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ARTICLE INFO ABSTRACT

Keywords: Background: Alizarin (AZ) is a natural anthraquinone with anti-inflammatory and moderate antioxidant

Oxidative stress properties.

Alizarin . Purpose: In this study, we characterized the role of AZ in a rat model of vascular dementia (VaD) and explored its

Vascular dementia underlying mechanisms.

TRPM2 . . . .

Smurf2 Methods: VaD was induced by bilateral common carotid artery occlusion.

Ubiquitination Results: We found that AZ attenuated oxidative stress and improved mitochondrial structure and function in VaD
rats, which led to the improvement of their learning and memory function. Mechanistically, AZ reduced transient
receptor potential melastatin 2 (TRPM2) expression and activation of the Janus-kinase and signal transducer
activator of transcription (JAK-STAT) pathway in VaD rats. In particular, the reduction in the expression of
TRPM2 channels was the key to the attenuation of the oxidative stress-induced mitochondrial damage, which
may be achieved by increasing the expression of the E3 ubiquitin ligase, Smad-ubiquitination regulatory factor 2
(Smurf2); thereby increasing the ubiquitination and degradation levels of TRPM2.

Conclusion: Our results suggest that AZ is an effective candidate drug for ameliorating VaD and provide new
insights into the current clinical treatment of VaD.

Introduction VaD a serious public health problem (Romay et al., 2019). Despite

ongoing research into pharmacologic and non-pharmacologic treat-

Vascular dementia (VaD) is a degenerative cerebrovascular disease
with progressive cognitive decline and impaired functional autonomy
caused by cerebrovascular disease or cardiovascular pathology (Yang
et al., 2022). VaD is considered the second most common type of senile
dementia after Alzheimer’s disease (Kalaria, 2018) . The increasing
aging population and surge in cardiometabolic risk factors have made

ments (Bordet et al., 2017), to date no approved symptomatic treat-
ments are available for VaD (Erkinjuntti et al., 2004; O’Brien and
Thomas, 2015), and the efficacy of existing symptomatic therapies is not
satisfactory (Korczyn et al., 2012). Therefore, understanding the path-
ogenesis of VaD and developing methods for its prevention and treat-
ment are top clinical priorities.

Abbreviations: AZ, Alizarin; VaD, vascular dementia; TRPM2, transient receptor potential melastatin 2; JAK/STAT, the Janus-kinase and signal transducer
activator of transcription; ROS, reactive oxygen species; TNFa, tumor necrosis factor alpha; SD, Sprague-Dawley; 2VO, 2-vessel occlusion; MWM, Morris water maze;
H&E, hematoxylin and eosin; DHE, dihydroethidium; mNGF, mouse nerve growth factor; SD, standard deviation; ANOVA, analysis of variance; GSH, reduced
glutathione; MDA, malondialdehyde; SOD, superoxide dismutase; NOX, NADPH oxidase; Drpl, dynamin-related protein 1; FIS1, fission protein 1; Smurf2, Smad-
ubiquitination regulatory factor 2; PI3-K, phosphatidylinositol 3-kinase; ERK1/2, extracellular signal-regulated kinase; NO, nitric oxide.
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Mitochondrial damage owing to cellular energy depletion and
oxidative stress is associated with cognitive dysfunction and VaD
(Fivenson et al., 2017; Lanza et al., 2018). Oxidative stress is a key
feature of cerebral ischemic diseases, and oxidative stress and micro-
vascular inflammation play important roles in VaD pathogenesis (Yang
and Zhang, 2021). Following vascular injury-induced cerebral ischemia,
alterations in circulating glucose levels raise reactive oxygen species
(ROS) levels, which promote oxidative stress (Warren et al., 2014).
Elevated ROS levels exacerbate vascular endothelial damage and
dysfunction (Chrissobolis et al., 2012; Gray and Jandeleit-Dahm, 2015).
Thus, an ROS imbalance is directly related to the development of de-
mentia (Bennett et al., 2009). Consistent with this, brains with vascular
injury have high levels of free radicals. Cerebral hypoperfusion is also
associated with mitochondrial dysfunction and bioenergetic failure,
which are recognized as early signs of neurodegenerative disorders, such
as VaD (Esteras et al., 2016). For example, tight junction production is
highly dependent on mitochondrial metabolism, and a dysfunctional
neurovascular unit predisposes neuronal dysfunction and apoptosis
(Parodi-Rullan et al., 2019). Metabolism and ROS production in the
mitochondria are tightly interconnected, such that failure of the electron
transport chain and oxidative phosphorylation leads to excessive mito-
chondrial ROS production. High and sustained ROS levels impair
mitochondrial function and promote hypoxia and cell death (Venkat
et al., 2015). A tumor necrosis factor alpha (TNFa) antagonist has been
reported to partially restore neurovascular function, suggesting that
targeting oxidative stress and inflammation may be a promising strategy
for the treatment of VaD (Finger et al., 2022).

