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ABSTRACT

Cerebral ischemia-reperfusion injury (CIRI) is one of the most difficult challenges in cerebrovascular disease
research. It is primarily caused by excessive autophagy induced by oxidative stress. Previously, a novel
compound X5 was found, and the excellent antioxidant activity of it was verified in this study. Moreover,
network pharmacological analysis suggested that compound X5 was closely associated with autophagy and the
mTOR pathway. In vitro, X5 could significantly inhibit the expression of autophagy proteins Beclin-1 and LC3-B,
which are induced by H,0,, and promote the expression of SIRT1. In vivo, compound X5 significantly reduced
the infarct size and improved the neurological function scores in the middle cerebral artery occlusion (MCAO)
model of rats. In conclusion, ROS-induced autophagy is closely related to mTOR, SIRT1 and others, and X5 holds
promise as a candidate for the treatment of CIRI.

INTRODUCTION events, known as cerebral ischemia-reperfusion injury
(CIRI) [4, 5].

Stroke, a common cerebrovascular disease, causes

significant pressure on families and communities due As one of the core mechanisms of CIRI, oxidative stress
to its high mortality and disability. Approximately induced by excessive reactive oxygen species (ROS)
80% of all stroke cases are attributed to ischemic stroke has been widely discussed [6, 7]. This is because
[1, 2]. Intravenous thrombolysis with recombinant excessive ROS can cause cell dysfunction and death
tissue plasminogen activator (rtPA) is the most effective through the oxidation of protein, DNA, and RNA,
treatment for ischemic stroke; however, owing to which can lead to brain tissue damage [8]. Notably,
its narrow therapeutic window, the high mortality excessive autophagy induced by oxidative stress has
and disability rate remain a challenge [3]. This may recently been shown to play a critical role in brain
primarily be attributed to the reperfusion of blood after injury [9, 10]. Across diverse eukaryotic organisms,
thrombolysis leading to a series of deleterious secondary autophagy serves as a cellular defense mechanism,

www.aging-us.com 7474 AGING


https://www.aging-us.com

characterized by “self-phagocytosis, and plays a key
role in the fundamental renewal of cellular components
and responds actively to organelle injury and nutritional
deprivation [11-14]. However, excessive autophagy
induced by oxidative stress can induce apoptosis and
aggravate brain injury [10, 15, 16]. Therefore, reducing
oxidative stress-induced autophagy may provide novel
therapeutic strategies for the prevention and treatment
of CIRI.

Network pharmacology, initially proposed by Hopkins,
is a method that combines high-throughput data
integration, database retrieval, data mining, target
prediction, and in silico experiments [17]. In theory,
it enables the analysis of the mode of action of
small molecules at a network level, allowing for the
analysis and prediction of their mechanisms, efficacy,
and toxicity. Moreover, it facilitates the design of
novel drugs with improved therapeutic effects and
clinical safety [18, 19]. We designed a new anti-
oxidant compound X5 to investigate the mechanism
of oxidative stress-induced autophagy. Subsequently,
we explored the relationship between the antioxidant
compound X5 and autophagy by a combination of
network pharmacology and experimental validation.

Using network pharmacology, we identified an
interaction between X5 and autophagy-related proteins.
Subsequently, we assessed the effect of X5 on oxi-
dative stress-induced autophagy in PC12 cells in vitro.
Furthermore, we also assessed the protective effects
of X5 in rats after MCAO. In conclusion, this article
explored the relationship between the antioxidant
compound X5 and autophagy using a combination of
network pharmacology and experimental validation,
and X5 may be a promising compound for the treatment
of CIRI (Figure 1).

