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Acupuncture alleviates
hemorrhagic transformation after
delayed rt-PA treatment for acute
iIschemic stroke by regulating the
mitophagy-NLRP3 inflammasome
pathway
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Yangyang Song'?, Wentao Xu'?, Xinchang Zhang'?* and
Guangxia Ni*2*

!College of Acupuncture-Moxibustion and Tuina, Nanjing University of Chinese Medicine, Nanjing,
China, 2Key Laboratory of Acupuncture and Medicine Research of Ministry of Education, Nanjing
University of Chinese Medicine, Nanjing, China, *College of Chinese Medicine, Nanjing University of
Chinese Medicine, Nanjing, China

Background: The clinical application of recombinant tissue plasminogen
activator (rt-PA) is significantly constrained by hemorrhagic transformation
(HT), a common and severe complication following thrombolysis for ischemic
stroke. Notably, the mitochondrial injury-mediated NLRP3 inflammasome plays
a crucial role in HT after delayed rt-PA thrombolysis in acute ischemic stroke.
Although acupuncture has demonstrated antioxidant and anti-inflammatory
effects in acute cerebral infarction, its impact on delayed rt-PA thrombolysis,
especially concerning mitophagy and the NLRP3 inflammasome, remains
unclear. This study investigates how acupuncture protects against HT resulting
from mitochondrial damage and NLRP3 inflammasome activation after delayed
rt-PA thrombolysis in acute cerebral stroke.

Methods: We selected an embolic stroke model in rats and assessed brain injury
after delayed rt-PA in acute ischemic stroke using neurological deficit score,
volume of brain infarct, the permeability assay of the blood—brain barrier (BBB),
and HT. Then, the levels of proteins and mRNA involved in mitophagy and the
NLRP3 inflammasome pathway were measured by western blot and real-time
PCR. The levels of interleukin-18 (IL-18) and interleukin-1p (IL-1p) were assessed
using enzyme-linked immunosorbent assay (ELISA). Morphological changes in
the BBB and mitochondria of neurons were observed via transmission electron
microscopy.

Results: Acupuncture significantly improved neurological deficit scores, volume
of cerebral infarction, BBB destruction, and HT in an embolic stroke model rat.
Furthermore, acupuncture induced mitophagy and substantially downregulated
the activity of the NLRP3 inflammasome. Additionally, the use of mitochondrial
inhibitors significantly reversed the suppressive impact of acupuncture on the
NLRP3 inflammasome.

Conclusion: Acupuncture can promote mitophagy and suppress NLRP3
inflammasome activation to decrease HT after delayed rt-PA therapy for acute
ischemic stroke.
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1 Introduction

Stroke is a leading cause of disability and death in China, with
ischemic stroke being the most common type, representing
approximately 86.8% of all cases (1). Currently, the best treatment for
ischemic stroke is intravenous recombinant tissue fibrinogen activator
(rt-PA). Nevertheless, this approach is constrained by a short time
window (within 4.5 h) (2). Delayed rt-PA thrombolysis may lead to
several severe complications, including hemorrhagic transformation
(HT), cerebral edema, and reperfusion injury, with HT being the most
frequently observed complication (3, 4).

The inflammasome is strongly implicated in the development of
ischemic stroke (5). The Nod-like receptor protein 3 (NLRP3)
inflammasome is a complex multiprotein structure that includes the
NLRP3 receptor, apoptosis-associated speck-like protein containing
the caspase-recruiting domain (ASC), and the precursor form of
Caspase-1 (Pro-caspase-1) (6). The activated NLRP3 complex
eventually triggers the release of interleukin-18 (IL-18) and
interleukin-1p (IL-1f). These cytokines trigger downstream signaling
pathways and initiate inflammatory responses. This process disrupts
tight junction (TJ) proteins, thereby enhancing the permeability of
the blood-brain barrier (BBB) and increasing the incidence of
HT (7, 8).

Mitophagy can selectively eliminate defective or impaired
mitochondria and is a critical mechanism for maintaining the quality
of mitochondria (9). Extensive research has demonstrated that the
Pinkl (PTEN-inducible putative kinase 1)/Parkin (E3 ubiquitin
ligase) pathway constitutes the canonical mitophagy mechanism (10,
11). Upon mitochondrial injury, Pink1 is activated and subsequently
recruits Parkin to the outer membrane (12). Activated Parkin is
identified by P62 (an autophagy junction protein) and facilitates the
transport of mitochondria to autophagic vesicles through its
interaction with the protein LC3, which induces the generation of
mitochondrial autophagic vesicles that ultimately merge with
lysosomes to eliminate damaged mitochondria (9). Meanwhile, some
reports have suggested that mitophagy mediated by Pink1/Parkin is
an essential mechanism for suppressing the activity of the NLRP3
inflammasome (13, 14). Moreover, mitophagy may mitigate brain
damage in ischemic stroke rats via its inhibitory effect on NLRP3
inflammasome activation (15).

