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Background: Subarachnoid hemorrhage (SAH) is a severe cerebrovascular disease, often leading to neuroinflammation and
neuronal damage. Activation of the Nucleotide-binding oligomerization domain (NOD)-like receptor protein 3 (NLRP3) inflam-
masome is closely associated with post-SAH neuroinflammation, while activation of Nicotinamide Adenine Dinucleotide (NAD)-
dependent deacetylase sirtuin-1 (SIRT1) has neuroprotective effects. This study aimed to investigate the impact of injectable
Collagen Binding Domain-Brain Derived Neurotrophic Factor (CBD-BDNF) on neuroinflammation and neuronal damage fol-
lowing SAH.
Methods: After establishing the SAH model, experimental animals were divided into three groups: sham surgery group (Sham),
SAH group, and SAH+neuroregenerative scaffold (CBD-BDNF treatment) group. Behavioral performance was evaluated using
neurofunctional deficit, beam balance, and Y-maze tests. Expression of inflammatory factors and essential proteins was quan-
titatively analyzed using Enzyme-Linked Immunosorbent Assay (ELISA) kits and immunoblotting. Terminal deoxynucleotidyl
transferase dUTP Nick End Labeling (TUNEL) staining was used to assess cell apoptosis. To further investigate the mechanism
of action of CBD-BDNF on SIRT1, the model animals were treated with EX527 (SIRT1 inhibitor) for comparative studies.
Results: Neurological deficit tests, CBD-BDNF improves functional outcomes after SAH. Compared to the SAH group, the
SAH+neuroregenerative scaffold group showed significantly increased expression of SIRT1 protein and significantly decreased
expression of NLRP3, Apoptosis-associated speck-like protein containing a CARD (ASC), and c-caspase-1. The inflammatory
cytokines Interleukin-1 beta (IL-1β), IL-6, and IL-18 levels also significantly decreased in the SAH+neuroregenerative scaffold
group. Additionally, animals in the SAH+neuroregenerative scaffold group showed better neurofunctional recovery in neuro-
functional deficit and beam balance tests. The number of apoptotic cells significantly decreased in the SAH+neuroregenerative
scaffold group compared to the SAH group. However, when SIRT1 was inhibited with EX527, the aforementioned neuroprotec-
tive effects were reversed, indicating the involvement of CBD-BDNF through SIRT1 activation.
Conclusion: This study demonstrates that injectable CBD-BDNF can significantly alleviate neuroinflammation and neuronal
damage resulting from SAH by blocking NLRP3 inflammasome activation and promoting SIRT1 expression. These findings
provide a new therapeutic strategy for neuroprotection after SAHand reveal themechanism of action ofCBD-BDNFas a potential
therapeutic agent. Future research will further explore the long-term efficacy and safety of CBD-BDNF.
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Introduction

Subarachnoid hemorrhage (SAH) is a common and
severe cerebrovascular disease known for its high mor-
tality and disability rates [1–3]. Complications follow-
ing SAH, particularly early brain injury (EBI) and cerebral
vasospasm (CVS), are the major contributors to poor pa-
tient outcomes [4,5]. Recent studies have indicated that
activation of the Nucleotide-binding oligomerization do-
main (NOD)-like receptor protein 3 (NLRP3) inflamma-
some plays a critical role in the post-SAH inflammatory
response, while activation of sirtuin-1 (SIRT1) exerts neu-

roprotective effects [6–8]. However, current pharmacolog-
ical treatments for SAH are limited to symptomatic relief,
lacking effective targeted therapies for inflammation and
neuroprotection [9].

In recent years, researchers have extensively investi-
gated the neuroinflammatory mechanisms following SAH
[10]. A series of studies have demonstrated that activa-
tion of the NLRP3 inflammasome is a key factor in in-
ducing neuroinflammation, participating in the release of
inflammatory cytokines, including Interleukin-1 beta (IL-
1β) and IL-18 [11,12]. Simultaneously, activation of SIRT1
has been demonstrated to exert neuroprotective effects by
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deacetylating Nuclear Factor Kappa κB (NF-κB) and in-
hibiting the expression of inflammatory cytokines [13–15].
Furthermore, Brain Derived Neurotrophic Factor (BDNF)
has been widely studied for its crucial role in neurorepair
and regeneration [16,17]. However, the clinical application
of BDNF was limited by its instability in vivo and ability
to penetrate the blood-brain barrier. Recently, a novel Col-
lagen Binding Domain-Brain Derived Neurotrophic Factor
(CBD-BDNF) has been developed, enhancing its stability
and local concentration in the brain through the collagen-
binding domain [18–21].

Despite demonstrating potential in other neurological
disease models, the effects and mechanisms of CBD-BDNF
in the SAH model remain unclear. Specifically, further re-
search is needed to determine whether CBD-BDNF can im-
prove EBI and CVS following SAH by modulating the ac-
tivity of NLRP3 inflammasome and SIRT1. Additionally,
there is a lack of in-depth research on the specific mecha-
nisms of CBD-BDNF in neuronal damage following SAH
and its molecular interactions with NLRP3 inflammasome
and SIRT1.