RESULTS

Antioxidant compound X5 alleviated oxidative stress
in PC12 cells

In previous studies, we identified a novel compound X5
with excellent antioxidant activity, but its effectiveness
on nerve cells remains to be investigated. PC12 cells
are derived from a rat pheochromocytoma; they exhibit
neuronal-like characteristics and can differentiate into
cell types resembling neurons. In this study, PC12 cells
were incubated with different concentrations of X5 and
curcumin (CUR) (5 uM) for 42 h, and their toxicity to
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Figure 1. Comprehensive technical pathway integrating network pharmacology and experimental verification.
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PC12 cells was assessed (Figure 2A). X5 showed
almost no toxic effects on PC12 cells. The H.O,-
induced damage model is a common oxidative stress
injury model in vitro. PC12 cells were incubated with
X5, curcumin, TBHQ, and NAC for 18 h, followed by
H.0, treatment for 24 h. Subsequently, their antioxidant
activity was assessed by a MTT assay, as shown
in Figure 2B. The viability of PC12 cells after H.O-
damaged was approximately 51%; however, pre-
incubation with X5 and TBHQ maintained cell viability
to over 80%, whereas curcumin and NAC conferred no
protection to cells.

PC12 cells treatment with H»O, increased ROS and
MDA levels, toxicity of cells, and promoted the LDH
release. However, PC12 cells pre-incubated with X5
significantly prevented the increase in ROS and MDA
levels (Figure 2C-2E), as well as inhibited the release
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of LDH after stimulation of H>O» in a concentration-
dependent manner (Figure 2F). Therefore, X5 protected
PC12 cells from H20.-induced oxidative stress damage
by decreasing the levels of ROS, MDA, and LDH.

Construction of a “compound — protein” network

To further study the mechanism between X5 and
autophagy, we substituted X5 to network pharmacology.
We imported the structure of compound X5 into the
SwissTargetPrediction database for prediction, identified
its potential targets, and finally obtained 92 effective
targets after calibration and weight removal using the
UniProt database. A total of 10,290 targets related to
autophagy were identified using the Disgenet database.
Subsequently, through the combination tool VennDetail
Shiny, as shown in Figure 3A, we identified 76 common
targets between X5 and autophagy, indicating that X5
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Figure 2. X5 reduced H202-induced oxidative stress injury in PC12 cells. PC12 cells were incubated with X5 (0.625, 1.25, 2.5, 5 and 10
M), CUR, TBHQ and NAC (10 uM) for 42 h (A) and 18 h (B), cells were incubated with H,0, (600 uM) for 24 h (B). Cell viability was measured
by MTT assay. X5 (1, 5 and 10 puM) at different concentrations and CUR (5 uM) were pre-incubated on PC12 cells for 18 h, followed by
stimulation with H,0, (800 uM) for 3 h (C, D) or 6 h (E), and ROS and MDA levels were measured according to the manufacturer’s methods.
(F) X5 inhibited LDH release in a dose dependent manner. PC12 cells were exposed to different concentrations of X5 and CUR (5 uM) for 18 h,
then the cells were treated with H,0, (600 uM) for 24 h, and LDH release was detected according to the manufacturer’s methods. The data
are expressed as mean + SD, n >3, ##p<0,0001, #**p<0.0001, #p<0.05 vs DMSO, ****p<0.0001, **p<0.001, “*p<0.01, *p<0.05 vs H,0,.
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has a great impact on autophagy-related pathways. The
76 common targets were imported into the STRING
database, the confidence interval was adjusted to 0.4, the
disconnected nodes were hidden, and the corresponding
protein interaction network (PPI) was finally obtained
(Figure 3B). The nodes represent the target of action,
and the lines represent the interaction between the
targets. The line thickness indicated high support for the
data and high confidence.

Discovery of hub protein

The network diagram obtained from STRING was
subjected to Cytoscape software for PPl network
topology attribute analysis. The average degree of the
network was 14.83 and the average betweenness was
3.74cx102. Nodes with both degree and betweenness
greater than the average were selected as the key
targets. Results Visual analysis was conducted as shown
in Figure 4. The size and color intensity of nodes
directly correlate with the degree value of the target,
indicating that larger characters and more vibrant colors
represent higher degrees. Hub proteins mTOR, AKT1,
CASP3, HIF1A and ERBB2 were finally identified.

