE 2

(A) The morphological change of cortical penumbra neural cells in different groups was examined by HE staining. The magnification of the upper
images is smaller for observing the overall arrangement of cortical neural cells, while the magnification of the lower images is larger, allowing for a
detailed observation of the structure and morphology of neural cells. The black arrows in the image indicate dead cells with swollen morphology,
blurred structure, or nuclear condensation. The scale bar is displayed in the lower left corner of the image. (B) The ratios of dead neural cells vs. total
neural cells in different groups were plotted (n = 5 in each group). Error bars indicate SD. The group difference was analyzed with one-way ANOVA
followed by the Turkey’s HSD test, ***P < 0.001.

MCAO model groups and 191 DEPs between the model and DZXI  to oxidative stress, response to carbon dioxide and response to
groups after 7-day treatment (Supplementary Table S1). The result ~ wounding were significantly enriched biological processes items
of clustering analysis for these proteins is depicted in Figures 3A,  (Figure 3C), whereas response to metal ion, neurofilament bundle
B. The GO analysis of DEPs between the sham group and MCAO  assembly and modulation of chemical synaptic transmission were
model groups showed that ensheathment of neurons, response  most enriched items of DEPs between the model and DZXI
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enriched. Both results in (C, D) were acquired with GO analysis.
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(A) The DEPs between the sham group and MCAO model group identified in proteomic assays were clustered according to their expression levels.
(B) The DEPs between the MCAO model group and DZXI group identified in proteomic assays were clustered according to their expression levels.
The relative TMT intensities of each protein (rows) in each group (columns) were indicated on a colored scale in both (A, B), where red represents a
high expression level and blue represents a low expression level. (C). The top 10 biological processes enriched in the DEPs between the sham group
and the MCAO model group were enriched. (D) The top 5 biological processes in which the DEPs between the model group and DZXI group were

response to metal ion 1
neurofilament bundle assembly 1
response to acrylamide

regulation of trans-synaptic signaling

—logio(qvalue)

groups (Figure 3D). The GO enrichment analysis illustrated that
the protein changes caused by acute ischemic injury primarily
reflected the large number of cell deaths that leads to significant
reduction in protein components involved in neuronal myelin
formation, as well as the response to ischemia and hypoxia
injury (such as oxidative stress, response to carbon dioxide, and
response to injury). Moreover, the protein changes due to DZXI
treatment mainly concentrated on proteins that respond to metal
ions (such as calcium dependent proteins), proteins involved in
neurofilament bundle assembly, and proteins related to trans-
synaptic signaling and chemical synaptic transmission (such as
chemical neurotransmitter receptors), suggesting that these protein
clusters could be potentially influenced by DZXI treatment.

Frontiersin Neuroscience

DZXI treatment modulated several specific
protein networks in MCAO rats

Furthermore, we selected and categorized 39 principal proteins
among DEPs between the MCAO model and DZXI groups
after 7-day treatment based on their specific functions. The
detailed information of these proteins, including accession
number, protein name, gene symbol, MW, pI, protein score,
and fold change, is summarized in Table 1, and their specific
functions are displayed in Table 2. The protein expression
levels of 23 proteins were decreased, and 16 proteins were
increased after DZXI treatment. These proteins were divided
into 13 categories according to their specific functions, such
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TABLE 1 The identification results of 39 differentially expressed protein spots between the DZXI group and the model group using LC-MS/MS analysis.