Alizarin (AZ) (1,2-dihydroxyanthraquinone) is the most active
anthraquinone isolated from the roots of alizarin (Xu et al., 2020) in its
glycosidic form, possesses a wide range of biological effects, and has
recently gained much attention. On the one hand, anthraquinones are
molecules with a moderate antioxidant capacity (Cai et al., 2006). AZ
inhibits the proliferation of osteosarcoma and breast cancer cells by
inhibiting the phosphorylation of extracellular signal-regulated kinases
(ERK) (Fotia et al., 2012). In vivo and in vitro experiments indicated the
capacity of AZ to act as a scavenger of free radicals (Cai et al., 2006;
Jeremic et al., 2018). On the other hand, anthraquinone compounds
have a variety of pharmacological activities, including
anti-inflammatory, antimicrobial, anticancer, ameliorating lipid meta-
bolism abnormalities, and antiplatelet activities (Cai et al., 2006;
Fuentes et al., 2018; Nam et al., 2017). AZ has been used to treat various
diseases, including Alzheimer’s disease, diabetes, cancer, acne, inflam-
mation, allergies, small bowel colitis, and bacterial and viral infections
(Cai et al., 2004). Other reported applications include immunomodu-
lator, analgesic, diuretic, gastroprotector, hepatoprotector, and neph-
roprotector (Cai et al., 2004). A recent study by our group found that AZ
improved cardiac dysfunction and attenuated myocardial injury in
diabetic cardiomyopathy rats by reducing oxidative stress and control-
ling blood glucose level (Zhu et al., 2023). Despite attempts to use AZ in
Alzheimer’s, its neuroprotective effects have not been fully recognized,
which may be related to the fact that anthraquinone compounds effec-
tively inhibit amyloid aggregation (Convertino et al., 2009). However,
the effect of AZ on VabD has rarely been reported.

The transient receptor potential melastatin 2 (TRPM2) is a voltage-
independent, Caz+—permeable nonselective cation channel that is high-
ly sensitive to oxidative stress (Malko and Jiang, 2020) and is activated
by oxidants, such as hydrogen peroxide. Activated TRPM2 induces a
sustained increase in intracellular calcium-free ion concentration
([Ca®*1i) and activates the inflammatory response (Alves-Lopes et al.,
2020; Li and Jiang, 2019), eventually inducing cell death (Ramsey et al.,
2006). TRPM2 is widely expressed in the central nervous system (Bai
and Lipski, 2010) and is involved in the pathogenesis of neurodegen-
erative diseases (Xie et al., 2010), cardiovascular diseases (Zielinska
et al., 2021), and various cancers (Miller, 2019). TRPM2 channels may
be central to the integration of oxidative stress, calcium dysregulation,
and mitochondrial dysfunction (Freestone et al., 2009). Previous studies
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by our group found that reduced TRPM2 is associated with improved
cognitive function in rats with vascular dementia (Qiu et al., 2021; Yin
et al., 2022).

The present experimental study aimed to determine whether AZ is
effective in improving cognitive function in VaD rats by attenuating
oxidative stress-induced mitochondrial damage via TRPM2 and to
elucidate the specific mechanism.

Materials and methods
Major reagent

AZ (>99 % purity) was purchased from Lanabai Pharmaceutical &
Chemical Co., Ltd. (wuhan, China). The chemical structure of AZ was
shown in the supplementary Fig.S1. Mouse Nerve Growth Factor
(mNGF) for injection was obtained from Sinobioway Biomedicine Co.,
Ltd. (production batch number: 20,190,702). Dihydroethidium (DHE)
fluorescent probe kit was purchased from Abcam. MG132 was pur-
chased from MCE (Cat. No.: HY-13,259).

The following primary antibodies were used: TRPM2 (ab11168,
abcam), Smurf2(#12,024) and p-STAT2 (Tyr690, #88,410) are from
Cell Signaling Technology; JAK1(Cat No: 66,466-1-Ig), Drpl(Cat No:
12,957-1-AP), FIS1(Cat No: 10,956-1-AP), VDAC1(Cat No: 55,259-1-
AP), NOX2(Cat No: 19,013-1-AP), NOX4(Cat No: 14,347-1-AP) are
from Proteintech (Wuhan, China), FLAG and GAPDH (Sigma); HA and
Myec (Santa Cruz).

Animals and experimental designs

Male Sprague-Dawley (SD) rats (180 + 20 g) and C57BL/6 J (TRPM2
wild-type,TRPMZJr/ *, 25 + 5 g) mice were purchased from the Experi-
mental Animal Center of Zhengzhou University (Henan, China, license
number: SYXK-Yu-2014-0005). TRPM2 knockout mice (TRPM2 /") (8
weeks, 25 + 5 g) were provided by Professor Jiang Lin-Hua. All animals
were housed in cages with room temperature of 22 °C —24 °Cwitha12h
light/dark cycle. Food and water were provided ad libitum. The animal
experiments in this study were approved by the Animal Care Committee
of Xinxiang Medical University (No:XYLL-2022YY857, fourth
Nov.,2022) . Animals were handled in accordance with the National
Institutes of Health guide for the care and use of laboratory animals (NIH
Publications No 8023, revised 1978).

After one week of acclimatization feeding, rats were randomly
divided into eight groups: (a) Control group (Con) , (b) AZ (25 mg kg’l/
day)group, (c) VaD group, (d) VaD + AZ (1) (2.5 mg kg'l/day) group, (e)
VaD + AZ (M) (8 mg kg /day) group, (f) VaD + AZ (H) (25 mg kg™ /day)
group, (g) VaD + mNGF (2 pg/kg/day) group, (h) VaD + AZ (25 mg kg~
!/day)+ mNGF (2 pg/kg/day) group (n = 8 each group) . The first two
groups of rats were fed with conventional chow, and the latter six groups
were treated with bilateral common carotid artery occlusion (2-vessel
occlusion,2VO) to establish vascular dementia model. After 4 weeks,
neurological function tests and water maze experiments were performed
to determine whether the modeling was successful. After the VaD model
was successfully established, AZ or mNGF was given for treatment for 4
weeks (AZ by gavage and mNGF by intraperitoneal injection). Animals
were sacrificed after behavior test and the hippocampal tissues of ani-
mals were separated for morphological analysis. The dosage and route of
administration of AZ were referred to our previous study (Zhu et al.,
2023) and experiments with different doses were done.