The mechanism of X5 inhibiting autophagy

To study the mechanisms underlying the autophagy
inhibition activities of X5, molecular docking experi-
ments were performed between compounds X5 and
mTOR, AKT1, CASP3, HIF1A, ERBB2 (Figure 5).
Compound X5 occupied the kinase domain of CASP3,
ERRB2, HIF1A with low binding energies of -16.0,

A
76

10290
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Autophagy

26

-14.8, -13.0 kcal/mol, respectively, indicating highly
stable binding. However, X5 showed poor binding
affinity with mTOR and AKT1, requiring additional
energy for binding. Therefore, we speculate that X5
inhibits autophagy by binding CASP3, ERRB2, or
HIF1A, subsequently suppressing the expression of
mTOR and AKTL.

GO and KEGG enrichment analysis

Enrichment analysis of the 78 common targets
was performed using the DAVID system. KEGG
enrichment analysis revealed several enriched
signaling pathways, and the top 10 pathways (with the
smallest P-values) selected for further analysis and
depicted in Figure 6A. The results revealed potential
involvement of the PI3K-AKT signaling pathway,
endocrine resistance, and TNF signaling pathway.
Additionally, GO functional annotation yielded 298
feedback terms, of which 122 terms had a P-value
< 0.01. The top 10 terms were extracted for further
analysis. Our study revealed enriched biological
processes (BP) related to cellular response to chemical
stress, oxidative stress, phosphorylation regulation, and
inositol lipid-mediated signaling (Figure 6B). Further,
enriched cellular components (CC) were associated with
transferase complexes, GAB-A receptor complexes, and
GAB receptor complexes were identified (Figure 6C).
Enriched molecular functions (MF) were related to
serine/threonine kinase activity, protein tyrosine kinase
activity, and transmembrane receptor protein tyrosine
kinase activity were also observed, as illustrated in
Figure 6D.

Figure 3. The compound-protein network. (A) Common target of small molecule drug X5 and autophagy. (B) Interaction network

between small molecule drug X5 and autophagy.
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X5 attenuated cell damage of HO2-induced
autophagy by activating SIRT1

In recent years, many studies have shown that oxidative
stress can induce autophagy and aggravate damage in
cells [14, 20]. Furthermore, oxidative stress can induce
the isolation of Beclin-1 from the antiapoptotic protein
Bcl-2 to form a Beclinl-VPS34-Atg14L complex, which
leads to membrane isolation and autophagic nucleation,
thereby initiating autophagy to clear the damaged site
[21]. Oxidative stress can promote the expression of
LC3-B, a marker of autophagy which reflects the strength
of autophagic activity [20]. As shown in Figure 7A-7C,
H20, promoted the protein levels of Beclin-1 and LC3-
B, but X5 inhibited their expression, suggesting that X5
could suppress oxidative stress-induced autophagy.

Many studies have shown that activation of SIRT1
can reduce oxidative stress injury and oxidative stress-

induced autophagy and exert a protective effect on cells
[12, 22, 23]. We found that X5 promoted SIRT1 protein
expression in a concentration-dependent manner (Figure
7D-T7E), but its protective effect on the cells disappeared
when SIRT1 was silenced in PC12 cells through small
interfering RNA (siRNA) (Figure 7F). These results
indicate that SIRT1 may play an important role in the
reduction of oxidative stress-induced damage by X5.

In vivo protective effect of X5 in the rat MCAQO model

The middle cerebral artery occlusion (MCAQO) model
is commonly used to evaluate ischemic stroke in vivo
and is widely used to screen therapeutic compounds
[24, 25]. The neuroprotective effect of X5 in rats was
therefore studied using the MCAO model. After 48 h
of reperfusion, neurological function was evaluated by
computing the neurobehavioral score, and the infarct size
was measured by TTC staining. As shown in Figure 8,
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Figure 4. Key target of small molecule drug X5 and autophagy.
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X5 pre-treatment not only reduced the infarct size but
also improved the corresponding neurological function
scores.

DISCUSSION

Oxidative stress, a state where cellular oxidative
capacities overwhelm antioxidative defenses, is involved

in the pathophysiology of stroke [26]. Autophagy in the
brain tissue occurs through oxidative stress-induced
damage [27, 28]. The accumulation of ROS can induce
autophagy and aggravate brain damage in stroke [10,
29]. The specific mechanism underlying this process
may cause the excessive production of ROS leading
to increased expression of autophagy substrates P62
and LC3-II/LC3-1 [30], and subsequent mitochondrial
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Figure 5. Docking of X5 with different proteins. (A) Molecular docking of X5 with CASP3. (B) Molecular docking of X5 with ERRB2.