Accession  Protein name Gene MW pl Protein Fold change  P-value
no. symbol  (kDa) score (DZXI/Model)
P07150 Annexin Al Anxal 38.8 7.34 17.42 0.79 < 0.001
Q07936 Annexin A2 Anxa2 38.7 7.69 51.81 0.81 < 0.001
Q66HHS Annexin Anxa5 35.8 5.05 108.61 0.73 < 0.05
F1IMO0Z3 Copine 4 Cpne4 63.3 6.33 85.22 1.37 < 0.001
D4ACG7 Copine 6 Cpne6 61.7 5.59 171.19 1.36 < 0.001
H1UBNO Copine-7 Cpne?7 61.9 5.40 66.59 1.66 < 0.001
G3V6M3 Synaptotagmin II Syt2 47.2 7.99 253.54 0.67 < 0.001
B6DYQ2 Glutathione S-transferase Gstm?2 25.7 7.39 83.06 0.72 < 0.001
Q63639 Retinal dehydrogenase 2 Aldhla2 56.6 5.74 24.94 0.79 < 0.005
Q6AY99 Aldo-keto reductase family 1 member B10 Akr1b10 36.0 8.32 51.02 1.20 < 0.001
Q09426 2-hydroxyacylsphingosine 1-beta-galactosyltransferase Ugt8 61.1 9.19 9.89 0.79 < 0.05
I7EFBO Myelin basic protein Mbp 229 10.27 500.34 0.79 < 0.001
P60203 Myelin proteolipid protein Plp1 30.1 8.35 450.37 0.68 < 0.001
P19527 Neurofilament light polypeptide Nefl 61.3 4.65 440.36 0.66 < 0.001
P12839 Neurofilament medium polypeptide Nefm 95.7 4.79 592.94 0.70 < 0.001
FILRZ7 Neurofilament heavy polypeptide Nefh 114.3 5.81 380.86 0.58 < 0.001
BOBNN3 Carbonic anhydrase 1 Carl 283 7.42 46.05 0.79 < 0.001
P27139 Carbonic anhydrase 2 Car2 29.1 7.40 215.67 0.79 < 0.001
P14141 Carbonic anhydrase 3 Car3 29.4 7.37 6.03 0.38 < 0.001
MOR9A7 Glutamate receptor 1 Grial 90.5 8.43 118.4 1.23 < 0.001
P31421 Metabotropic glutamate receptor 2 Grm2 95.7 7.80 80.04 1.21 < 0.001
Q5BJU5 Protein cornichon homolog 2 Cnih2 18.9 7.25 3.54 1.25 < 0.001
D4A4MO Shisa family member 6 Shisa6 58.1 9.44 5.42 1.53 <0.01
P18508 Gamma-aminobutyric acid receptor subunit gamma-2 Gabrg2 54.0 8.47 42.68 1.23 < 0.001
P15431 Gamma-aminobutyric acid receptor subunit beta-1 Gabrbl 54.0 8.76 49.92 1.30 < 0.005
G3V874 Erythrocyte membrane protein band 4.1-like 3 Epb4113 107 5.24 520.06 0.76 < 0.001
A0A0G2JWK7 Transgelin Tagln 23.3 8.66 51.51 0.63 < 0.001
BOBMSS8 Myl9 protein Myl9 19.8 4.92 66.17 0.81 < 0.001
Q5UAJ6 Cytochrome c oxidase subunit 2 mt-Co2 25.9 4.73 60.46 1.83 < 0.001
AOAOH2UHF8 | Alpha-1-acid glycoprotein Orml 26.7 6.54 9.18 1.22 < 0.001
D4A469 Sestrin 3 Sesn3 56.9 6.25 3.50 1.27 < 0.001
Q01066 Calcium/calmodulin-dependent3’5'-cyclic nucleotide Pdelb 61.2 5.72 106.5 0.77 < 0.001
phosphodiesterase 1B
Q63421 Calcium/calmodulin-dependent3’5’-cyclic nucleotide Pdelc 86.6 8.9 10.37 0.68 < 0.001
phosphodiesterase 1C
Q9QYJ6 cAMP and cAMP-inhibited cGMP3'5'-cyclic Pdel0a 90.1 6.55 38.35 0.57 < 0.001
phosphodiesterase 10A
P63319 Protein kinase C gamma type Prkeg 78.3 7.46 300.70 1.26 < 0.001
A0A140UHX4 Protein kinase AMP-activated non-catalytic subunit Prkag2 62.9 9.42 19.39 1.20 < 0.001
gamma 2
P49620 Diacylglycerol kinase gamma Dgkg 88.5 6.95 52.87 1.32 < 0.001
P38406 Adenylate cyclase 5 Adcy5 139 7.06 70.41 0.73 < 0.001
P38406 Guanine nucleotide-binding protein G(olf) subunit Gnal 44.2 6.65 76.45 0.47 < 0.001
alpha

MW represented the theoretical molecular weight of the proteins. pI represents the theoretical isoelectric point of the proteins. The fold change was represented by the ratio of the TMT intensity
of the DZXI group to the value of the model group.
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TABLE 2 The specific function and subcellular location of 39 differentially expressed proteins regulated by 7d-treatment of DZXI in the infarcted
hemispheres of MCAO rats.

[\[0X

Gene
symbol

Specific function

Anti-inflammatory proteins

Subcellular location

Ca?*-dependent manner. ANXAS5 has shown anti-inflammatory, anti-apoptotic, and anticoagulant properties
via binding to phosphatidylserine expressed in stressed and dying cells and shielding these cells from
inflammatory cell contact (Boersma et al., 2005; van Genderen et al., 2008).