In addition, TRPM2"/* and TRPM2~ “mice were randomly divided
into two groups respectively (n = 10, per group): TRPM2*/*4+2V0
group, TRPM2/*4+2V0 +AZ group and TRPM2/~ +2VO group,
TRPM2 /™ +2VO +AZ group (40 mg kg'/day, gavage for 4 weeks). The
TRPM2+/* and TRPM2 ™/~ group mice were fed with daily feeding.
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VaD model induction

The VaD model was performed using 2VO according to the protocol
described previously (Qiu et al., 2021; Yin et al., 2022). Briefly, rats
(mouse) were fasted for 12 h before surgery and anesthetized by intra-
peritoneal injection of sodium pentobarbital 60 mg kg™ (30 mg kg™! for
mouse) . Bilateral common carotid arteries were ligated with 5-0 silk
thread. Postoperative penicillin was injected intramuscularly for 3 days
to prevent infection.

Morris water maze (MWM) test

As mentioned earlier, the Morris water maze test (MWM) is used for
behavioral assessment of learning and memory (Qiu et al., 2021; Yin
et al., 2022). Briefly, the experiment consisted of two phases: training
phase and probe test phase. The first 6 days were the training phase,
which was conducted twice a day at 20-min intervals. The rats were
gently placed into the water in the order of east, west, south and north,
with their heads facing the side wall of the maze. The swimming path of
the rats was monitored by a video camera connected to a computer via
an image analyzer (Columbus Instruments, USA), and the delay time and
path length of the escape to the hidden platform were recorded. Rats
were given up to 60 s to find the hidden platform. If the rat failed to find
the platform within 60 s, the training was terminated and the rat was
then guided to the hidden platform for 10 s (Li et al., 2017). The probe
test was performed the day after the training phase and the hidden
platform was removed. The rats were allowed to swim freely in the pool
for 60 s. The rats’ swimming trajectories were recorded and the swim-
ming distance, time and speed were analyzed as the assessment of
spatial memory.

HE staining

Rats were euthanized by intraperitoneal injection of pentobarbital
sodium (~300 mg kg™') and then perfused with PBS and 4 % para-
formaldehyde. The entire brain was excised and fixed in 4 % para-
formaldehyde for 24-48 h. Brain segments of the hippocampus were
removed and paraffin-embedded after dehydration. Sections of 4-pm
thick were cut using a microtome (Leica RM2135, Nussloch, Germany)
and stained with hematoxylin and eosin. Images were captured with
digital pathology slide scanner (3DHISTECH, Pannoramic SCAN, EU).

Golgi staining

Golgi staining was performed according to the protocol described
previously (Qiu et al., 2021). Breifly, hippocampal tissues were cut into
80 pm thick slices at - 20 ~ - 22 °C using a cryosectioner. The sections
were stained with Golgi staining kit (Hito Golgi-Cox Optimstain Kkit,
Hitobiotec, USA) according to the instructions. The sections were sealed
with neutral gum and then dried at room temperature. The number of
dendritic spines and morphology of neurons were observed.

Electron microscope quantitative analysis

The ultrastructure and morphology of neuron mitochondria were
observed by electron microscope. Briefly, hippocampus-containing
brain tissue was cut into 1-mm-thick pieces and immediately fixed
with 2.5 % glutaraldehyde. The ultrathin sections were then examined
and imaged using a JEM-1400plus transmission electron microscope
(Japan Electro-Optical Laboratories, Inc., Tokyo). Thirty cell fields were
taken from each group of specimens, and mitochondria and nuclei were
tracked separately for each image using a cursor. The mitochondrial
area and aspect ratio (the ratio of length/width) were quantified by
ImageJ. Based on their volume ratios in 3D space, the corresponding
secondary parameters such as volume density (Vv), shape factor (PE),
mean area (S) and mean perimeter (1) were calculated.
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Detection of mitochondrial membrane potential

Mitochondrial membrane potential was detected using the Mito-
chondrial Membrane Potential Assay Kit (Beyotime). JC-1 dye was
added to the sections and the sections were visualized at the end of the
incubation. Samples were evaluated using Image-Pro Plus 7 software
(Media Cybernetics Inc., Rockville, MD, USA).

Detection of ROS by DHE STAining

DHE staining was used to detect ROS. Briefly, sections were incu-
bated with 5 pM DHE for 1 hour at room temperature, and a digital
HISTECH (3D HISTECH, Pannoramic SCAN, EU) was used for photog-
raphy and quantification.

Primary hippocampal neuron culture and treatment

Primary hippocampal neuron culture preparation was processed as
described previously (Qiu et al., 2021). In brief, the hippocampus was
dissected from a fetal rat, washed in Hank’s buffered saline and gently
minced. Digestion of the hippocampus with 0.25 % trypsin (Invitrogen)
until the final concentration of trypsin was 0.125 %, then the digestion
was terminated. The dissociated cell suspension was inoculated into
polylysine-coated cell culture plates or dishes for culture. After cell
sedimentation, neurons were maintained in a humidified incubator at 37
°C and 5 % CO; atmosphere with neuronal medium. Neuronal damage
was induced with HoO2 (200 pM, 12 h).

When the concentration of AZ was in the range of 5-20 pM, the
survival rate of primary neuronal cells were higher than 95 %, which
could be regarded as no significant cytotoxicity; therefore, the dosage of
AZ used was 20 pM.

siRNA-mediated Gene silencing

The siRNA constructs targeting rat TRPM2 gene was obtained from
GenePharma (Shanghai, China). A universal non-targeting sequence was
used as control siRNA. Transfection of siRNA was carried out using
Lipofectamine 3000 reagent (Thermo Fisher), according to the manu-
facturer’s instructions. Briefly, siRNA and Lipofectamine™ 3000 re-
agents were mixed in Opti-MEM medium (Invitrogen) and incubated for
30 min at room temperature to allow the complex formation. The siRNA
was used at a final concentration of 0.1-0.5 pM 6 h after transfection,
cells were washed and changed to fresh medium and further cultured for
2 days before subsequent experimentations.