Given the aforementioned background, this study
aims to investigate the neuroprotective effects of injectable
CBD-BDNF in an experimental SAHmodel, particularly its
inhibitory effect on NLRP3 inflammasome and its promo-
tive effect on SIRT1. Through in vivo experiments, we will
assess the impact of CBD-BDNF on EBI and CVS follow-
ing SAH and explore its mechanisms of action using molec-
ular biology techniques. The significance of this study lies
in the potential for CBD-BDNF to effectively ameliorate
post-SAH neuroinflammation and neuronal damage, poten-
tially serving as a novel therapeutic strategy for SAH and
improving patient outcomes while reducing disability rates.

Materials and Methods

SAH Animal Model
SPF-grade healthy male C57BL/6 mice, weighing 20–

22 g, were provided by Beijing Huafukang Biotechnology
Co., Ltd. (Beijing, China), with an animal license num-
ber: SCXK (Jing) 2019-0008. 12 mice were divided into
four groups: the Sham group, SAH group, SAH+CBD-
BDNF group, and SAH+CBD-BDNF+EX527 group, in a
random manner. Mice in the SAH group were adminis-
tered pentobarbital (40 mg/kg) through an intraperitoneal
injection for anesthesia. Subsequently, the left common
carotid artery and its branches were uncovered. The dis-
tal section of the external carotid artery was cut, and a 4-0
single-strand nylon thread was introduced and moved for-
ward into the internal carotid artery until encountering re-
sistance at the point where the anterior cerebral artery and
the middle cerebral artery meet. The suture was further ad-
vanced by approximately 3–5 mm to induce arterial perfo-
ration and SAH, with a 10-second delay. The Sham group
underwent an identical procedure without any perforation.

The SAH+CBD-BDNF group refers to the group where our
laboratory synthesized and purified CBD-BDNF (3 µM) is
injected into the mouse cerebral cortex for treatment based
on the SAH animal model. The SAH+CBD-BDNF+EX527
group refers to the group where SIRT1 inhibitor (EX527)
is injected into the mouse cerebral cortex for treatment on
the basis of the SAH+CBD-BDNF treatment group. Vital
signs such as arterial blood pressure, body temperature, and
partial pressure of oxygen (PaO2) were continuously moni-
tored during the procedure. After the experiment, euthana-
sia was performed by inhalation of carbon dioxide, with
a lethal dose of 50% carbon dioxide concentration. The
experimental procedures used in the mice were approved
by the Ethics Committee of Laoting County Hospital (Ap-
proval No.: LT2018-(C57)-01).

Synthesis of CBD-BDNF
Firstly, a gene construct containing both CBD and

BDNF sequences was designed and inserted into an over-
expression plasmid (pCMV). Subsequently, the overex-
pression plasmid carrying the CBD-BDNF gene was trans-
fected into human embryonic kidney cells HEK-293 (iCell-
h243, Cellverse Bioscience Technology Co., Ltd., Shang-
hai, China) using a lipid-based transfection reagent. The
cells were then cultured for 72 hours at 37°C and 5% CO2.
Subsequently, CBD-BDNFwas extracted and purified from
the HEK-293 cells using cell lysis and purification tech-
niques. Finally, the purified product was validated. The cell
lines involved in this section have completed STR identifi-
cation, and themycoplasma detection results were negative.

Neurological Function Deficit Testing
At 24 hours after SAH, the scoring system developed

by Fritz et al. [22] was used to assess neurological im-
pairments. The scoring system consisted of 6 tests: vol-
untary movement, limb movement symmetry, forelimb ex-
tension, climbing ability, proprioception, and response to
touch. Each test was scored from 0 to 3 or 1 to 3, with a
total score range of 3 to 18. Lower scores indicated more
severe neurological deficits.

Beam Balance Testing
Beam balance testing was employed to assess the an-

imals’ balance and coordination. The experimental proce-
dure involved training the animals to traverse a beam and
recording their performance on the beam, including dura-
tion of stay, gait, etc., followed by quantitative scoring.

Enzyme-Linked Immunosorbent Assay (ELISA)
Quantitative Analysis

The levels of IL-1β (EK201B2), IL-6 (EK206HS),
and IL-18 (EK218) were analyzed using ELISA. The
ELISA kits were all purchased from MULTISCIENCES
(LIANKE) Biotech, Co., Ltd. (Hangzhou, China). After
diluting the stock solutions of standards, 50 µL of standard
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Fig. 1. CBD-BDNF improves short-term and long-term functional outcomes after SAH. (A) Neurological deficit testing at 24
hours post-operation day (POD). (B) Balance beam testing at 24 hours POD. (C) CBD-BDNF improves spatial working memory after
SAH through spontaneous alternation tasks in the Y-maze. **p < 0.01, n = 3. CBD-BDNF, Collagen Binding Domain-Brain Derived
Neurotrophic Factor; SAH, subarachnoid hemorrhage.