1 ANXA1 ANXAL1 undergoes Ca?*-dependent binding to phospholipids, regulated by glucocorticoids, and has potent Nucleus, Cytoplasm, Plasma
anti-inflammatory and pro-resolving properties (Wallner et al., 1986; Purvis et al., 2019). membrane, Secreted in the
extracellular space
2 ANXA2 ANXA?2 is a Ca** regulated phospholipid binding protein involved in cell cycle regulation, cell division, Secreted in the extracellular
proliferation, cell survival, neo-angiogenesis, and anti-inflammatory response (Sharma, 2019; Dallacasagrande space, the Melanosome
and Hajjar, 2020).
3 ANXA5 ANXAS is a single-chain protein known for binding to phosphatidylserine with high affinity in a Cytoplasm

Calcium-dependent phospholipid-binding proteins

intracellular calcium. The rapid translocation response of CPNE7 suggests that this protein may play an
important role in Ca** -dependent intracellular signaling (Perestenko et al., 2010).

4 CPNE4 CPNE4 is a Ca*"-dependent phospholipid-binding protein that may play a role in membrane trafficking, Plasma membrane
mitogenesis, and development. CPNE4 is one of the genes downregulated most significantly following mild
ischemic exposure in cortical neurons and may participate in cell death or signal transduction (Prasad et al.,
2012; Lee et al., 2015).

5 CPNE6 CPNES is thought to be associated with long-term potentiation (LTP) and spine structural plasticity necessary Cytoplasm, Plasma
for learning and memory. Moreover, up-regulated CPNES is also closely related to the maturation of axons membrane, Axon, Dendrite
(Yamatani et al., 2010; Reinhard et al., 2016).

6 CPNE7 CPNE7 is capable of Ca?*-dependent translocation to the plasma membrane in response to the rise in Nucleus, Cytoplasm, Plasma

membrane

Integral synaptic vesicle membrane protein

7

SYT2

SYT2 is essential for regulating Ca®* -mediated exocytosis. SYT2 is the main isoform expressed at the
presynaptic neuromuscular junction and functions as a calcium sensor for neurotransmission (Donkervoort
et al., 2020).

Synaptic vesicle membrane

Detoxification enzymes (Reactive oxygen species (ROS) and xenobiotics metabolism)

8

GSTM2

GSTM2 belongs to a large gene family encoding glutathione S-transferases, which catalyze the conjugation of
electrophilic compounds to glutathione, thus playing a prominent role in cellular resistance against oxidative
stress (McBride et al., 2003).

Cytoplasm

ALDHI1A2

ALDHI1A2 is an enzyme required to convert retinol to retinoic acid, a hormone with diverse functions in the
CNS, including neurogenesis and cell survival (Kelly et al., 2016).

Cytoplasm

AKRI1B10

AKRI1BI10 is a typical nuclear factor, erythroid 2 (NF-E2)-related factor 2 (Nrf2) target gene. Nrf2 is an oxidative
stress-responsive transcription factor for antioxidant genes through binding to its recognition DNA element,
the antioxidant responsive element (ARE; Mimura et al., 2019).

Cytoplasm, Secreted in the
extracellular space, Lysosome

Structu

ral constituents of the myelin sheath

11

UGT8

Uridine diphosphate (UDP) glycosyltransferases (UGTs) represent a superfamily of enzymes that catalyze the
transfer of nucleotide sugars to a large number of exogenous and endogenous compounds to facilitate their
elimination from target cells. UGT8 family contains only a single member to date, which encodes a key enzyme
in the biosynthesis of glycosphingolipids, cerebrosides, and sulfatides, essential constituents of myelin
membranes of the central and peripheral nervous systems (Bosio et al., 1996; Iida et al.,, 2002).

Cell membrane, Endoplasmic
reticulum

MBP

MBP is an oligodendrocyte protein and the second most abundant protein in central nervous system myelin, a
key structural component of the multi-layered myelin sheath covering nerve fibers (Boggs, 2006).

Myelin membrane

PLP1

PLP1 is a highly conserved four-transmembrane-domain oligodendrocyte protein. Excess or abnormal PLP1
will trigger cellular stress responses and oligodendrocyte death. Suppressing expression of PLP1 could increase
myelination, restore oligodendrocyte numbers, and nerve conduction velocity (Elitt et al., 2020).

Cell membrane, Myelin
membrane

Neurofilament structural components

14

NEFL/M/H

Neurofilament is a highly specific structural protein and a major component of neurons. It consists
predominantly of four subunits: neurofilament light, medium, heavy chains, and alpha-internexin. Studies
demonstrate that neurofilaments are obligate heteropolymers required for proper radial growth of axons
(Itzecki et al., 2017).

Cytoplasm, Axon

Carbon

ic anhydrases

15

CARI1

CARI is the most abundant non-hemoglobin protein in human erythrocytes. Its physiological function is
unclear other than as a backup for CAR2. It might be essential for survival without CAR2 (Sly and Hu, 1995).