Accumulating evidence indicates that acupuncture may
substantially decrease neurological impairment score and cerebral
infarction volume in ischemic stroke rats while also inhibiting NLRP3
and Caspase-1 expression, thereby providing a neuroprotective effect
(16). Meanwhile, acupuncture can protect neurons from damage
through enhancing mitophagy through the Pink1/Parkin-dependent
pathway (17).

Although acupuncture has been demonstrated to exert
neuroprotective effects in cerebral ischemia, its effects on mitophagy
and interactions with NLRP3 inflammasomes remain unknown. This
study examined the potential of acupuncture to mitigate HT following
delayed rt-PA thrombolysis in acute ischemic stroke rats by
modulating the mitophagy-NLRP3 inflammasome pathway.
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2 Materials and methods

2.1 Animals

Male Sprague-Dawley (SD) rats were sourced from Beijing Viton
Lever (SCXK jing 2021-0006) with an average weight of 310 + 20 g.
The rats had unrestricted water and food access. Control appropriate
room temperature and relative humidity. Light and darkness were
alternated every 12 h. The experimental procedures received approval
from the Institutional Animal Care and Use Committee of Nanjing
University of Chinese Medicine (202306A074). At the end of the
experiment, each rat was humanely euthanized via intraperitoneal
injection with a 200 mg/kg dose of sodium pentobarbital solution.

2.2 Creation of the embolic stroke model

Embolic Stroke Modeling Methods were described by Zhang et al.
(18). Rats were anesthetized with isoflurane (5% for induction and 2%
for maintenance). A PE-50 tube is inserted into the donor rat’s femoral
artery to procure arterial blood, which is subsequently maintained in
a petri dish at 37°C for 2 h and at 4°C for 22 h. Transfer the clot to the
PE-10 tube and aspirate and rinse the clot 10-15 times to eliminate
red blood cells. The cleaned clot is gathered in a revised PE-50
catheter. The cervical vessels of rats were exposed after anesthesia. A
modified PE-50 catheter that contained an embolus was inserted
19-22 mm from the external carotid artery to the internal carotid
artery. Upon the catheter tip arriving at the source of the middle
cerebral artery (MCA), it is retracted by 1-2 mm, and the thrombus
is gradually injected into the MCA using 5-10 pL of saline. Extract the
catheter 5 min post-injection. The laser speckle imaging system
(RWD, China) was employed to assess brain blood flow, with
successful occlusion indicated by a marked decrease in perfusion
(Supplementary Figures 1A,B).

2.3 Experimental design and groups

The overall experiment consisted of the first and second
experiments, with the rats randomized into multiple groups in
each experiment.

(1) In the initial trial, rats were randomly allocated into sham,
model, 4.5 h rt-PA, 6 h rt-PA, acupuncture (A) + 4.5 h rt-PA,
and A + 6 h rt-PA groups. At 4.5 h or 6 h following successful
establishment of the embolic stroke model, rats received an
injection of rt-PA via the tail vein (10 mg/kg), as per prior
studies (19, 20).

(2) To ascertain if acupuncture enhances the safety of delayed
rt-PA through the mitophagy-NLRP3
inflammasome conducted the
experimental trial. Rats were randomly allocated into sham,
model, 6 hrt-PA, A + 6 hrt-PA,and A + 6 hrt-PA + mitophagy
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inhibitor (Mdivi-1) groups. At 6 h post-stroke, rats in the
inhibitor group were injected intraperitoneally with Mdivi-1
(2 mg/kg) (21), while the remaining procedures for each group
were consistent with those in the initial experiment.

2.4 Acupuncture treatment

The rats in the A+ 6 h rt-PA and A + 6 h rt-PA + Mdivi-1
groups were treated with acupuncture at 6 h post-stroke. The rats
in the A + 4.5 h rt-PA group were treated with acupuncture at 4.5 h
post-stroke. Acupuncture points were selected as Shuigou (GV26,
situated at the intersection of the superior and middle thirds of the
human median sulcus) and bilateral Neiguan (PC6, positioned on
the anterior forearm, 2 cm above the transverse line of the distal
palmar wrist, between the palmar longus tendon and the radial
carpal flexor tendon). Firstly, the bilateral PC6 acupoints were
pricked straightly at a depth of 3 mm, and then the lift-insertion-
twisting-laxation method was performed for a duration of 1 min;
then the GV26 acupoint was pricked obliquely in the direction of
the nasal septum for 2-3 mm, and then the sparrow-pecking
needling was applied, and stimulation lasted for 1 min. Leave the
needle in place for 30 min.