Fig. 2. CBD-BDNF reduces inflammation. (A–C) Quantitative analysis of IL-1β (A), IL-6 (B), and IL-18 (C) levels using ELISA
assay kits. **p < 0.01, n = 3. IL-1β, Interleukin-1 beta; ELISA, Enzyme-Linked Immunosorbent Assay.

solution and 50 µL of HRP-conjugated streptavidin were
added to the standard wells. To conduct the test, 40 µL of
the sample was placed into the designated wells, then 10
µL of biotinylated antibody and 50 µL of HRP-conjugated
streptavidin were added. Afterward, the dish was placed in
an incubator at 37 °C for 60minutes. Each well was washed
with 350 µL of wash buffer. Following the development of
color, 50 µL of stop solution was introduced to halt the re-
action. Data analysis involved measuring the absorbance
at a wavelength of 450 nm for each well using an ELISA
reader.

Western Blotting

The tissue samples were mixed and spun (at 1000
revolutions per minute, for 10 minutes, at a temperature
of 4 degrees Celsius). The supernatant was further cen-
trifuged, and the protein concentration was determined us-
ing a DC protein assay kit with bovine serum albumin
standard. The protein was suspended in sample buffer in
equal quantities (50 µg), then denatured at 95 °C for 5
minutes before being loaded onto a Sodium Dodecyl Sul-

fate Polyacrylamide Gel Electrophoresis (SDS-PAGE) gel
made of sodium dodecyl sulfate-polyacrylamide. Follow-
ing electrophoresis and transfer to a polyvinylidene diflu-
oride membrane, the membrane underwent blocking with
a non-fat milk buffer for 2 hours at a temperature of 4
°C. Subsequently, it was incubated with primary antibodies
targeting NLRP3 (ab263899, Abcam, 1:800, Cambridge,
United Kingdom), Apoptosis-associated speck-like protein
containing a CARD (ASC) (ab283684, Abcam, 1:1000,
Cambridge, United Kingdom), and caspase-1 (ab207802,
Abcam, 1:1000, Cambridge, United Kingdom), SIRT1
(ab110304, Abcam, 1:1000, Cambridge, United King-
dom), Bax (ab32503, Abcam, 1:1000, Cambridge, United
Kingdom), Bcl-2 (ab182858, Abcam, 1:1000, Cambridge,
United Kingdom), Cleaved Caspase-1 (4199S, Cell Signal-
ing, 1:1000, Shanghai, China) and GAPDH (ab9485, Ab-
cam, 1:1000, Cambridge, United Kingdom). Afterward,
the membrane was incubated with secondary antibodies
(Goat anti-rabbit IgG, 1:4000, ab6721, Abcam, Cambridge,
United Kingdom) conjugated with horseradish peroxidase
at ambient temperature for 1 hour. The densities of pro-
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Fig. 3. CBD-BDNF inhibits NLRP3 inflammasome activation and promotes SIRT1 expression. (A) Protein expression of NLRP3,
ASC, caspase-1, c-caspase-1, and SIRT1 in the ipsilateral cortex as detected by immunoblotting. (B–E) Quantitative analysis of NLRP3
(B), ASC (C), c-caspase-1 (D), and SIRT1 (E) levels. **p < 0.01, ***p < 0.001, n = 3. ASC, Apoptosis-associated speck-like protein
containing a CARD; NLRP3, Nucleotide-binding oligomerization domain (NOD)-like receptor protein 3; SIRT1, sirtuin-1.

tein bands were identified using an imaging system (Tanon-
4600, Beijing Junyi Oriental Electrophoresis Equipment
Co., Ltd., Beijing, China) and measured using ImageJ soft-
ware (version 1.8.0, National Institutes of Health, Bonn,
Germany).

TUNEL Staining
Tissue cryosections were subjected to Terminal de-

oxynucleotidyl transferase dUTP Nick End Labeling
(TUNEL) staining (C1090, Beyotime, Shanghai, China).
The segments were immersed in 4% paraformaldehyde for
30 minutes. Proteinase K was used for a 20-minute reaction
at 37 °C. The Terminal deoxynucleotidyl transferase (TdT)
enzyme reactionmixture was kept in the dark at 37 °C for 60
minutes. The sections were then mounted with an anti-fade
reagent mounting medium and observed and photographed
under a fluorescence microscope (Olympus X71, Olympus,
Tokyo, Japan).

Statistical Analysis
The analysis of the data was conducted using the sta-

tistical software SPSS 19.0 (International Business Ma-
chines Corporation, Armonk, NY, USA). The mean ±
standard deviation was used to represent continuous data.
Between-group comparisons were made using t-tests. One-
way analysis of variance (ANOVA) was used to perform
multiple-group mean comparisons, followed by Tukey’s
post hoc test. A p-value below 0.05 was deemed as sta-
tistical significance.