Immunofluorescence and confocal laser scanning

Brain tissue sections and cells were stained for immunofluorescence
as described previously (Qiu et al., 2021). Tissue sections and cells were
sealed with 5 % bovine serum albumin for 30 min, then primary anti-
body was added dropwise and incubated overnight at 4 °C. On the
following day, after PBST washing, fluorescent secondary antibodies
were incubated for 2 h at room temperature, all images were collected
after 4',6-diamino-2-phenylindole (DAPI) staining. HA-TRPM2 and
Myc-Smurf2 were co-transfected with neurons, and co-localization was
observed by laser scanning confocal microscopy.

Western blot assay

Total proteins of hippocampal tissue were extracted using RIPA lysis
buffer containing Protein Phosphatase Inhibitors cocktail and phenyl-
methanesulfonyl fluoride (all from Solarbio). Samples were boiled in
SDS sample buffer (62.5 mM Tris—HCl, pH 6.8, 2 % SDS, 10 % glycerol, 5
% 2-mercaptoethanol and 0.02 % bromophenol blue) and separated by
10 % SDS-PAGE and transferred to polyvinylidene fluoride membrane.
Membranes were blocked with 5 % non-fat milk, incubated overnight
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with primary antibodies at 4 °C on an orbital shaker. After washed three
times for 15 min, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 hour at room tem-
perature. Immobilon ECL Substrate Kit was used for luminescence
development. Images of proteins were visualized using enhanced
chemiluminescence kit (Thermo, USA) and densitometry analysis was
performed with ImageJ (National Institutes of Health, USA).

Co-immunoprecipitation

Co-immunoprecipitation of Smurf2 and TRPM2 was performed as
described previously (Adhikary et al., 2016). Briefly, cells were lysed in
lysis buffer, followed by overnight incubation with appropriate primary
antibodies and incubation with protein G-agarose beads (Santa Cruz) for
2 h at 4 °C. The beads were washed 3 times with lysis buffer. Bead-bound
proteins were mixed with 4X loading dye containing 10 % p-mercap-
toethanol. SDS-PAGE was used to separate the proteins and Western
blotting was used to analyze cell lysates and immunoprecipitates.

His tag pulldown assay

His-pulldown assays were performed according to the manufac-
turer’s instructions of his-tag isolation and pulldown dynabeads

Con VaD

VaD+AZ(L)

A
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(Invitrogen, Carlsbad, CA). Briefly, HA-TRPM2, His-ubiquitin, and Myc-
Smurf2 were co-transfected into mouse primary neurons. The magnetic
bead/protein complexes were then washed and resuspended in pull-
down buffer (3.25 mM sodium phosphate, 70 mM NaCl and 0.01 %
Tween-20). After washing, the eluted proteins were analyzed by SDS-
PAGE and western blot.

Determination of relevant oxidation indexes in serum of rats

Plasma samples were extracted from peripheral blood by centrifu-
gation at 550 g for 10 min, and dispensed for the test. Assays were
performed according to the manufacturer’s instructions of each com-
mercial kit (Nanjing Jiancheng) to detect the content of glutathione
(GSH),malondialdehyde (MDA),NADPH and SOD activity.

Statistical analysis

The data are summarized as the means +standard deviation (SD)
using Prism software (GraphPad, San Diego, CA, USA). Statistical ana-
lyses included: unpaired t-test for comparisons between 2 groups; one-
way analysis of variance (ANOVA) followed by post hoc Tukey’s test
was used to compare multiple groups. Data without a Gaussian distri-
bution were log transformed before statistical analysis. P values of <

VaD+AZ(M) VaD+AZ(H) VaD+mNGF VaD+AZ+mNGF
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Fig. 1. Effects of AZ on spatial learning and memory in rats with VaD. (A) The trajectory of rats in each group reaching the platform in the swimming pool. (B)
Statistics of swim distance in quadrant, swim distance out quadrant, total swim distance, swim distance in quadrant/swim distance, swim time in quadrant, swim
time out quadrant, total swim time, swim time in quadrant/swim time, swim speed in quadrant, swim speed out quadrant, average swim speed, number of escape of

rats in each group.

Data are reported as mean + SD. n = 8 in each group. #p < 0.05 vs Con group; *p < 0.05 vs VaD group, one-way ANOVA.
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0.05 (two-tailed) were considered as statistically significant. The n
number represented the number of independent samples but not tech-
nical replicates or the selected multiple microscopic fields in each slide
(for immunofluorescence assays). For all in vivo studies, the specific
group size was pre-determined, and the pre-determined group size was
retained by adding replacement animals in the affected group. For in
vitro assays, the n number was maintained > 3 and equal for all groups
unless indicated separately.