2.5 Evaluation of neurological performance

Neurological deficits were evaluated using a modified 6-point
scale, with assessments conducted at 2 h and 24 h following stroke
induction (22, 23). The criteria are the following: 0, no notable
functional impairment; 1, flexion of the opposite forelimb; 2,
diminished grip of the opposite forelimb during tail traction; 3,
spontaneous, non-directional motion, exhibiting circling to the
opposite side solely during tail traction; 4, spontaneous circling to the
opposite side; 5, mortality. Neurologic deficit scores were required to
reside between 2 and 4.

2.6 Assessment of infarction volume

24 h post-stroke, the rat brain tissues were immediately excised
and subsequently fast frozen at —20°C refrigerator for 15 min. Frozen
brain tissue was placed in a mold, and eight consecutive coronal brain
slices, each approximately 2 mm thick, were cut 2 mm back from the
frontal pole at equal intervals, followed by incubation with 2% TTC
reagent (Sigma, USA) for approximately 15 min at 37°C in a dark
environment. Normal regions are depicted in red, while ischemic
regions are represented in white. The cerebral infarct volume
percentage was ultimately computed using ImageJ software (version
1.5.4). The formula for calculating the volume of cerebral infarction is
as follows: infarcted brain volume (%) = (total brain volume — stained
brain volume) / total brain volume x 100%.

2.7 Assessment of BBB permeability

The rats were given 2% Evans Blue (EB, Sigma, USA) at a rat weight
of 4 mL/kg via the tail vein for 2 h prior to euthanasia. The rats were
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perfused using saline to remove all EB from the organism. The brain was
extracted from the cut skull, with the right brain soaked in formamide
(1 mL/100 mg), and subsequently, the brain tissue was homogenized.
Water bath at 60°C for 24 h, with subsequent centrifugation at 13000 rpm
for 20 min. The absorbance was determined by measuring the optical
density (OD) at a 620 nm wavelength with a spectrophotometer. The EB
content was calculated using the formula: EB concentration (pg/
mL) x volume of formamide (mL) / mass of brain tissue (g).

2.8 Evaluation of hemorrhagic
transformation

HT following delayed rt-PA thrombolysis was assessed by quantifying
hemoglobin levels in the ischemic brain hemisphere by spectrophotometry
(24). Anesthetized rats underwent fast perfusion with saline, followed by
excision of brain tissue from the ischemic hemisphere. Subsequent to
weighing the tissue, 2 mL of pre-chilled 1 x PBS was included and
homogenized. Utilize a centrifuge to separate and remove the supernatant.
The hemoglobin concentration was tested using the QuantiChrom™
Hemoglobin Assay Kit (Hayward, USA). The OD value was measured
using a microplate reader. The hemoglobin concentration (mg/dL) was
calculated using the formula: (OD of Sample — OD of Blank) / (OD of
Calibrator — OD of Blank) x 100.

2.9 Western blot analysis

Total protein was obtained from the tissue of the cerebral ischemia
penumbra (IP). Protein concentration was calculated using the BCA
Protein Assay Kit (Beyotime, China). The supernatant was combined with
5 x SDS-PAGE protein loading buffer and 1 x PBS to prepare the sample
storage solution. Equal amounts were electrophoresed on an 8-12%
SDS-PAGE gel and transferred to PVDF membranes (Millipore, USA).
The following particular primary antibodies were added to the membrane
after it had been blocked with 5% BSA for 2 h at room temperature and
then incubated for the entire night at 4°C: Pinkl (1:1000, ab186303,
Abcam, UK), Parkin (1:1000, ab77924, Abcam, UK), LC3B (1:2000,
ab192890, Abcam, UK), P62 (1:2000, ab109012, Abcam, UK), COX4I1
(1:1000, ab14744, Abcam, UK), NLRP3 (1:1000, ab263899, Abcam, UK),
Caspase-1 (1:1000, ab286125, Abcam, UK), and ZO-1 (1:2000, 21,773-1-
AP, Proteintech, China). Following three washes, the membrane was
incubated for 1 h at room temperature with HRP-conjugated goat anti-
rabbit (1:10000, RS0001, Immunoway, China) or anti-mouse IgG
(1:10000, RS0002, Immunoway, China). The bands were ultimately
identified using improved chemiluminescence. f-tubulin (1:10000,
30302ES20, Yeasen, China) and GAPDH (1:10000, 10,419-AP,
Proteintech, China) were used as internal controls. Image] software was
used to quantify the grayscale values of the target bands and the internal
reference bands. The ratios of the internal reference bands to the
destination bands were normalized with a sham group mean of 1 to
improve the accuracy and comparability of the data.