Results

CBD-BDNF Improves Functional Outcomes after
SAH

Neurological deficit, balance beam, and Y-maze tests
are common experimental methods for assessing animal be-
havioral and cognitive performance. In this study, they
were used to evaluate the neurofunctional and cognitive
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Fig. 4. CBD-BDNF alleviates neuronal apoptosis following subarachnoid hemorrhage. (A,B) Representative images of TUNEL
staining (A) and quantitative analysis of TUNEL-positive cells (B). (C–E) Protein expression of Bax and Bcl-2 in the ipsilateral cortex
detected by immunoblotting. **p < 0.01, ***p <0.001. n = 3. Scale bar = 100 µm. TUNEL, Terminal deoxynucleotidyl transferase
dUTP Nick End Labeling.

performance of animals after experimental SAH and the im-
pact of CBD-BDNF on these outcomes. Compared to the
SAHmodel group, the CBD-BDNF treatment group exhib-
ited better therapeutic outcomes in neurological deficit, bal-
ance beam, and Y-maze tests (Fig. 1A–C, p < 0.01). This
indicates a significant positive impact of CBD-BDNF treat-
ment on improving neurofunctional deficits, balance abil-
ity, and spatial working memory after SAH.

CBD-BDNF Reduces Inflammatory Response
IL-1β, IL-6, and IL-18 are inflammatory cytokines

that play important roles in the inflammatory response and
immune reactions and were quantitatively analyzed using
ELISA kits. The Sham group had the lowest levels of in-
flammatory factors, indicating no significant inflammatory
response. The SAH group had the highest levels of inflam-
matory factors, reflecting a strong inflammatory response

induced by SAH (Fig. 2A–C, p < 0.01). However, the
levels of inflammatory factors decreased in the group re-
ceiving CBD-BDNF treatment after SAH, suggesting that
CBD-BDNFmay help alleviate the inflammation caused by
SAH (Fig. 2A–C, p < 0.01).

CBD-BDNF Inhibits the Activation of NLRP3
Inflammasome and Promotes the Expression of
SIRT1

NLRP3 is an inflammasome-related protein whose
overactivation is associated with inflammatory response
and cell damage. In the experiment, the protein expres-
sion of NLRP3 significantly increased in the SAH group,
while it decreased in the SAH+CBD-BDNF group (Fig. 3A,
p < 0.01, and p < 0.001). This suggests that CBD-BDNF
may alleviate neural inflammation by inhibiting the acti-
vation of NLRP3. ASC is a key protein in the assembly
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Fig. 5. SIRT1 inhibitor EX527 reverses the neuroprotective effect of CBD-BDNF. (A) Immunoblotting detected Protein expression
of SIRT1, NLRP3, ASC, caspase-1, and c-caspase-1 in the ipsilateral cortex. (B–E) Quantitative analysis of SIRT1 (B), NLRP3 (C),
ASC (D), c-caspase-1 (E) levels. **p < 0.01, n = 3.

and activation process of the inflammasome. The protein
ASC binds to the precursor of caspase-1 to form a multi-
protein complex, which ruptures the cell and releases the
contents, causing an inflammatory response. ASC signif-
icantly increased in the SAH group while it decreased in
the SAH+CBD-BDNF group, which is consistent with the
trend of NLRP3 changes (Fig. 3C, p< 0.01, and p< 0.001).
The expression of c-caspase-1 increased in the SAH group,
while it decreased in the SAH+CBD-BDNF group, support-
ing the inhibitory effect of CBD-BDNF on inflammasome
activation (Fig. 3D, p < 0.01, and p < 0.001). SIRT1 is a
deacetylase with anti-inflammatory and cell-protective ef-
fects. The experimental results show a significant increase
in the expression of SIRT1 in the SAH+CBD-BDNF group
(Fig. 3A–E, p < 0.01, and p < 0.001).

CBD-BDNF Alleviates Neuronal Apoptosis after
SAH

The results of TUNEL staining show a significant
increase in neuronal apoptosis in the SAH group com-
pared to the Sham group. However, in the SAH+CBD-
BDNF group, neuronal apoptosis is significantly reduced
(Fig. 4A,B, p < 0.05). This suggests that CBD-BDNF can
alleviate neuronal apoptosis after SAH. Bax and Bcl-2 are
proteins related to cell apoptosis, with Bax promoting apop-
tosis and Bcl-2 inhibiting it. In the experiment, the ex-
pression of Bax increased in the SAH group while it de-
creased in the SAH+CBD-BDNF group, and the expression
of Bcl-2 decreased in the SAH group while it increased in
the SAH+CBD-BDNF group (Fig. 4C–E, p< 0.01, and p<
0.001). This indicates that CBD-BDNF may alleviate neu-
ronal apoptosis after SAH by regulating the expression of
Bax and Bcl-2. The experimental results show that CBD-
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Fig. 6. Effects of EX527 on inflammation, apoptosis, and animal function. (A–C) Quantitative analysis of IL-1β (A), IL-6 (B),
and IL-18 (C) levels using ELISA assay kits. (D,E) Representative images of TUNEL staining and quantification of TUNEL-positive
cells. (F) Neurological deficit testing on the first day after subarachnoid hemorrhage. (G) Balance beam testing on the first day after
subarachnoid hemorrhage. *p < 0.05, **p < 0.01, n = 3. Scale bar = 100 µm.