Cytoplasm
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Subcellular location

subunit. SHISA6 keeps AMPA receptors activated in the presence of glutamate, preventing full desensitization
and synaptic depression (Klaassen et al., 2016).

16 CAR2 CAR2 is a highly active isozyme with a maximum turnover rate for CO, hydration and has the widest Cell membrane, Cytoplasm
distribution. CAR2 accumulates on oligodendrocyte processes associated with myelinated axons, and it is
thought that CAR2 may be involved in myelin formation in the CNS (Kida et al., 2006).

17 CAR3 CAR3 catalyzes the reversible reaction between water and CO,, thus generating bicarbonate and hydrogen ions Cytoplasm
to maintain pH homeostasis. CAR3 is rapidly glutathionylated in vivo and in vitro when cells are exposed to
oxidative stresses. This suggests that the enzyme plays a role in the cellular response to oxidative stresses,
including reperfusion injury and aging (Kim et al., 2004).

Glutamate receptors

18 GRIA1 GRIAL is a subunit of the ionotropic glutamate receptor, AMPA, which acts as an excitatory glutamate receptor Cell membrane, Endoplasmic
that modulates neuronal excitability in the CNS and mediates excitotoxic neuronal death (Shen and Limon, reticulum membrane,
2021). Postsynaptic density

membrane, Dendritic spine

19 GRM2 Grm2 encodes for metabotropic glutamate receptor 2 (mGluR2), which has a more modulatory role in cell membranes, Dendrite
fine-tuning synaptic efficacy (Kew and Kemp, 2005).

20 CNIH2 In the brain, AMPA receptors assemble with several auxiliary subunits; CNIH2 is one of them; it binds to AMPA Endoplasmic reticulum
receptors and is important for AMPA receptor forward trafficking to synapses. CNIH2 modulates AMPA membrane, Postsynaptic
receptor biophysical properties by slowing receptor deactivation and desensitization kinetics (Gu et al., 2016). density membrane, and

Dendritic spine
21 SHISA6 SHISAG is a single transmembrane protein that acts as a stable and directly interacting AMPA receptor auxiliary | Postsynaptic density

membrane, dendritic spine

y-aminobutyric acid

(GABA) receptors

chain, catalyzing the reduction of oxygen to water. Lack of MT-CO2 precludes assembly of cytochrome ¢
oxidase beyond the first intermediate stage and leads to the degradation of unassembled subunits by the
mitochondrial proteolytic system (Rossmanith et al., 2008).

22 GABRG2 GABRG2 encoding the y-aminobutyric acid (GABA) A receptor gamma 2 (GABA ,y2) subunit is associated Postsynaptic density
with genetic epilepsy. GABAA Y2 is decreased in the striatum and spinal cord of the MCAO group compared membrane
with the normal group. After acupuncture, the expression of GABAy2 is increased (Xu et al., 2015).

23 GABRB1 GABRBI encoding GABA A receptor subunit beta 1 (GABA4B1) is a subunit involved in inhibitory effect on Postsynaptic density
neurotransmission. Its disruption has been implicated in autism, and GABRBI protein levels increased in the membrane
folic acid (FA)-treated cells in a concentration-dependent manner (Vasquez et al., 2013).

Actin-binding proteins

24 EPB41L3 EPB41L3 is an important membrane cytoskeletal protein that confers stability and flexibility to erythrocytes cytoskeleton
through interactions with the cytoskeletal proteins spectrin and F-actin (Walensky et al., 1998).

25 TAGLN TAGLN has been shown to have anti-inflammatory function in vascular smooth muscle cells through Cytoplasm
deactivation of ROS-mediated NF-kB pathways (Prasad et al., 2012).

26 MYL9 MYLY is a regulatory subunit of the force-producing ATPase non-myosin II (NMII) and may regulate muscle Cytoplasm
contraction by regulating ATPase activity in the myosin head. It binds to actin filaments to control cytoskeletal
dynamics and is subsequently involved in cell shape establishment, migration, polarity, adhesion, and
signal-mechanical transduction (Lv et al., 2022).

Energy metabolism

27 MT-CO2 MT-CO2 is a component of cytochrome c oxidase, which is the terminal enzyme complex of the respiratory mitochondrion

Acute-phase protei

ns

intracellular levels of cyclic nucleotides by catalyzing the hydrolysis of cAMP and cGMP. PDE1B and PDE1C
are isoforms in PDE enzyme superfamily. PDE1B inhibition significantly enhances exosome release from
microglia and protects neuronal cells against ischemic damage (Zang et al., 2020).