(C) Molecular docking of X5 with HIF1A.
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damage, which activates inflammatory cytokines and
pro-inflammatory cells, and ultimately leads to apoptosis
[9, 27]. Therefore, reducing oxidative stress-induced
excessive autophagy may be a potential therapeutic
approach to alleviating CIRI.

The advancement in biotechnological techniques has
empowered network pharmacology to effectively
assess the relationship between various proteins. In
this study, we identified 92 genes regulated by X5,
76 of which were associated with autophagy, based
on network pharmacology. Through protein-protein
interaction (PPI) screening, five key targets regulating
autophagy by X5 were identified, namely, mTOR,
AKT1, CASP3, HIF1A, and ERBB2. Of these, mTOR
is a serine/threonine protein kinase, belonging to
the phosphoinositide 3-kinase-related kinase (PIKK)
family, that forms two distinct protein complexes
known as mTOR complex 1 (mTORC1) and 2
(mTORC2). mTORC2 regulates cell survival and
cytoskeletal organization, and phosphorylates AKT,
leading to the activation of mTORCL1 [31]. Extensive
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research has shown that mTORC1 plays a crucial
role in autophagy, regulating different steps of the
autophagic process (such as nucleation, autophagosome
extension, autophagosome maturation and termination)
[32-34]. Autophagy occurrence is determined by
detecting autophagy-related markers such as Beclin-1,
LC3-B, and Atg5 [35, 36]. Excessive ROS induces
autophagy, upregulating the expression of autophagy
markers Beclin-1 and LC3-f [36]. Additionally,
ERBB2, a receptor tyrosine kinase, inhibits autophagy
when activated, while its downregulation or inhibition
promotes autophagy [37]. HIF-1a, a transcriptional
regulator, promotes autophagy under hypoxic
conditions [38]. ROS can activate CASP3, which
directly or indirectly regulates the expression or
activity of various autophagy-related proteins [39].
Our screening of mTOR, AKT1, CASP3, HIF1A, and
ERBB2 through X5 suggested an association of X5
with autophagy. Subsequent experimental validation
revealed that X5 can inhibit the H.O»-induced over-
expression of autophagy protein Beclin-1 and that
X5 has excellent antioxidant activity. Therefore, we
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Figure 6. Enrichment analysis of small molecule drug X5 with autophagy. (A) KEGG enrichment analysis. (B-D) GO enrichment

analysis.
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hypothesized that X5 regulates mTOR and related Sirtuin-1 (SIRT1) is a NAD-dependent deacetylase that

molecules by inhibiting oxidative stress to inhibit is widely distributed in the cortex; it is involved in
autophagy, however, its specific mechanisms remain to stress responses and neuropsychiatric disorders [23].
be elucidated. Recent studies have shown that antioxidant compounds
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for 12 h. The protein expression of Beclin-1 and LC3-B was detected by Western blot. (D, E) X5 increased the expression of SIRT1 protein.
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can reduce oxidative stress-induced autophagy by
activating SIRT1, which acts by reducing cell damage
[40, 41]. In this study, we showed that compound
X5 had a pre-protective effect in the rat MCAO
model, as well as, elevated the protein level of SIRT1
and alleviated H2O2-induced cell damage, the levels
of ROS, MDA and LDH, and the expression of
autophagy proteins Beclin-1 and LC3-B in PC12 cells
in a concentration-dependent manner. However, when
SIRT1 was silenced by siRNA, compound X5 lost its
protective effect in the H2O»-induced oxidative stress
injury model. These results suggested that compound X5
attenuated oxidative stress-induced autophagy probably
by targeting SIRT1, but the underlying mechanism
remains to be explored.