Results
AZ improves memory function in rats with VaD

VaD is characterized by a progressive decline in memory and
cognition, leading to impaired functional autonomy (Romay et al.,
2019). We first used the MWM to observe whether AZ could improve the
learning memory ability of VaD rats. The motion trajectories of rats in
each group reaching the swimming pool platform were shown in Fig. 1A.
During the first 4 days of training, rats in all groups gradually learned to
find the hidden platform and shortened the avoidance latency. However,
during the second 2 days of the training phase, rats in the VaD group

VaD+mNGF
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began to show a significant prolongation of the avoidance latency (re-
sults not presented). During the recording phase of the probe test, rats in
the VaD group showed a significant increase in the mean avoidance
latency to find the hidden platform (p < 0.05) and a significant decrease
in the learning memory ability compared with the control group. Both
AZ and mNGF interventions shortened the escape latency and increased
the four-quadrant in-swimming distance, the ratio of the four-quadrant
in-swimming distance to the four-quadrant out-swimming distance,
four-quadrant in-swimming time, the ratio of the four-quadrant
in-swimming time to total swimming time, and the escape times
(Fig. 1B). While there was no significant difference in total swimming
distance and swimming speed among all groups. In addition, we found
that the effect of AZ was dose-dependent, and the effect of high-dose AZ
intervention was comparable to that of mNGF intervention, and there
was no synergistic effect of high-dose AZ and nerve growth factor. The
above results preliminarily suggested us that AZ could independently
improve spatial learning and memory deficits in VaD rats, without
affecting motor function.
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Fig. 2. AZ improved the morphology and structure of hippocampal neurons in VaD rats. (A) the morphology of hippocampus was analyzed by HE staining. (B)
Quantitative data showing the number of normal neurons (neurons/50 pm). (C) Golgi-stained neuronal profiles of hippocampus in each group. (D) The quantitative
analysis of the dendritic length and (E) the number of dendritic spines of neurons in each group. Data are reported as mean + SD. n = 8 in each group. #p < 0.05 vs

Con group; *p < 0.05 vs VaD group, one-way ANOVA.
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AZ significantly improved the morphology and structure of hippocampal
neurons and dendritic remodeling (length and number of dendritic spines)
of pyramidal cells in VaD rats

The most common cause of VaD is cerebral ischemia due to cere-
brovascular or cardiovascular diseases resulting in a series of neuro-
logical, learning, memory disorders and behavioral changes. While the
hippocampal region of the brain is extremely sensitive to ischemia, an
intact hippocampus is necessary for acquiring spatial information, and
deformation or absence of hippocampal tissue is closely related to
spatial memory and learning disabilities (Kim et al., 2013; Miyake et al.,
2020). Therefore, we performed H&E staining of hippocampal tissue to
observe the effect of AZ on neuronal damage. As shown in Fig. 2A,
compared with the control group, hippocampal neuronal cells in the
VaD group showed dispersed arrangement, cell swelling, significant
reduction in number, and widening of the cell gap, suggesting neuronal
injury in VaD rats. AZ or mNGF treatment significantly attenuated the
above pathologic alterations, and the improvement of hippocampal
neuronal morphology and activity was significantly enhanced with a
significant increase in pyramidal cell density.

Dendritic spines are the earliest indicators of neuronal excitability
and ischemic state. Studies have shown that the decrease or loss of
dendritic spine density is closely related to the decline of learning
memory function (Brown et al., 2010). Therefore, we used Golgi staining
to observe the changes in dendritic spines to further assess the effect of

800

»
°
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AZ on neuronal damage (Fig. 2C). The dendritic spines of rat hippo-
campal neurons in the normal group were regular in morphology, neatly
arranged, and densely distributed; the dendritic length (Fig. 2D) and the
number of dendritic spines of neurons (Fig. 2E)in the model group were
significantly reduced, and even broken, with the cytoplasmic gap
enlarged; AZ dose-dependently restored the synaptic structure, which
resulted in the neuron morphology tending to regularity, and had a
significant restorative effect. These histological results were consistent
with our observations in animal behavioral experiments.

AZ ameliorates mitochondrial damage induced by oxidative stress

Oxidative stress is a key feature of cerebral ischemic diseases and
plays an important role in the pathogenesis of VaD. Some studies have
shown that reducing oxidative stress injury has a neuroprotective effect
on vascular dementia (Du et al., 2018). We examined some typical
oxidative stress parameters, including GSH, MDA, NADPH levels and
SOD activity in peripheral blood serum of rats from all groups. The re-
sults showed that MDA levels were significantly higher and GSH levels,
NADPH, and SOD activities were significantly lower in the VaD group
compared to the control group, indicating that oxidative stress injury
was present in the rats of the VaD group (Fig. 3A). Although not
completely reversed in the AZ intervention group compared to the
control group, there was a statistically significant increase in the
high-dose AZ group (25 mg kg™'/d) compared to the VaD group, which
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Fig. 3. The antioxidant effect of AZ in VD rats. (A) oxidative stress parameters, including GSH, MDA, NADPH levels and SOD activity in peripheral blood serum of
rats from all groups. (B) The content of ROS in hippocampal tissues of rats in each group was detected using DHE fluorescent probe and (C) its statistical analysis. (D)
Representative western blots images of NOX2 and NOX4 expression in hippocampal tissues of each group and (E) corresponding quantitative data. Data are reported
as mean + SD. n = 8 in each group. #p < 0.05 vs Con group; *p < 0.05 vs VaD group, one-way ANOVA.
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may be related to the sampling site, and oxidative stress parameters in
the hippocampal region of the brain may be more meaningful. In view of
this, we examined ROS levels in hippocampal tissues using the fluores-
cent probe DHE, and the results showed that high-dose AZ significantly
reversed excessive ROS in the hippocampal region of VaD-injured rats (p
< 0.05) (Fig. 3B-C). Since NADPH oxidase (NOX) is the main source of
ROS in cells, it was significantly increased in ischemic and hypoxic brain
(Choi and Lee, 2017; Gao et al., 2012). We also examined NOX2 and
NOX4 in the hippocampus, and the expression of NOX2 and NOX4 was
significantly increased in the hippocampus of rats in the VaD group,
which was consistent with the significantly increased ROS levels. In
contrast, high dose of AZ down-regulated the excessive NOX2 and NOX4
expression, and the difference was statistically significant (Fig. 3D-E).
The above results consistently confirmed the role of AZ in attenuating
oxidative stress injury in VaD rats.