28 ORM1 ORMLI is an acute-phase protein and plays an important role in inflammation and ischemic stroke. ORM1 Secreted in the extracellular
performs various activities, acting as an acute-phase reactant and disease marker, regulating immunity, space
maintaining the capillary barrier function, regulating sphingomyelin metabolism, and scavenging ROS (Cheng
et al., 2020).
29 SESN3 SESN3 is a stress-inducible protein. It is a strong genetic risk factor that regulates proconvulsive cytokines and Cytoplasm
genes and plays a key role in metabolic homeostasis. It has been reported that SESN3 regulates human
hippocampal epilepsy (Shi et al., 2020).
Cell signaling
30 PDE1B/1C | Phosphodiesterase enzyme (PDE) is a calcium- and calmodulin-dependent phosphodiesterase and limits the Cytoplasm
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TABLE 2 (Continued)

NO. Gene Specific function Subcellular location

symbol

31 PDEI10A PDE10A is highly expressed in the basal ganglia or striatum. PDE10A degrades the intracellular second
messengers cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) and
terminates intracellular signaling that leads to the activation of transcription factor cAMP-responsive
element-binding protein (CREB). Inhibition of PDE10A improved recovery of function after striatal stroke

(Birjandi et al,, 2021).

Cytoplasm

32 PRKCG PRKCG is a member of the conventional protein kinase C (PKC) subfamily, requires Ca>* for its activation, and
is expressed only in the central nervous system. PRKCG functions initially in a deleterious fashion in response

to ischemia, and later as a protective factor in the period of postischemic reperfusion (Chou and Messing, 2005).

Cytoplasm, Cell membrane,
Dendrite

33 PRKAG2 PRKAG?2 is the AMP-activated protein kinase (AMPK) non-catalytic subunit gamma 2. AMPK is an important Nucleus, Cytoplasm

2019).

energy-sensing enzyme that plays a key role in regulating cellular energy metabolism and functions by
inactivating key enzymes involved in regulating de novo biosynthesis of fatty acid and cholesterol (Mo et al.,

34 DGKG

regulate neurite outgrowth (Fukumoto et al., 2018).

DGKG is a member of the diacylglycerol kinase family and converts diacylglycerol (DAG) into phosphatidic
acid (PA) and regulates the respective levels of these two bioactive lipids. PA is a pleiotropic lipid and plays

various roles as a second messenger, such as cell proliferation, vesicle membrane trafficking, and cytoskeletal
organization. DGKG is dominantly expressed in somatostatin (SST)-expressing GABAergic interneurons to

Cell membrane, Cytoplasm,
Cytoskeleton

35 ADCY5

Adenylate cyclase 5 (ADCY5) belongs to the adenylate cyclase family and can convert adenosine triphosphate
(ATP) into the second messenger cAMP (Defer et al., 2000).

cell membrane

36 GNAL

etal., 2017).

GNAL is the stimulatory o subunit of the heterotrimeric G protein Golf that activates adenylate cyclase, thereby
serving as a crucial mediator of intracellular signaling involved in olfaction and basal ganglia function (Yano

as anti-inflammatory, calcium-dependent phospholipid binding,
chemical synaptic transmission, cell signaling, energy metabolism,
and antioxidation. Among these proteins, eight cell signaling-
associated proteins and six chemical synaptic transmission-
associated proteins were impacted; the other 25 proteins are
involved in anti-inflammatory, calcium-dependent phospholipid
binding, energy metabolism, and antioxidation. Therefore, cell
signaling and chemical synaptic transmission were the most
affected physiological processes during DZXI treatment. As shown
in Supplementary Table S2, the molecular function and biological
process categories of these 39 proteins were determined based on
biological function.

STRING analysis was performed to construct a protein-
protein interaction (PPI) network. One hundred eighty-eight DEPs
between the MCAO model and DZXI groups were effectively
recognized for PPI network analysis based on the STRING database
to build a high-quality PPI network. The comprehensive PPI
regulation network is shown in Figure 4. This network contains
188 proteins and 276 connected edges, with an average node
degree of 2.94, and the average local clustering coefficient is 0.388,
indicating that the relationship between nodes in this network
is relatively close. We further extracted the specified function
cluster network focused on cell signaling and chemical synaptic
transmission (Figure 5). The functional sub-network is generated
from the 15 DEPs, and nine of them are involved in cell signaling,
while six of them are relevant to chemical synaptic transmission.
This sub-network comprises 15 nodes and 31 edges, its average
node degree is 4.13, and the average local clustering coefficient is
0.642, representing the verified complicated and tight interactions
between these proteins. The network analysis proves that DZXI
may regulate cell signaling and synaptic transmission during IS
pathological processes.