2.10 Real-time PCR

Total mRNA was extracted from brain tissue with Trizol and
subsequently reverse transcribed into ¢cDNA following the kit
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instructions (Yeasen, China). SYBR Green Master Mix was used for
real-time PCR. A three-step PCR amplification program was selected:
95°C for 5 min of pre-denaturation, 95°C for 10 s of denaturation,
55°C for 10 s of annealing, and 72°C for 20 s of extension, comprising
a total of 40 cycles. The 222 experiment was performed to statistically
ascertain the levels of mRNA expression. Additionally, A-tubulin was
utilized as an internal reference. The primers utilized are displayed in
Table 1.

2.11 Enzyme-linked immunosorbent assay

IL-18 and IL-1f levels were measured by ELISA. Rat cerebral
cortex tissue was homogenized on ice and centrifuged at 3000 rpm for
20 min at 4°C, followed by extraction of the supernatants. An enzyme
calibrator (Elabscience, China) was used to assess the OD of each well
at 450 nm. The level of the target molecule was measured based on the
standard curve derived from the diluted standards.

2.12 Transmission electron microscopy

The cortex IP area of rats, perfused through the heart, was
sectioned into 3 small cubes measuring 1 mm x 1 mm x 1 mm and
promptly preserved with 2.5% glutaraldehyde for 24 h at 4°C. The slice
thickness was determined to be 60 nm. Subsequently, double staining
was conducted utilizing 3% uranyl acetate and lead citrate. TEM was
used to observe the architecture of the BBB as well as
neuronal mitochondria.

TABLE 1 Primers for real-time PCR.

Sequences (5 103

Pink1 F GAAGCCACCATGCCCACACTG

R CATCTGCTCCCTTTGAGACGACATC
Parkin F CCAACCTCAGACAAGGACACATCAG

R TGGCGGTGGTTACATTGGAAGAC
LC3 F CAAGCCTTCTTCCTCCTGGTGAATG

R AGTGCTGTCCCGAACGTCTCC
P62 F GAAAGAGCGGGTACTGATCCC

R CCATAGCATGGGCCATAAGAG
COX4I1 F TGAGATGAACAAGGGCACCAATGAG

R GCCACCCAGTCACGATCAAAGG
NLRP3 F CTGCTGTGCGTGGGACTGAAG

R AGAACCAATGCGAGATCCTGACAAC
Caspase-1 F AAACACCCACTCGTACACGTCTTG

R AGGTCAACATCAGCTCCGACTCTC
Z0-1 F GCCAAGCCAGTCCATTCTCAGAG

R TCCATAGCATCAGTTTCGGGTTTCC
f-tubulin F CAATGAGGCCTCCTCTCACA

R TGTATAGTGCCCTTTGGCCC
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2.13 Statistical analysis

The data were indicated as mean + standard deviation
(mean + SD). The analysis was performed using GraphPad Prism
version 8.0.2. When the data for each group followed a normal
distribution, the one-way ANOVA was employed for multiple group
analyses. When the data did not meet the criteria for distribution as
normal, a nonparametric test was utilized. Significant differences were

deemed to be p < 0.05.

3 Results

3.1 Acupuncture reduced HT and improved
brain injury caused by delayed rt-PA
thrombolysis after ischemic stroke

We evaluated the efficacy of acupuncture on delayed rt-PA-
induced complications by evaluating HT 24 h post-stroke. The
hemoglobin levels in both the 4.5h and 6 h rt-PA groups
exceeded those of the model group, with a particularly notable
increase in the 6 h rt-PA group beyond the time window.
However, in comparison with the 6 h rt-PA group, the hemoglobin
content was markedly reduced in the A+ 6h rt-PA group
(Figure 1A).

In addition, we assessed the impact of acupuncture on delayed
rt-PA treatment for acute cerebral ischemia by measuring the
neurological impairment score at 2 and 24 h post-stroke, as well as
evaluating the volume of cerebral infarct volume at 24 h after
stroke. The neurologic impairment score was reduced in the
A + 6 h rt-PA group relative to the model and 6 h rt-PA groups at
24 h after stroke (Figure 1B). Compared to the model group, the
volume of cerebral infarction was decreased in the 4.5 h rt-PA
group and increased in the 6 h rt-PA group. However, the volume
of cerebral infarction in the A + 6 h rt-PA group was considerably
reduced relative to the 6 h rt-PA group (Figures 1C,D).

3.2 Acupuncture diminished BBB
permeability and elevated expression of TJ
proteins following delayed rt-PA
thrombolysis after ischemic stroke

To evaluate the permeability of the BBB, we measured the amount
of EB leakage. EB leakage was significantly increased in the model
group in comparison to the sham group and further elevated in the
6 h rt-PA group. However, in contrast to the model group and the 6 h
rt-PA group, EB levels were markedly diminished in the A + 6 h rt-PA
group (Figures 2A,B).