BDNF can improve experimental SAH-induced neural in-
flammation and neuronal damage by alleviating neuronal
apoptosis.

The SIRT1 Inhibitor EX527 Reverses the
Neuroprotective Effect of CBD-BDNF

SIRT1 exerts anti-inflammatory and cell-protective
effects through acetylation. In the experiment, the expres-
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sion of SIRT1 significantly increased in the SAH+CBD-
BDNF group, while it decreased in the SAH+CBD-
BDNF+EX527 group. This suggests that CBD-BDNF may
exert its neuroprotective effect by promoting the expression
of SIRT1, and EX527 may reverse this effect. NLRP3 is an
inflammasome-associated protein, and ASC is involved in
inflammasome assembly and activation. The protein ASC
binds to the precursor of caspase-1 to form a multiprotein
complex, which ruptures the cell and releases the contents,
causing an inflammatory response. In addition, the pro-
tein levels of NLRP3, ASC, c-caspase-1, and caspase-1
were significantly downregulated in the SAH+CBD-BDNF
group, while they were upregulated in the SAH+CBD-
BDNF+EX527 group (Fig. 5A–E, p< 0.01). This indicates
that CBD-BDNF may exert its neuroprotective effect by
blocking the NLRP3 inflammasome pathway, and EX527
may reverse this effect. The reversal of the neuroprotective
effect of CBD-BDNF by the SIRT1 inhibitor EX527 may
be mediated through its impact on the expression of SIRT1
and the NLRP3 inflammasome pathway, regulating neural
inflammation and neuronal damage.

The Impact of EX527 on Inflammatory Response,
Cell Apoptosis, and Animal Function

Compared to the SAH group, the levels of the inflam-
matory factors IL-1β, IL-6, and IL-18 were significantly
reduced in the SAH+CBD-BDNF group, while they in-
creased in the SAH+CBD-BDNF+EX527 group (Fig. 6A–
C, p < 0.01). This indicates that CBD-BDNF may sup-
press the inflammatory response by reducing the levels of
inflammatory factors, and EX527 may reverse this effect.
Compared to the SAH group, the number of apoptotic cells
significantly decreased in the SAH+CBD-BDNF group
and increased in the SAH+CBD-BDNF+EX527 group
(Fig. 6D,E, p < 0.01). This suggests that CBD-BDNF
may protect neurons by reducing cell apoptosis, and EX527
may reverse this effect. Neurological function deficit and
beam balance testing assessed neurological function and
spatial memory. The results show that in the SAH+CBD-
BDNF group, the neurological function score and spatial
memory significantly improved, while they decreased in the
SAH+CBD-BDNF+EX527 group (Fig. 6F,G, p< 0.05, and
p < 0.01). This indicates that CBD-BDNF may promote
neural repair by improving neurological function and spa-
tial memory, and EX527 may reverse this effect.

Discussion

Our findings indicate that CBD-BDNF significantly
alleviates post-SAHneuroinflammation. The inflammatory
response is a key driver of neurofunctional impairment and
cell death following SAH [23,24]. Activation of theNLRP3
inflammasome plays a crucial role in this process [11].
Evidence from animal models and clinical studies sug-
gests that the NLRP3 inflammasome is a major contributor

to microglia-mediated inflammatory processes after SAH
[25,26] and activates caspase-1, thereby promoting the mat-
uration and secretion of the inflammatory cytokines IL-1β
and IL-18 following brain injury [27,28]. The aptamer
protein ASC is one of the main components of NLRP3
[26]. Our study demonstrates that in the animal models
treated with CBD-BDNF, the expression levels and activity
of NLRP3 and ASC inflammasome significantly decrease,
accompanied by reduced levels of IL-1β and IL-18, indi-
cating that CBD-BDNF effectively blocks the inflamma-
tory response triggered by SAH. SIRT1, a Nicotinamide
Adenine Dinucleotide (NAD)-dependent deacetylase, is in-
volved in various intracellular processes, including anti-
inflammatory, antioxidant, and cellular metabolic regula-
tion [29–31]. Through deacetylating transcription factors
such as NF-κB, SIRT1 can inhibit the expression of inflam-
matory genes [32]. Interestingly, we previously demon-
strated that SIRT1 inhibits NLRP3 inflammasome signaling
to improve EBI after SAH [33]. In our experiments, CBD-
BDNF treatment increased the activity of SIRT1, reduced
the activity of inflammatory factors, and decreased the ex-
pression of inflammatory cytokines. These results suggest
that CBD-BDNF exerts its anti-inflammatory effects by ac-
tivating SIRT1.