Frontiersin Neuroscience

Molecular docking simulation validated the
interaction between DZX| compounds and
their targets in silico

To calculate potential binding capacity between five DZXI
active compounds [including scutellarin, 3,4-O-dicaffeoylquinic
acid, 3,5-O-dicaffeoylquinic acid, 4,5-Odicaffeoylquinic acid,
erigoster B which are highly exposed systematically in vivo (Guo
et al, 2018; Huang et al, 2019)] and key target proteins, we
performed computational simulations for each combination,
respectively. The structures for each compound and protein
were collected from the corresponding database. AutoDock was
applied to conduct molecular virtual docking and calculate binding
free energy. The binding energy was used as the reference to
predict drug-target binding affinity. It is generally believed that
a binding energy <O indicates that tested molecules prefer to
form a stable complex from spontaneous binding. Moreover, the
lower binding energy represents a more stable complex formed
and a greater possibility of combination occurring. Generally, the
binding energy below —5 kcal/mol is considered a moderately
tight docking affinity (Galma et al., 2021). Furthermore, a prior
work using virtual screening to find a natural inhibitor for cAMP
and cAMP-inhibited c¢cGMP3'5 -cyclic phosphodiesterase 10A
(PDE10A) accepted binding energy lower than—6 kcal/mol as
sufficient affinity for the target (Al-Nema et al., 2018). Therefore,
the present simulation indicated that each key target protein and
DZXI active compound can form a relatively stable complex,
because all their binding energy are negative and <-5 kcal/mol
(Supplementary Table S3). Moreover, the proteins with the most
compact binding affinity for scutellarin, 3,4-O-dicaffeoylquinic
acid, 3,5-O-dicaffeoylquinic acid, 4,5-O-dicaffeoylquinic acid,
and erigoster B are glutamate receptor 1 (GRIAl), PDEI10A,
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FIGURE 4

The interaction network of the 191 DEPs between the model and DZXI| 7-day treatment groups (acquired with STRING). Colored nodes represent
query proteins, edges represent protein-protein associations, and different color lines indicate the different interactions between proteins.

protein kinase C gamma type (PRKCG), carbonic anhydrase 3
(CAR3), and GRIAIL, respectively (Supplementary Table S3). It
suggested the potential for high interaction of cell signaling-related
proteins PDE10A and PRKCG, along with the chemical synaptic
transmission-related protein GRIA1, with DZXI compounds. The
visualization of their possible binding sites is shown in Figure 6.

Discussion

Our study demonstrated that DZXI could alleviate neurological
impairment, reduce ischemic infarction, and increase the survival
of neural cells around the ischemic core in MCAQO rats. Based
on verifying the therapeutic effect of DZXI on focal cerebral

Frontiersin Neuroscience

ischemia, proteomic measurements were conducted on normal or
ischemic cerebral hemispheres of rats in each group, followed by
bioinformatics and molecular docking analysis. One hundred forty-
five DEPs and 191 DEPs were involved in pathological progression
and the DZXI therapeutic process. Pathological DEPs are enriched
in oxidative stress response and response to wounding, reflecting
physiological changes induced by ischemic injury, whereas DZXI
therapeutic DEPs are enriched in modulation of trans-synaptic
signaling and chemical synaptic transmission, which may indicate
biological progress influenced by DZXI. Thirty-nine principal
DEPs enrolled in concrete analysis were divided into 13 categories
according to their specific functions. Moreover, cell signaling and
chemical synaptic transmission, containing the most DEPs, were
the most affected physiological processes under DZXI treatment.
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FIGURE 5

The interaction subnetwork of cellular signaling and chemical synaptic transmission associated proteins (acquired with STRING). Nodes in red
represent proteins associated with cell signaling, and green represents chemical synaptic transmission. Pdelb,
Calcium/calmodulin-dependent3’5’-cyclic nucleotide phosphodiesterase 1B; Pdelc, Calcium/calmodulin-dependent3’5’-cyclic nucleotide
phosphodiesterase 1C; Pde10a, cAMP and cAMP-inhibited cGMP3'5’-cyclic phosphodiesterase 10A; Adcy5, Adenylate cyclase 5; Gnal, Guanine
nucleotide-binding protein G(olf) subunit alpha; Gng7, Guanine nucleotide-binding protein subunit gamma; Nt5e, 5'-nucleotidase; Prkcg, Protein
kinase C gamma type; Prkag2, Protein kinase AMP-activated non-catalytic subunit gamma 2; Grial, Glutamate receptor 1; Grm2, Metabotropic
glutamate receptor 2; Cnih2, Protein cornichon homolog 2; Gabra5, Gamma-aminobutyric acid receptor subunit alpha-5; Gabrg2,
Gamma-aminobutyric acid receptor subunit gamma-2; Gabrb1, Gamma-aminobutyric acid receptor subunit beta-1.