Furthermore, considering the significant function of tight
junctions (TJs) in preserving the integrity of the BBB, we studied
whether acupuncture elevated the expression of ZO-1 in rt-PA-treated
thromboembolic stroke rats. Compared with the sham group, the
protein and mRNA levels of ZO-1 were dramatically reduced in the
model group. Furthermore, these levels were further decreased in the
6h rt-PA group compared to the model group. However, in the
A + 6 h rt-PA group, the protein and mRNA expression of ZO-1 was
distinctly enhanced in contrast to the model and the 6 h rt-PA groups.
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FIGURE 1
Acupuncture reduced HT and improved brain damage. (A) HT in each group (n = 6). (B) 24 h post-stroke Bederson test (n = 12). (C) Photographs of
representative brain sections with TTC staining. (D) Volume of infarcted brain (n = 6). *p < 0.05; **p < 0.01.

In addition, the inhibitor group showed the opposite trend to
acupuncture (Figures 2C-E).

3.3 Acupuncture ameliorated the
disruption of BBB caused by delayed rt-PA
thrombolysis after ischemic stroke

BBB ultrastructural morphology of the sham group was normal,
and the surface of endothelial cells was smooth and intact, continuous
and regular, and the tight junction structure was dense and sturdy. In
comparison with the sham group, endothelial cells in the model group
were swollen, deformed and irregular, with disrupted tight junctions
and loose connections. The swelling and deformation of endothelial
cells in the BBB of the 6 h rt-PA group were further aggravated
compared with that of the model group, and the tight junctions were
broken, and the ultrastructure of the BBB was severely damaged. As
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compared with the 6 h rt-PA group, the ultrastructural disruption of
BBB in the A + 6 h rt-PA group was attenuated, and its endothelial cell
morphology was regular and basically continuous and intact, and the
disruption of tight junctions was significantly reduced. However, the
inhibitor effectively antagonized the effect of acupuncture (Figure 3).

3.4 Acupuncture inhibited overexpression
of NLRP3 inflammasome-related
biomarkers caused by delayed rt-PA
thrombolysis after ischemic stroke

Inflammasome activation is a major contributor to BBB disruption,
and the release of mediators can incite a profound inflammatory response.
The results indicated a substantial increase in the expressions of NLRP3
and mature Caspase-1 in the model and the 6 h rt-PA group in contrast
to the sham group; however, the expression of NLRP3 and mature
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Caspase-1 was significantly lower in the A + 6 h rt-PA group compared
to the model and 6 h rt-PA groups. Meanwhile, the expression of NLRP3
and mature Caspase-1 was again enhanced in the A + 6 h rt-PA + Mdivi-1
group than in the A + 6 h rt-PA group (Figures 4A-F). Furthermore, the
results for IL-18 and IL-1p showed approximately the same trend
(Figures 4G,H).

3.5 Acupuncture enhanced the level of
mitophagy following delayed rt-PA
thrombolysis after ischemic stroke

The levels of mitophagy were evaluated using western blot and
real-time PCR. Compared to the sham group, the levels of Pinkl,
Parkin, and LC3 protein and mRNA were significantly elevated in both
the model and 6 h rt-PA groups. Furthermore, these levels were further
increased in the A + 6 h rt-PA group compared to the model and 6 h
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rt-PA groups. However, there was a decreasing trend in the levels of
Pink1, Parkin, LC3 protein and mRNA in the A + 6 h rt-PA + Mdivi-1
group relative to the A +6h rt-PA group (Figures 5A-D, H-J).
Furthermore, P62 expression was markedly diminished in both the
model and 6h rt-PA groups compared to the sham group. P62
expression was further diminished in the A+6h rt-PA group.
However, the P62 expression in the A + 6 h rt-PA + Mdivi-1 group was
opposite to that in the A + 6 h rt-PA group (Figures 5E,K).

As a mitochondrial intima protein, COX4I1 can effectively reflect
mitochondrial damage after acute cerebral infarction. The expression of
COX4I1 was increased in the model and 6 h rt-PA groups compared to
the sham group and was higher in the 6 h rt-PA group with a significant
difference in the model group. While the expression of COX4I1
decreased in the A + 6 h rt-PA group compared with the model and 6 h
rt-PA groups. It was also observed that the COX4I1 expression level in
the A + 6 hrt-PA + Mdivi-1 group was again enhanced compared with
that in the A + 6 h rt-PA group (Figures 5F-G,L).
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3.6 Acupuncture alleviated mitochondrial
morphology disruption of neurons
following delayed rt-PA thrombolysis after
ischemic stroke