Studies have shown that inadequate cerebral perfusion is also asso-
ciated with mitochondrial dysfunction, which is considered an early sign
of neurodegenerative diseases (e.g., AD) (Bhatia et al., 2022; Esteras
et al., 2016). We next assessed the effects of AZ on mitochondrial
morphology and function. Transmission electron microscopy showed
that the mitochondrial cristae of control neurons were well defined, well
bordered, and well aligned, and no obvious mitochondrial swelling was
observed. However, in the VaD model group, partial dissolution of
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mitochondria, obvious swelling, unclear boundaries, disordered
arrangement, and obvious mitochondrial morphology abnormalities
could be observed. After AZ treatment, mitochondrial swelling was
significantly improved, and mitochondrial morphology was partially
restored (Fig. 4A-B).

Mitochondrial dynamin-related protein 1 (Drpl) is a key protein that
regulates mitochondrial division. Studies have shown that activation of
Drpl leads to mitochondrial damage such as increased mitochondrial
division and increased ROS accumulation (Zeng et al., 2022); whereas
mitochondrial fission protein 1 (FIS1) is involved in mitochondrial di-
vision and plays an important role in maintaining mitochondrial density
and preventing mitochondrial swelling (Haileselassie et al., 2019). We
analyzed the protein expression of Drp1 and FIS1 in the hippocampus of
rats in each group, and the WB results showed that the expression of
Drpl and FIS1 was significantly increased in the hippocampus of rats in
the VaD group, which was consistent with the mitochondrial fission
damage that we observed in electron microscopy, whereas the AZ
decreased the protein expression of Drpl and FIS1, which may be one of
the potential molecular mechanisms by which the AZ can attenuate the
structural damage and functional impairment of mitochondria that re-
mains to be investigated (Fig. 4C-D).

In addition, JC-1 detected the mitochondrial membrane potential of
neurons in the hippocampal region, and found that the aggregated JC-1
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Fig. 4. AZ ameliorates mitochondrial damage in VaD rats. (A) Mitochondrial transmission electron microscope. (B) The quantitative analysis of mitochondrial
structure. (C) Representative western blots images of Drpl and FIS1 expression in hippocampal tissues of each group and (D) corresponding quantitative data. (E)
Representation of mitochondrial membrane potential measured by JC-1. (F) Quantitative analysis of aggregated JC-1 and monomeric JC-1. Data are reported as mean
=+ SD. n = 8 in each group. #p < 0.05 vs Con group; *p < 0.05 vs VaD group, one-way ANOVA.
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was significantly reduced while the monomeric type was increased in
the VaD-injured rats, suggesting that the mitochondrial membrane po-
tential was significantly decreased in the rats of the VaD group, and it
was also a signal for the early stage of cell apoptosis. High-dose AZ has
the effect of maintaining mitochondrial membrane potential compara-
ble to that of mNGF (Fig. 4E-F), which also confirms that AZ counteracts
VaD-induced mitochondrial dysfunction and the resultant apoptosis,
and thus improves cognitive dysfunction in VaD.

AZ reduces TRPM2 expression and JAK1-STAT2 pathway expression in
VabD rats

TRPM2 is an effector of oxidative stress, may be a key player in cell
death signaling (Hecquet and Malik, 2009). In the central nervous sys-
tem, the JAK/STAT pathway is involved in a variety of factors that
contribute to normal physiological functions, such as cell proliferation,
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neuronal development, and cell survival, and dysregulation of this
pathway can lead to disorders such as cancer, inflammation, and
neurodegenerative injury (Lashgari et al., 2021). We examined the
expression of TRPM2 and JAK/STAT pathway in various groups of rats
by immunofluorescence and western blot, respectively. As shown in
Fig. 5A-D, TRPM2 expression was significantly increased in the
VaD-injured group compared with the control group, and high-dose AZ
decreased the expression of TRPM2 after VaD injury with statistically
significant difference. The expression of JAK1 was similar to that of
TRPM2, and JAK1 expression was increased in the VaD-injured group,
and decreased after high-dose AZ treatment. We examined the different
isoforms of STAT, and it was somehow surprising that the expression of
STAT2 in the VaD injury group was activated, not STAT1 and STAT3
which were more reported, while medium and high dose AZ reduced
STAT2 expression, and the difference was statistically significant
compared with VaD injury group.

Merge
250 M
B 200 - ¥ ox K
£150 3 Ak
< N
<100
50 H
oL L1
& W

TRPM2(%)

JAK1(%)

VaD+
mNGF
VaD+AZ
+mNGF
C «1&
O g x>
O R AR \@ Q‘bo qc& q‘a
TRPM2 - | Gl o~ 1D G0 @00 & ®=® &8 | 171(Da
IAKL— | g — G €D WD 4 G S | 133KDa

p-STAT2 | G o D GO e & o 4 113kDa

Pp-STAT2(%)

GAPDH — | sl G Seuld Sk @), gvwm #p @ - 37kDa

Fig. 5. Effects of AZ on PRPM2 and JAK1-STAT2 pathway expression in VaD rats.