The neuroprotective effects of CBD-BDNF were also
confirmed in our study. BDNF is a crucial neurotrophic
factor for neuronal survival and repair [34,35]. Our exper-
imental results show that post-treatment, CBD-BDNF sig-
nificantly increases the survival rate of damaged neurons
and reduces cell apoptosis. Mechanistically, this may be
due to BDNF activating its receptor TrkB, which further
activates signaling pathways for neuroprotection and cell
survival, such as PI3K/Akt and MAPK/ERK.

This study revealed the potential inhibitory effect of
CBD-BDNF on the NLRP3 inflammasome in an SAH
model, providing a new target for treating inflammatory
neural injury. By demonstrating the ability of CBD-BDNF
to enhance SIRT1 activity, this study provides a new theo-
retical basis and experimental evidence for investigating the
role of SIRT1 in SAH treatment. The study also highlights
the potential of CBD-BDNF in improving post-SAH neu-
rofunction and reducing neuronal damage, laying the foun-
dation for future clinical translational research.

The study has limitations, primarily conducted in an-
imal models. Although the model has been widely ac-
cepted and used, the clinical relevance of the results needs
further validation in human patients. While CBD-BDNF
has shown regulatory effects on NLRP3 inflammasome
and SIRT1, the specific molecular mechanisms and signal-
ing pathways are not fully elucidated, requiring further in-
depth exploration in future research. For example, whether
CBD-BDNF can further activate signaling pathways for
neuroprotection and cell survival such as PI3K/Akt and
MAPK/ERK, needs further investigation. Additionally,
the study did not extensively examine the effects of CBD-
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BDNF at different time points and doses, and future re-
search should assess its dose-response relationship and op-
timal treatment window.

Conclusion

Our study provides new insights into the treatment of
SAH and lays the foundation for further clinical research.
Themultiple mechanisms of action of CBD-BDNF, particu-
larly its potential benefits in inhibiting neural inflammation
and protecting neurons, offer a new direction for the treat-
ment of SAH. Future research should focus on validating
these findings and exploring the potential of CBD-BDNF
in clinical applications.

Availability of Data and Materials

The original contributions presented in the study are
included in the article, further inquiries can be directed to
the corresponding author.

Author Contributions

The idea or design of the study: XSL and YWS. An-
alyzing data and drafting the research paper: YYS and
YHX. Analysis and interpretation of data: SCG and CL.
All authors have involved in drafting or critical revision
of the manuscript. All authors read and approved the fi-
nal manuscript. All authors have participated sufficiently
in the work and agreed to be accountable for all aspects of
the work.

Ethics Approval and Consent to Participate

The experimental procedures used in the mice were
approved by the Ethics Committee of Laoting County Hos-
pital (Approval No.: LT2018-(C57)-01).

Acknowledgment

Not applicable.

Funding

Scientific Research Fund of Hebei Provincial Health
and Family Planning Commission (20191579).

Conflict of Interest

The authors declare no conflict of interest.

References

[1] Hoh BL, Ko NU, Amin-Hanjani S, Chou S-Y, Cruz-Flores S,
Dangayach NS, et al. 2023 Guideline for theManagement of Pa-
tients With Aneurysmal Subarachnoid Hemorrhage: A Guide-
line From the American Heart Association/American Stroke As-
sociation. Stroke. 2023; 54: e314–e370.

[2] Maher M, Schweizer TA, Macdonald RL. Treatment of Sponta-
neous Subarachnoid Hemorrhage: Guidelines and Gaps. Stroke.
2020; 51: 1326–1332.

[3] Chung DY, Abdalkader M, Nguyen TN. Aneurysmal Subarach-
noid Hemorrhage. Neurologic Clinics. 2021; 39: 419–442.

[4] Osgood ML. Aneurysmal Subarachnoid Hemorrhage: Review
of the Pathophysiology and Management Strategies. Current
Neurology and Neuroscience Reports. 2021; 21: 50.

[5] Boling B, Groves TR. Management of Subarachnoid Hemor-
rhage. Critical Care Nurse. 2019; 39: 58–67.

[6] Xu P, Hong Y, Xie Y, Yuan K, Li J, Sun R, et al. TREM-1 Exac-
erbates Neuroinflammatory Injury via NLRP3 Inflammasome-
Mediated Pyroptosis in Experimental Subarachnoid Hemor-
rhage. Translational Stroke Research. 2021; 12: 643–659.