We used TEM to examine the morphological alterations of the
mitochondria in the neurons of each group. The mitochondrial
structure of the sham group was normal, with a clear double-
layered membrane and mitochondrial cristae. Compared with the
sham group, the mitochondrial structure of the model group was
damaged, the double-layered membrane structure was unclear or
even disappeared, and the mitochondrial cristae were broken. In
comparison with the model group, the mitochondrial cristae of the
6 h rt-PA group were broken or even completely disappeared, the
mitochondria were swollen into vacuoles and a small number of
mitochondrial autophagic vesicles could be seen. However, relative
to the 6 h rt-PA group, the mitochondria in the A + 6 h rt-PA
group were less disrupted, the bilayer membrane structure and
cristae were clear and intact, and a greater number of
mitochondrial autophagosomes were seen. The mitochondrial
structure of the A + 6 h rt-PA + Mdivi-1 group was still disrupted,
the cristae integrity was missing and the bilayer membrane
structure was blurred when compared with the A + 6 h rt-PA
group (Figure 6).
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4 Discussion

In this study, first we verified that acupuncture can enhance
neurological deficit scores and decrease the brain infarct volume and
BBB permeability after delayed rt-PA thrombolysis in rats with acute
ischemic stroke, which in turn attenuates the risk of post-thrombolytic
HT and exerts a cerebral protective effect. Subsequently, we focused
on exploring the intrinsic mechanisms of acupuncture exerting
cerebral protective effects, that is, whether acupuncture has an effect
on mitophagy or NLRP3 inflammasome and what correlation exists
between the both of them. The results suggested that acupuncture
could alleviate HT after delayed rt-PA therapy for acute cerebral
ischemia through a pathway that promotes mitophagy and suppresses
the activity of the NLRP3 inflammasome, improving the safety of
delayed rt-PA thrombolysis (Figure 7).

Acupuncture is an important component of traditional Chinese
medicine and has long been used in the treatment of stroke (25).
Xingnao Kaigiao (XNKQ) acupuncture was founded by Prof. Xuemin
Shi, and is highly effective in the treatment of stroke, especially
ischemic stroke (26). GV26 and PC6 are the main acupoints for
XNKQ acupuncture. GV26 is located in the governor vessel, one of
the key points for first aid, which can diastole cerebral blood vessels,
improve collateral circulation, increase cerebral blood supply, and can
effectively improve neurological function. PC6 is associated with the
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heart by traveling up the hand syncopal pericardium meridian, which
can improve the cardiac output of stroke patients and increase the
blood supply to the brain (27). It has been shown that XNKQ
acupuncture is safe and effective in the treatment of acute ischemic
stroke (28). Consequently, the GV26 and PC6 acupoints were chosen
for acupuncture for acute ischemic stroke.

Mitochondria possess a distinctive double membrane structure
and exhibit differential permeability between the interior and exterior
membranes, resulting in a trans-mitochondrial membrane potential
essential for appropriate mitochondrial function (29). If the
mitochondria are exposed to external stimuli, such as the occurrence
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of acute stroke, a series of unbalanced reactions occurs, and if
peroxidation is increased in vivo and exceeds the body’s antioxidant
capacity, oxidative stress will arise (30). Under ischemic and hypoxic
conditions, brain tissue experiences a reduction in mitochondrial
metabolism and ATP synthesis. Meanwhile, the electron transport
chain of mitochondria is also destroyed. During the reperfusion
phase, impaired mitochondria can generate excess reactive oxygen
species (ROS) from a variety of sources, mainly from ETCs (31). If the
excess mitochondrial ROS cannot be removed in time, it will cause
changes in mitochondrial membrane permeability and structural
damage, which ultimately leads to mitochondrial dysfunction (32).

frontiersin.org


https://doi.org/10.3389/fneur.2025.1533092
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

10.3389/fneur.2025.1533092

Jiang et al.
A B s
. -1 ok
= P e 1 1 |
1 [ 1 [ | 1
Parkin [ S0 o1 : 5]
[ 2 &
Lo D f - :
LC3 1| ¥ 14kDa 3 Q
2 ad =2
P62 S w w o wew 2kDa £ 4 £ 17
I3 w .
N N 0- 0- T
SRS
& F I N
TR F & FFE s & & &
¥oQY & o 8§ & N
2 b ™ hod
& " 3 Véﬂ
D had X F X0
1.5 v
3- * o
1 T — — . > aun |
24 =)