Molecular docking results suggested that a strong potential
binding existed between cell signaling (PDE10A and PRKCG)
or chemical synaptic transmission (GRIA1) related proteins and
active compounds of DZXI. These results indicate that the multi-
component characteristic of DZXI endows it with the ability
to display therapeutic effects through multiple target proteins
and pathways.

Previous pharmacological experiments indicated that DZXI
and its main components, including caffeic acid ester fraction and
scutellarin (Tu et al., 2021) had multiple beneficial effects (Wang J.
etal,2017; Lietal, 2017; Wang and Ma, 2018). Scutellarin has been
proven to regulate nitric oxide (NO) production (Liu et al., 2005)
and inhibiting cytotoxicity (Hong and Liu, 2004; Hu et al., 2005)
induced by hypoxia to rescue neuronal damage. Moreover, caffeic
acid ester fraction could inhibit microglial activation to provide
neuroprotection against ischemic brain damage (Wang et al,
2012). Particularly, 4,5-O-dicaffeoylquinic acid and scutellarin
have been reported to simultaneously regulate inhibitory and
excitatory neurotransmitters as well as their receptors, including
glutamatergic and GABAergic neuron synapses (Sheng et al., 2020).
These findings suggest that caffeic acid ester and scutellarin may
build the material foundation for DZXI therapeutic protection on
cerebral ischemia.

In this study, the results integrated from TMT-based
proteomic and molecular docking analysis potentially offered
some novel potential targets for DZXI. Among these DEPs,
several cell signaling and chemical synaptic transmission-related
proteins were emphasized. PDE1B, PDEIC, and PDEIOA, as

Frontiersin Neuroscience

cell signaling members which belong to the phosphodiesterases
(PDEs) family, were detected in proteomic analysis, and their
expression levels were significantly reduced after DZXI treatment.
Further, the combined high binding affinity between PDE10A
and 3,4-O-dicaffeoylquinic acid suggested a potential role of
PDEs in DZXI treatment. PDEs degrade intracellular second
messenger adenosine 3/,5 -cyclic monophosphate (cAMP) and/or
guanosine 3',5'-cyclic monophosphate (cGMP) to terminate
intracellular signaling transmission. Prior studies have shown
that cAMP/cGMP-mediated signals can activate downstream
transcription factor cAMP response element-binding protein
(CREB; Lee, 2015) and further induce CREB-regulated gene
expression of BDNF to promote recovery after stroke (Caracciolo
et al.,, 2018). Inhibition of striatal-specific PDE10A (Fujishige et al.,
1999) could enhance BDNF expression by elevating cAMP and/or
c¢GMP levels in the striatum (Giampa et al., 2010). Furthermore,
cAMP-activated protein kinase (PKA), which is activated by
cAMP and phosphorylates downstream CREB, might also mediate
in this pathway (Carlezon et al., 2005). Another anti-IS drug,
p-Caryophyllene, ameliorates cognitive impairment after IS
through the cAMP/PKA/CREB/BDNF pathway in MCAO mice
(Chen et al., 2020). Previous evidence collectively implies that
the PDE/cAMP/PKA/CREB/BDNF pathway could be intimately
involved in resisting ischemic injury. Moreover, recovery
enhancement after striatal stroke induced by PDE10A inhibitor
has already been confirmed in existing research (Birjandi et al,
2021; Beker et al., 2022a,b). The present study also identified PDEs
reduction in broad proteomic profiling and predicted their binding
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PDE10A and 3,4-O-dicaffeoylquinic acid (-7.96kcal/mol)

3D structural visualization of molecular docking simulation between DZXI compounds and their potentially targeted proteins. The binding affinity,
binding sites (local and enlarged in 3D), and interacting residues (in 2D) of three target-compound pairs are exhibited. (A) PDE10A and
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FIGURE 6
3,4-O-dicaffeoylquinic acid; (B) PRKCG and 3,5-O-dicaffeoylquinic acid; (C) CAR3 and 4,5-O-dicaffeoylquinic acid.