[7] Xia DY, Yuan JL, Jiang XC, Qi M, Lai NS, Wu LY, et al.
SIRT1 Promotes M2Microglia Polarization via Reducing ROS-
Mediated NLRP3 Inflammasome Signaling After Subarachnoid
Hemorrhage. Frontiers in Immunology. 2021; 12: 770744.

[8] Xu B, Zhou Y, Zhang Z, Ma J, Lv K. Serum concentrations
of NLRP3 in relation to functional outcome and delayed cere-
bral ischemia after aneurysmal subarachnoid hemorrhage. Clin-
ica Chimica Acta. 2022; 536: 61–69.

[9] Zhang XS, Lu Y, Li W, Tao T, Wang WH, Gao S, et al. Cere-
broprotection by dioscin after experimental subarachnoid haem-
orrhage via inhibiting NLRP3 inflammasome through SIRT1-
dependent pathway. British Journal of Pharmacology. 2021;
178: 3648–3666.

[10] Hu X, Yan J, Huang L, Araujo C, Peng J, Gao L, et al. INT-
777 attenuates NLRP3-ASC inflammasome-mediated neuroin-
flammation via TGR5/cAMP/PKA signaling pathway after sub-
arachnoid hemorrhage in rats. Brain, Behavior, and Immunity.
2021; 91: 587–600.

[11] Liu C, Yao K, Tian Q, Guo Y,Wang G, He P, et al. CXCR4-BTK
axis mediate pyroptosis and lipid peroxidation in early brain in-
jury after subarachnoid hemorrhage via NLRP3 inflammasome
and NF-κB pathway. Redox Biology. 2023; 68: 102960.

[12] Ding H, Li Y, Wen M, Liu X, Han Y, Zeng H. Elevated intracra-
nial pressure induces IL 1β and IL 18 overproduction via ac-
tivation of the NLRP3 inflammasome in microglia of ischemic
adult rats. International Journal of Molecular Medicine. 2021;
47: 183–194.

[13] Guo Y, Hu Y, Huang Y, Huang L, Kanamaru H, Takemoto Y,
et al. Role of Estrogen-Related Receptor γ and PGC-1α/SIRT3
Pathway in Early Brain Injury After Subarachnoid Hemorrhage.
Neurotherapeutics. 2023; 20: 822–837.

[14] Zhang Z, Liu C, Zhou X, Zhang X. The Critical Role of Sirt1 in
Subarachnoid Hemorrhages: Mechanism and Therapeutic Con-
siderations. Brain Sciences. 2023; 13: 674.

[15] Zhang X, Lu Y,Wu Q, Dai H, LiW, Lv S, et al. Astaxanthin mit-
igates subarachnoid hemorrhage injury primarily by increasing
sirtuin 1 and inhibiting the Toll-like receptor 4 signaling path-
way. FASEB Journal. 2019; 33: 722–737.

[16] Zhao H, Li Y, Chen L, Shen C, Xiao Z, Xu R, et al. HucMSCs-
Derived miR-206-Knockdown Exosomes Contribute to Neuro-
protection in Subarachnoid Hemorrhage Induced Early Brain In-
jury by Targeting BDNF. Neuroscience. 2019; 417: 11–23.

[17] Hasegawa Y, Cheng C, Hayashi K, Takemoto Y, Kim-
Mitsuyama S. Anti-apoptotic effects of BDNF-TrkB signaling in
the treatment of hemorrhagic stroke. Brain Hemorrhages. 2020;
1: 124–132.

[18] Han S, Wang B, Jin W, Xiao Z, Li X, Ding W, et al. The
linear-ordered collagen scaffold-BDNF complex significantly
promotes functional recovery after completely transected spinal
cord injury in canine. Biomaterials. 2015; 41: 89–96.

[19] Liang W, Han Q, Jin W, Xiao Z, Huang J, Ni H, et al. The pro-
motion of neurological recovery in the rat spinal cord crushed

https://www.discovmed.com/


1407

injury model by collagen-binding BDNF. Biomaterials. 2010;
31: 8634–8641.

[20] Lu Y, Jin H, Zhao Y, Li Y, Xu J, Tian J, et al. Impact of Increased
Hemoglobin on Spontaneous Intracerebral Hemorrhage. Neuro-
critical Care. 2022; 36: 395–403.

[21] Yin R, Zhao S, Qiu C. Brain-derived neurotrophic factor fused
with a collagen-binding domain inhibits neuroinflammation and
promotes neurological recovery of traumatic brain injury mice
via TrkB signalling. The Journal of Pharmacy and Pharmacol-
ogy. 2020; 72: 539–550.

[22] Fritz D, Musial MK. Neurological Assessment. Home Health-
care Now. 2016; 34: 16–22.

[23] Wang L, Geng G, Zhu T, Chen W, Li X, Gu J, et al. Progress
in Research on TLR4-Mediated Inflammatory Response Mech-
anisms in Brain Injury after Subarachnoid Hemorrhage. Cells.
2022; 11: 3781.