s : i ] 01
3 g 0.5 S O ¢ &
14 95 ¥ &SRS

TS e D
QY’
&
0- 0.0- Yz(‘o
S \ad oD & Q \ad AadS
& S S 3 & & S Q) < R
& & B S : 5
T8 Y TS
voosv L
& &
G ¥ H & 1
Kk
5_ * 4_ ok 3— * * ek
sk Hk sk % ok I *x I *% | = [ 1 [ [
4 [ T ] 1 1 3 f I By Z
= 3] o
2 3- H 3
: 2 <
I 2 é
2 2
S E :
© 4 2 17 £
& £
0- 0- T
F F ¥ & P oo
¥ ¢ & ©§ ¥ o & &S
RN DTS S
¥oosv voogv
& &
A <
J x K L
* Ak
2.5 =
T 1 I I} l 1.5+ .
§ 2.0 ] — ——r— g
£ 154 £ 1.0 kS
H 3 3
< 2
Z 1.0 b &
E % 0.5 =
G 0.5 g 5
- £ =)
]
0.0- T 0.0-
£ @ X I .
¥ & "l &
2 & @é @s‘ p &
b4 g?’
&
Y~
FIGURE 5
Comparison of mitophagy-related protein and mRNA expression in rats of various groups. (A,F) Western blot bands of mitophagy-related proteins in
each group of rats; (B—E,G) Pink1, Parkin, LC3, P62, COX4l1 protein expression quantitative statistics (n = 3); (H-L) Pinkl, Parkin, LC3, P62, COX4I1
mMRNA expression quantitative statistics (n = 6). *p < 0.05; **p < 0.01.

Frontiers in Neurology

09 frontiersin.org


https://doi.org/10.3389/fneur.2025.1533092
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Jiang et al.

10.3389/fneur.2025.1533092

[opout

FIGURE 6

[-IAIPIAHV-H U9+V

Ultrastructural TEM results of neuronal mitochondria. Scale bar at low magnification = 5 pm, scale bar at high magnification = 500 nm. Black arrows
denote mitochondria; white arrows signify autophagosomes of mitochondria.

Thus, timely removal of dysfunctional mitochondria from the cell is
of critical importance to ensure mitochondrial quality and maintain
cellular homeostasis. Mitophagy could selectively remove incomplete
or damaged mitochondria to preserve the functional integrity of that
network of mitochondria (33). It has been shown that the ubiquitin-
mediated pathway is an important pathway for mitophagy-inducing
signaling and that the Pink1/Parkin pathway is the predominant form
(31, 34). Pink1 is a mitochondrial serine/threonine kinase encoded by
a nucleic acid that can mediate substrate ubiquitination (35). Pink1 is
produced in the cytoplasm and transported to the interior of the
mitochondria via outer and inner mitochondrial membrane
transporter enzymes before being degraded by matrix proteolytic
enzymes (36). Once mitochondria are destroyed, the structure of the
bilayer membrane is altered, and depolarization occurs due to changes
in membrane permeability and membrane potential, Pinkl is
incapable of entering the mitochondrial matrix and accomplishing
protein degradation normally from the exterior membrane via the
membrane gap. As a result, Pinkl accumulates in large amounts and
is activated by phosphorylation. Parkin is an E3 ubiquitin ligase
encoded by the PARK2 gene (37, 38). At this point, phosphorylation-
activated Pinkl couples Parkin to the mitochondrial external
membrane and promotes its activity (39, 40). Activated Parkin
ubiquitinates several proteins of the mitochondrial outer membrane

Frontiers in Neurology

and forms ubiquitin chains to activate the ubiquitin protease system,
thereby initiating mitophagy by recruiting the autophagy marker LC3
to the mitochondria (41). Furthermore, the autophagy junction
protein P62/SQSTMI recognizes Parkin and the ubiquitin chains
formed by its ubiquitinated proteins and binds specifically to LC3 on
the membrane surface of the autophagosome. The autophagosome
membrane envelops mitochondria to form mitochondrial
autophagosomes and fuses with lysosomes to form mitochondrial
autophagy lysosomes, which ultimately remove damaged
mitochondria (9). This experiment showed that the levels of
mitophagy proteins and mRNA expression levels, such as Pink1, were
markedly elevated, while the expression level of P62 showed a
decreasing tendency after delayed rt-PA thrombolysis combined with
acupuncture intervention in rats with a cerebral infarction model.
Additionally, the use of mitophagy inhibitors tended to reverse these
observed trends. Furthermore, the ultrastructure of neuronal
mitochondria showed that after acupuncture intervention was given
on the basis of delayed rt-PA thrombolysis, mitochondrial disruption
was attenuated, with clear and intact bilayer membrane structure and
cristae, without swelling, deformation, and vacuoles, and more
mitochondrial autophagosomes appeared. These results collectively
suggest that acupuncture could increase mitochondrial autophagic

activity in neurons of a thromboembolic rat model. It has also been
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noted that administration of a mitophagy inhibitor intervention
reversed the protective effects of treatment, aligning with the findings
of the current study (42).