In conclusion, this study leveraged the antioxidant
properties of compound X5 as an investigative tool,
employing a fusion of network pharmacology and
experimental validation. X5 confers its antioxidant
effects to inhibit oxidative stress-induced autophagy
through the activation of SIRT1 protein. Furthermore,
compound X5 had a pre-protective effect in the
rats of MCAO, and showed a protective effect and
alleviated CIRI by attenuating oxidative stress-induced
autophagy.

CONCLUSIONS

We demonstrated that the novel antioxidant compound
X5 reduced oxidative stress-induced autophagy using
network pharmacology and experimental verification.
X5 orchestrated its effect likely by targeting SIRT1.
The protective effect of X5 in the rat MCAO model
underscores its potential clinical value.

MATERIALS AND METHODS
Cell culture

Rat adrenal pheochromocytoma cells (PC12) were
purchased from the Wuhan University Cell Preservation
Center. Cells were cultured in 1x Dulbecco’s modified
Eagle medium (4.5 g¢g/L D-glucose, Gibco, USA)
containing 10% fetal bovine serum (Gibco, USA), and
1% penicillin-streptomycin double antibody (Gibco,
USA) in an incubator (Thermo Fisher Scientific, USA)
with 37°C and 5% CO; after resuscitation. The cells
were then digested by trypsin with 0.25% EDTA
(Gibco, USA) and stored in liquid nitrogen.

MTT assay
Cell viability was determined using the MTT assay.

PC12 cells were seeded in 96-well plates (WHB
Scientific, China) at a density of 5x10° cells/well,

treated by compounds for 18 h, and subjected to
oxidative damage for 24 h with H,O,. MTT (20 uL) (3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide, Thiazolyl Blue Tetrazolium Bromide, Solarbio,
China) at a concentration of 5 mg/mL was added in
each well and incubated under dark conditions for 4 h.
Subsequently, 120 uL of dimethyl sulfoxide (DMSO)
was added and the absorbance of each well was
measured at 490 nm using a microorifice plate detector
(Thermo Fisher Scientific, USA).

ROS assay

PC12 cells were seeded in 6-well plates at a density of
3x10° cells/well. After incubation for 24 h, PC12 cells
were treated with the compounds for 18 h, and then
stimulated with H»O, for 3 h. ROS intensity was
detected using a Reactive Oxygen Species Assay Kit
(Beyotime, China) and cells were photographed using
an inverted fluorescence microscope according to the
reagent manufacturer’s method.

MDA assay

PC12 cells were seeded in 6-well plates at a density of
3x10° cells/well. After the cells adhered to the wall,
they were incubated in compounds for 18 h and then in
H.O, for 6 h. MDA levels were determined using the
Lipid Peroxidation MDA Assay Kit (Beyotime, China)
according to the reagent manufacturer’s method.

LDH assay

Lactate dehydrogenase (LDH) is abundant in the
cytoplasm. Dead or damaged cells release LDH into
the extracellular matrix. PC12 cells were seeded in 96-
well plates at 5x10% cells/well, and normal medium
was replaced by starvation medium (without FBS).
After 24 h, they were treated with compound X5 for
18 h and then subjected to oxidative damage by
treatment with H>O; for 24 h. Subsequent LDH release
was measured using the LDH Release Assay Kit
(Beyotime, China) according to the manufacturer’s
instructions.

Western blot analysis

PC12 cells were seeded in 6-well plates at
4.0x10° cells per well, treated with X5 for 18 h,
and sampled for total proteins on ice using the culture
cell total protein extraction reagent (Boster Biological
Technology Co. Ltd., China). Total protein was then
separated by SDS-PAGE electrophoresis and the
separated proteins were transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore, USA). The
membrane was then incubated with primary antibodies
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(Anti-SIRT1, Proteintech, 13161-1-AP, China, 1:1000;
anti-beclin-1, Proteintech, 11306-1-AP, China, 1:1000;
anti-LC3-B, Proteintech, 18725-1-AP, China, 1:1000;
anti-GAPDH, Proteintech, 10494-1-AP, China, 1:1000)
at 4°C for overnight. The following day, the membrane
was incubated with secondary antibodies (Anti-
Rabbit igg (H + L), Proteintech, SA00001-2, China,
1:2000) at room temperature for 90 min, and the
immunofluorescent bands were imaged using the
ChemiDoc XRS+ system (Bio-Rad, USA). Finally, the
images were quantitatively analyzed using Image J
(NIH, USA).