(A)Immunohistochemistry images of JAKland p-STAT2 in VaD rats of each group. (B) Quantitative data of the positive expression of JAKland p-STAT2. (C)
Representative western blots of the PRPM2, JAK1 and p-STAT2 expression. (D) Statistical analysis of the protein expression of PRPM2, JAK1 and p-STAT2. Data were
mean £ SD. #p < 0.05 vs Con group; *p < 0.05 vs VaD group, one-way ANOVA (n = 8 for panels A; n = 3 for C).
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TRPM2 may be the key target for the AZ

TRPM2 channels may be central to the integration of oxidative stress,
dysregulation of calcium regulation and mitochondrial dysfunction,
among others (Freestone et al., 2009). To further characterize the
functional role of TRPM2 in AZ effects, we performed TRPM2 gene
silencing in primary neurons and immunofluorescence and western blot
results showed that TRPM2 gene silencing attenuated AZ inhibition of
TRPM2; TRPM2 gene silencing also attenuated AZ-induced inhibition of
JAK1 and STAT2 expression (Fig. 6A-B). To further confirm the role of
TRPM2 in the amelioration of VaD by AZ, we looked at the effect of AZ in
TRPM2 knockout mice and observed that TRPM2 knockout similarly
attenuated AZ-induced inhibition of JAK1 and STAT2 expression
(Fig. 6C-D). These results suggest that TRPM2 may be a key target for AZ
to exert ameliorative VaD effects.

TRPM2 binds to Smurf2, leading to ubiquitinated degradation of TRPM2

It has been reported that ubiquitination may play an important role
in the regulation of TRPM2 protein levels and activity. Through data-
base exploration, we found that the level of the E3 ubiquitin ligase
Smurf2 was negatively correlated with the level of TRPM2. Further, we
found that endogenous TRPM2 and Smurf2 proteins were immunopre-
cipitated in primary neurons (Fig. 7A-D).
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To determine whether Smurf2 and TRPM2 co-localized, we ectopi-
cally expressed Myc- Smurf2 and HA-TRPM2 in primary neuronal cells
and analyzed subcellular localization using immunofluorescence stain-
ing. We found that Myc- Smurf2 and HA-TRPM2 co-localized in the
cytoplasmic lysate and nucleus as expected (Fig. 7I). These results
tentatively suggested that there might be some mechanistic link between
Smurf2 and TRPM2, such as ubiquitination degradation of TRPM2 by
Smurf2.

Next, we investigated the effect of Smurf2 on TRPM2 ubiquitination.
In the presence of MG132, HA-TRPM2 was co-transfected into primary
mouse neurons with FLAG ubiquitin and Myc-Smurf2, and the ubig-
uitinated proteins were immunoprecipitated with anti-HA antibody, and
immunoblotted with an anti-Flag antibody to detect ubiquitinated
TRPM2. Increased accumulation of ubiquitinated HA-TRPM2 was
detected, and Myc-Smurf2 promoted ubiquitination of HA-TRPM2
(Fig. 7E). In addition, we transfected HA-TRPM2, His ubiquitin, and
Myc-Smurf2 into mouse primary neurons in the presence of MG132, and
then His-tags pulled down the ubiquitinated proteins. HA blotting
showed that Smurf2 greatly increased the ubiquitination of HA-TRPM2
(Fig. 7F). Our results suggested that Smurf2 acts as an E3 ligase of
TRPM2 to ubiquitinate and degrade proteasomes.

KO TRPM2
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H M
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Fig. 6. TRPM2 may be the key target for the effect of AZ. (A and B) JAK1 and p-STAT2 expression in TRPM2 gene silenced primary neurons using immuno-
fluorescence and western blot. (C and D) JAK1 and p-STAT2 expression in TRPM2 knockout mice using immunofluorescence and western blot. (E-F) Statistical
analysis for A and B. (G-H) Statistical analysis for C and D. Data were mean =+ SD. one-way ANOVA (n = 8 for panels C; n = 3 for A, B, D).
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Fig. 7. Smurf2 co-immunoprecipitated with PRPM2 and promoted PRPM2 ubiquitination and proteasomal degradation.

(A-B) co-immunoprecipitation analysis for endogenous Smurf2 and PRPM2 in primary neuronal cells. (C-D) Quantitative analysis of A and B. (E) Smurf2 promoted
ubiquitination (Ub) of PRPM2. (F) Smurf2 promoted ubiquitination of PRPM2. (G-H) Quantitative analysis of E and F. (I) ectopically expressed Myc-Smurf2 and HA-
PRPM2 co-localized in primary neuronal cells. Red, Myc-Smurf2; green, HA-PRPM2; blue, DAPI. Data were mean =+ SD. *, p < 0.05, one-way ANOVA. IB, immu-

noblotting; IP, immunoprecipitation.

MG132 attenuated the effect of AZ, which proved that AZ acted through
ubiquitination to degrade TRPM2

Finally, we validated the interaction between Smurf2 and TRPM2.
We examined the expression of Smurf2 and TRPM2 in TRPM2*/+ VaD
rats and HyOs-induced injury neurons, respectively. As shown in Fig. 8A
and B, the results verified that the expression of Smurf2 was always
negatively correlated with the level of TRPM2, both at the animal and
cellular levels; whereas high doses of AZ increased the expression of
Smurf2 and decreased the expression of TRPM2, with a statistically
significant difference. The proteasome inhibitor MG132 decreased
Smurf2 expression with a concomitant increase in TRPM2 expression,
suggesting that TRPM2 is ubiquitinated and proteasomically degraded
(at least partially) via Smurf2 (Fig. 8B), whereas AZ down-regulated
TRPM2 expression, as well as the JAK1/STAT2 pathway, by potenti-
ating the action of Smurf2 E3 ubiquitin ligase, thus exerting an attenu-
ating effect on oxidative stress damage.