The inflammasome is pivotal in the process of brain ischemia
damage, which has attracted considerable interest (43-45). Recent
years have witnessed an increase in investigations into the NLRP3
inflammasome, the importance of which cannot be overstated (45,
46). The evidence suggests that mitochondria have a tight relationship
with the inflammasome (47). The mitochondrial injury generates a
large amount of ROS into the cytosol, which induces the activation of
the NLRP3 inflammasome (48). The NLRP3 inflammasome further
exacerbates the inflammatory response by forming active IL-18 and
IL-1p through a series of processes and releasing them extracellularly
(49). Some studies implicate that the activated NLRP3 inflammasome
and its subsequent inflammatory mediators have a role in cerebral
ischemia damage (50-52). Pinkl/Parkin mitophagy is a critical
pathway for the inhibition of the NLRP3 inflammasome (53). Current
work has examined the impact of acupuncture-induced mitophagy on
the NLRP3 inflammasome and its associated inflammatory mediators
during ischemic brain injury. The study results showed acupuncture
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could decrease the level of NLRP3 and its downstream factors, which
indicated that acupuncture could effectively suppress the NLRP3
inflammasome activity. In parallel, it was confirmed that melatonin
upregulated mitophagy, and NLRP3 inflammasome activation was
effectively suppressed (54). This aligns with the findings of the
current investigation.

The European Cooperative Acute Stroke Study (ECASS)-II
categorized HT into hemorrhagic infarcts (HI) and parenchymal
hematomas (PH) (55). Recent epidemiological data showed that
the incidence of HT was 17.8% in patients treated with intravenous
thrombolysis (56). Substantial evidence demonstrated a robust
association between the risk of HT and several factors,
predominantly including delayed thrombolysis-reperfusion
therapy, higher National Institutes of Health Stroke Scale (NIHSS),
atrial fibrillation, hypertension, moderate-to-severe cerebral
leukoaraiosis, and large cerebral infarcts (57, 58). Furthermore,
patients with elevated blood glucose levels are also related to an
exacerbated risk of HT (59). Among these factors, delayed rt-PA
thrombolysis (after 4.5 h of stroke onset) is a significant cause of
an increased risk of HT (60). Studies have identified that
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impairment of the BBB integrity plays an essential role in HT
pathological changes (61). In fact, the integrity and permeability
of the BBB are slightly disturbed shortly after the beginning of an
ischemic stroke (62). And delayed rt-PA treatment following a
stroke exacerbates BBB damage and elevates the likelihood of HT
(63). Considerable studies support that the NLRP3 inflammasome
is active in ischemic stroke (64, 65), inducing an inflammatory
response that may be linked to BBB disruption (66). Inflammatory
infiltration leads to structural disruption and dysfunction of the
BBB, TJ proteins are no longer dense, and gaps are enlarged,
which expands the BBB’s permeability (67). This causes the entry
of peripheral inflammatory substances into the cerebral tissue,
further amplifying the inflammatory response. What’s more, when
delayed rt-PA thrombolysis is used, it will aggravate the
inflammatory response, exacerbate BBB destruction, and heighten
the likelihood of HT. Consequently, inhibiting NLRP3
inflammasome activity has become a viable therapeutic approach
for thrombolysis in acute cerebral infarction. In the current work,
following 6 h of thrombolysis combined with acupuncture
intervention, the level of ZO-1 protein and mRNA considerably
increased; however, the mitochondrial inhibitor reversed the
effect of acupuncture. We also observed the ultrastructural
changes of the BBB using TEM, and acupuncture could attenuate
the ultrastructural destruction of the BBB as well as improve the
continuity and integrity of its morphology.

Currently, only 5.64% of ischemic stroke patients in China
receive rt-PA thrombolysis due to the limited 4.5 h time window
for rt-PA thrombolysis in cerebral infarction and complications
such as severe HT (68). Past investigations have evidenced that
selecting patients to start treatment between 4.5-6 h based on
simple indicators such as the modified Rankin score (mRS) fails
to provide a population in which the effects of rt-PA are safe and
effective (69). However, our previous study showed that
acupuncture could extend the time window for thrombolysis in
embolic model rats to 6 h (27). This current study further
validated that acupuncture could effectively reduce HT following
intravenous rt-PA thrombolysis in embolic model rats beyond
the time window, thereby enhancing the safety of thrombolysis.
A prospective cohort study suggested that acupuncture not only
reduces the incidence of HT in patients with rt-PA intravenous
thrombolysis for cerebral infarction within the time window, but
also exerts a positive effect on decreasing the disability rate of
the patients and improving the ability of daily life (70). More
patients will benefit if the results of the basic study of
acupuncture to reduce HT in thrombolysis outside the time
window are applied to clinical practice. Future research should
focus on elucidating the detailed mechanisms and optimizing the
timing and application of acupuncture in the treatment of
ischemic stroke.

5 Conclusion

In conclusion, the study concluded that acupuncture could
enhance Pinkl/Parkin-mediated mitophagy and suppress the NLRP3
inflammasome activity, thereby reducing HT after delayed rt-PA
treatment in acute embolic stroke. We expect that this finding could

Frontiers in Neurology

12

10.3389/fneur.2025.1533092

contribute to reliable theoretical support for clinical thrombolysis for
acute cerebral ischemia.
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