Transfection assay

Small interfering RNA (siRNA) was obtained from
the Shanghai Gemma gene with the following gene
sequence: si-SIRT1 (rat); sense (5°-3’): GAGACUGCG
AUGUCAUAAUTT, antisense (5’-3’): AUUAUGAC
AUCGCAGUCUCTT. PC12 cells were seeded in 6-
well plates at 3x10°, and siSIRT1 was transfected using
the serum-free medium and Lipofectamine™ 2000
Transfection reagent (Invitrogen, USA). Subsequently,
24 h after transfection, the medium was replaced with
normal medium for conventional culture. The cells were
digested with trypsin and inoculated into 96-well plates
for the MTT assay.

Experimental animals

All the adult male SD (Sprague-Dawley) rats
(250-280 g) were purchased from Zhejiang Muke
Biotechnology Co., Ltd. The animals were fed
normally in a clean-grade animal house and provided
a day-night environment at a constant temperature
(25° C).

MCAO model

SD rats were randomly divided into the sham, solvent,
and drug treatment groups. All rats undergoing surgery
were anesthetized with 3% sodium phenobarbital
(50 mg/kg) before the procedure. Subsequently, a neck
incision was made, and the common carotid artery
(CCA), right external carotid artery (ECA), and internal
carotid artery (ICA) were exposed. Nylon sutures were
inserted through the incision from internal carotid artery
until the middle cerebral artery (about 18 mm) was
occluded. After 2 h of ischemia, the sutures were pulled
out, blood flow and reperfusion were restored, and
the incisions were sutured. Additionally, the rats were
fixed in a brain stereotaxic locator and their heads were
fixed stably and then injected into the lateral ventricle.
X5 (0.2 mg/kg) was injected into rats using a 25 pL
microinjector 2 h before MCAO, and the injector
was pulled out 1 min after the injection was stopped.

In the sham group, the same procedure was performed
without a bolt.

TTC staining and neurobehavioral score

Infarct size was determined in SD rats using 2,3,5-
triphenyltetrazolium chloride (TTC; Sigma-Aldrich,
USA). The rats were decapitated after reperfusion
for 48 h, and the brains were removed and frozen
in a -20°C refrigerator, followed by slices of 2 mm
thickness in the brain grooves. Subsequently, brain
sections were stained rose red with 2% TTC at 37°C
and fixed with 4% paraformaldehyde overnight in
the dark. Infarct size was quantified using Image-Pro
Plus 6.0 software. Additionally, the neurobehavioral
scores of SD rats were measured after reperfusion
for 48 h. Neurology scores were allotted as follows:
0 for behavior similar to normal rats; 1 for difficulty
extending forelimbs; 2 for circling to the right;
3 for inability to stand; and 4 for being largely
unconscious and unable to move spontaneously. A
higher neurobehavioral score was indicative of severe
brain damage.

Network construction

The intersection targets were imported into the
STRING database (https://cn.string-db.org/), with the
species limited to Homo sapiens. The minimum
required medium confidence was set at > 0.4, to obtain
the PPI network. Cytoscape was used to simplify the
PPI network into the hub target network.

GO and KEGG enrichment analysis

The intersection targets were imported into the
DAVID database (https://david.ncifcrf.gov/tools.jsp) for
GO and KEGG pathway enrichment analysis. The top
10 enrichment genes and pathways were then extracted
from DAVID.

Molecular docking

The crystal structure of ERK was downloaded from
the RCSB Protein Data Bank (https://www.rcsb.org/),
under the PDB ID 4X7K. Molecular docking studies
were conducted using AutoDock Vina.

Statistical analysis

All experiments were repeated at least three times.
All data are presented as the mean + standard
deviation (SD). Statistical data were analyzed using
GraphPad Prism 8.0 (GraphPad, USA) t-test or one-
way ANOVA for multiple comparisons. P<0.05 was
considered statistically significant.
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