[24] Bacigaluppi S, Bragazzi NL, Ivaldi F, Benvenuto F, Uccelli A,
Zona G. Systemic Inflammatory Response in Spontaneous Sub-
arachnoid Hemorrhage from Aneurysmal Rupture versus Sub-
arachnoid Hemorrhage of Unknown Origin. Journal of Inflam-
mation Research. 2022; 15: 6329–6342.

[25] Heinz R, Brandenburg S, Nieminen-Kelhä M, Kremenetskaia I,
Boehm-Sturm P, Vajkoczy P, et al. Microglia as target for anti-
inflammatory approaches to prevent secondary brain injury af-
ter subarachnoid hemorrhage (SAH). Journal of Neuroinflam-
mation. 2021; 18: 36.

[26] Xia D, Yuan J, Wu D, Dai H, Zhuang Z. Salvianolic acid B
ameliorates neuroinflammation and neuronal injury via block-
ing NLRP3 inflammasome and promoting SIRT1 in experimen-
tal subarachnoid hemorrhage. Frontiers in Immunology. 2023;
14: 1159958.

[27] Li XJ, Pang C, Peng Z, Zhuang Z, Lu Y, Li W, et al. Di-
hydromyricetin confers cerebroprotection against subarachnoid
hemorrhage via the Nrf2-dependent Prx2 signaling cascade.

Phytomedicine. 2023; 119: 154997.
[28] He W, Hu Z, Zhong Y, Wu C, Li J. The Potential of NLRP3 In-

flammasome as a Therapeutic Target in Neurological Diseases.
Molecular Neurobiology. 2023; 60: 2520–2538.

[29] Chen T, Xu YP, Chen Y, Sun S, Yan ZZ, Wang YH. Arc reg-
ulates brain damage and neuroinflammation via Sirt1 signaling
following subarachnoid hemorrhage. Brain Research Bulletin.
2023; 203: 110780.

[30] Xia DY, Yuan JL, Jiang XC, Qi M, Lai NS, Wu LY, et al.
SIRT1 Promotes M2Microglia Polarization via Reducing ROS-
Mediated NLRP3 Inflammasome Signaling After Subarachnoid
Hemorrhage. Frontiers in Immunology. 2021; 12: 770744.

[31] Liu JQ, Zhao XT, Qin FY, Zhou JW, Ding F, Zhou G, et al.
Isoliquiritigenin mitigates oxidative damage after subarachnoid
hemorrhage in vivo and in vitro by regulating Nrf2-dependent
Signaling Pathway via Targeting of SIRT1. Phytomedicine.
2022; 105: 154262.

[32] Vellimana AK, Aum DJ, Diwan D, Clarke JV, Nelson JW,
Lawrence M, et al. SIRT1 mediates hypoxic preconditioning in-
duced attenuation of neurovascular dysfunction following sub-
arachnoid hemorrhage. Experimental Neurology. 2020; 334:
113484.

[33] Zhang S, Jiang L, HuH,WangH,WangX, Jiang J, et al. Pretreat-
ment of exosomes derived from hUCMSCs with TNF-α amelio-
rates acute liver failure by inhibiting the activation of NLRP3 in
macrophage. Life Sciences. 2020; 246: 117401.

[34] Wu Y, Wang L, Zhan Y, Zhang Z, Chen D, Xiang Y, et al. The
expression of SAH, IL-1β, Hcy, TNF-α and BDNF in coronary
heart disease and its relationship with the severity of coronary
stenosis. BMC Cardiovascular Disorders. 2022; 22: 101.

[35] Chung CL, Wu CH, Huang YH, Wu SC, Chai CY, Tsai HP, et
al. Blocking Hepatoma-Derived Growth Factor Attenuates Va-
sospasm and Neuron Cell Apoptosis in Rats Subjected to Sub-
arachnoid Hemorrhage. Translational Stroke Research. 2022;
13: 300–310.

https://www.discovmed.com/

	Introduction
	Materials and Methods
	SAH Animal Model
	Synthesis of CBD-BDNF
	Neurological Function Deficit Testing
	Beam Balance Testing
	Enzyme-Linked Immunosorbent Assay (ELISA) Quantitative Analysis
	Western Blotting
	TUNEL Staining
	Statistical Analysis

	Results
	CBD-BDNF Improves Functional Outcomes after SAH
	CBD-BDNF Reduces Inflammatory Response
	CBD-BDNF Inhibits the Activation of NLRP3 Inflammasome and Promotes the Expression of SIRT1
	CBD-BDNF Alleviates Neuronal Apoptosis after SAH
	The SIRT1 Inhibitor EX527 Reverses the Neuroprotective Effect of CBD-BDNF
	The Impact of EX527 on Inflammatory Response, Cell Apoptosis, and Animal Function

	Discussion
	Conclusion
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