)

B 7

affinities with DZXI compounds. Here, we suggest that DZXI
promotes ischemic recovery by inhibiting PDE and activating
related pathways like other PDE inhibitors; however, it should be
further validated at the biochemical level in future research.
Another protein involved in cell signaling, protein kinase C
gamma type (PRKCQ), is a calcium-dependent enzyme of the PKC
subfamily expressed only in the central nervous system (CNS;
Tanaka and Nishizuka, 1994). PKC activation is implicated in the
control of many vital brain functions, including synaptic plasticity,
excitability, growth, proliferation, and apoptosis (Battaini, 2001).
PRKCG null mice develop smaller infarcts than wild-type mice
after permanent MCAO surgery and larger infarcts after transient
MCAO (Aronowski et al., 2000; Aronowski and Labiche, 2003).
These prior works suggest that PRKCG functions deleteriously in
response to ischemia initially, and later as a protective factor in
the period of postischemic reperfusion. Our proteomic detection
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also found the expression change triggered by DZXI of PRKCG.
The strong binding affinity predicted the interaction between
PRKCG and 3, 5-O-dicaffeoylquinic acid, suggesting PRKCG as
a potential therapeutic target for DZXI at the post-ischemic later
stage. However, the mechanism under PRKCG that acts as the
protective factor against reperfusion injury needs more exploration.

Furthermore, elevated level of some chemical synaptic
transmission-related proteins was also detected in our proteomic
profiling, such as GRIAI and CNIH2, SHISA6, which are the
constituent and auxiliary subunits of Alpha-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid receptors (AMPARs). AMPARs
are principal postsynaptic ionotropic glutamate receptors that
mediate excitatory synaptic transmission in the CNS. Whereas,
a previous study has shown that low mRNA level of GRIAL is
associated with atherosclerosis in vascular smooth muscle cells
(Gallina et al,, 2021). Furthermore, the PKA phosphorylation of
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FIGURE 7
Overview of possible mechanisms inferred from prior studies underlying the DZXI therapeutic effect on ischemic stroke.

GRIALI residue is considered a necessary pre-requisite step in
synaptic trafficking of GluAl-containing AMPARs during long-
term potentiation (LTP; Esteban et al., 2003). Indeed, the decrease
in hippocampal LTP intensity in mice experiencing ischemic
injury and spatial impairment was observed in prior research (Li
et al,, 2013). Therefore, combining predicted interaction between
GRIA1 and DZXT active compounds, we inferred that DZXI might
modulate GRIAI expression level or even phosphorylation state
in LTP maintenance to prevent ischemic damage, though further
direct experimental evidence is required in the future.
Neuroprotective agents represent a promising adjunctive
strategy to complement vascular recanalization treatment. This
therapeutic paradigm necessitates the development of novel
neuroprotective targets with enhanced efficacy and safety for
IS. Based on broad proteomic exploration and molecular
docking prediction, our findings suggested that DZXI intervention
improves functional recovery and confers neuroprotective effects
by modulating multiple previously unidentified potential targets,
such as PDE10A, PRKCG, and GRIAIL. The cumulative evidence
from prior studies provides a mechanistic rationale for these newly
identified potential targets of DZXI in promoting restoration from
ischemia. The overview of the proposed multi-target mechanism
under DZXI therapy is shown in Figure 7. However, the present
investigation offers multi-dimensional evidence to substantially
expand known therapeutic targets of DZXI and suggests their
potential mechanisms; further experimental validation is needed.
Therefore, there are several limitations in this study that should
be addressed in the future. First, quantitative experiments on
specific proteins or biochemical molecules are required to directly
verify a plausible pathway regulated by DZXI. Second, the
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multi-component characteristic of DZXI confers a multi-target and
multi-pathway synergy effect. Besides the multi-functionality of
DZXI, it also brings more difficulties in untangling its potential
mechanistic pathway clearly and thoroughly. Consequently,
advanced investigations utilizing animal models are warranted to
illustrate the explicit effect and precise underlying mechanism
for each main compound in DZXI. Finally, the preclinical
optimization studies systematically investigating the therapeutic
efficacy of individual compounds in DZXI or their different
combinations will facilitate finding a suitable intervention for
IS patients.

Conclusion

In summary, our results demonstrated that DZXI intervention
ameliorated neurological deficits and offered neuroprotection to
neural cells in the ischemic penumbra. Multiple DEPs identified
through broad proteomic profiling combined with bioinformatics
analysis suggested that modulation of trans-synaptic signaling
transmission was partly influenced by DZXI. Moreover, several
potential target proteins of DZXI related to cell signaling and
synaptic chemical transmission, including PDE10A, PRKCG, and
GRIAL, were predicted to have a high binding affinity to DZXI main
compounds. Multi-component in DZXI implied the complexity of
the target protein composition, ensuring its therapeutic outcomes.
Although the precise pathway underlying DZXT’s therapeutic effect
needs more exploration, the evidence in our study is sufficient to
support that DZXI treatment has the potential to become a valuable
adjunctive therapy for IS.
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