Discussion

We have previously found that AZ substantially attenuated oxidative
stress and improved cardiac dysfunction in rats with diabetic
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cardiomyopathy (Zhu et al., 2023). In the present study, we focused on
the role of AZ in a model of VaD, which is closely related to oxidative
stress and its potential specific molecular mechanisms. In this study, we
provided strong evidence that AZ improved the morphology and struc-
ture of hippocampal neurons in VaD rats, thereby improving spatial
learning and memory functions. Consistent with previous findings, AZ
reduced oxidative stress levels, improved mitochondrial morphology
and function, and maintained the mitochondrial membrane potential,
thereby ameliorating cognitive dysfunction in VaD. These independent
observations suggest that AZ is a promising candidate for the treatment
of VaD.

High and sustained ROS levels impair mitochondrial function, pro-
mote hypoxia, and cause cell death (Venkat et al., 2015). Moreover,
abnormal mitochondrial morphology and function lead to the failure of
the electron transport chain and oxidative phosphorylation, which in
turn generates excess ROS (Raz et al., 2010; Toyama et al., 2014) and
exacerbates damage. In addition, oxidative stress stimulates the forma-
tion of intracellular ADP-ribose through the generation of oxygen me-
tabolites, including HyO,, which in turn opens TRPM2 channels.
Activated TRPM2 acts as an endogenous redox sensor, causing a sus-
tained increase in the intracellular calcium ion concentration ([Ca2+]i)
and activation of the inflammatory response, ultimately inducing cell
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Fig. 8. Smurf2 decreased PRPM2 protein level whereas MG132 blunted Smurf2-induced effects on PRPM2.

(A)Immunohistochemistry images of PRPM2and Smurf2 in VaD rats of each group. (B) Representative western blots of the PRPM2, Smurf2, JAK1 and p-STAT2
expression in HyO5-induced injury neurons. (C) Statistical analysis of the protein expression of PRPM2, Smurf2, JAK1 and p-STAT2. (D) Quantitative data of the
positive expression of PRPM2 and Smurf2 in VaD rats of each group. #p < 0.05 vs Con group; *p < 0.05 vs VaD group for D. Data were mean =+ SD. one-way ANOVA

(n = 8 for panels A; n = 3 for B).

death (Alves-Lopes et al., 2020; Hecquet and Malik, 2009). Conversely, a
decrease in channel expression or inhibition of channel function in-
creases cellular resistance to injury. Hiroi et al. found that
TRPM2-mediated neutrophil accumulation was associated with the
aggravation of myocardial reperfusion injury, and that knockdown of
TRPM2 reduced myocardial infarction size after reperfusion (Hiroi et al.,
2013). In the present study, we found that the expression of NADPH
oxidase was substantially increased in the VaD-injured group compared
to that in the control group (Fig. 3D), which was consistent with the
increased ROS levels in the hippocampal region of the rats (Fig. 3B).
Meanwhile, the expression of Drpl and FIS1 proteins involved in
mitochondrial cleavage damage was also substantially increased
(Fig. 4C), which led to instability of the mitochondrial membrane po-
tential and confirmed that oxidative stress and damage to the structure
and function of the mitochondria are mutually reinforcing. TRPM2,
activated by oxidative stress, is a key molecule that mediates cell dam-
age and death. Our study found that AZ alleviates oxidative stress and
improves mitochondrial morphology and function, which may be
attributed to a reduction in TRPM2 channel expression or inhibition of
its function, revealing for the first time that TRPM2 may be a key target
for the action of AZ.

Elucidating the mechanisms underlying TRPM2 activation and
regulation is of great interest, because TRPM2 is associated with many
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pathological states caused by oxidative stress. TRPM2 can be regulated
by tyrosine phosphorylation, and dephosphorylation of the widely
expressed PTPL1 leads to channel inactivation (Zhang et al., 2007). The
ubiquitin-proteasome system is the primary pathway for protein
degradation and is crucial in eukaryotes (Koch and Yu, 2019). Several
studies have predicted and investigated potential ubiquitination sites in
TRPM2; however, the relationship between the E3 ubiquitin ligase,
Smurf2, and TRPM2 has not yet been reported. Using IP-MS, we found
for the first time that the E3 ubiquitin ligase, Smurf2, binds and
co-localizes with TRPM2 (Fig. 7A, B, I). Furthermore, our results indi-
cate that Smurf2 greatly promoted the ubiquitination of TRPM2 (Fig. 7E
and F). In this study, Smurf2 was identified as an E3 ligase of TRPM2
that reduces TRPM2 protein levels through proteasomal degradation. AZ
triggers the increased ubiquitination and degradation of TRPM2 by
enhancing the binding between Smurf2 and TRPM2, which may be a
potential molecular mechanism underlying its role in ameliorating VaD.

Calcium ions enter cells after TRPM2 activation and trigger the
production of inflammatory cytokines (Yamamoto et al., 2008). The
JAK/STAT signaling pathway, also known as the cytokine-stimulated
signal transduction pathway (Bolli et al., 2003), is activated by inflam-
matory cytokines. However, few studies have investigated the rela-
tionship between TRPM2 and the JAK/STAT pathway. Our study
showed that AZ inhibited TRPM2 activation and suppressed JAK1 and
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STAT2 phosphorylation. Moreover, the AZ-induced inhibition of JAK1
and STAT2 expression was substantially attenuated in TRPM2 knock-
down neurons and TRPM2 knockout mice (Fig. 6A-D). These results
tentatively suggest a connection between TRPM2 and the JAK/STAT
pathway. Moslehi et al. also showed that TRPM2 activation by hydrogen
peroxide induces the activation of a variety of protein kinases, including
phosphatidylinositol 3-kinase (PI3-K), extracellular signal-regulated ki-
nase (ERK) 1/2, JAK2, and p38MAPK (Moslehi and Yazdanparast,
2013). This finding is consistent with our results.

In animal models, JAK/STAT signaling may be involved in mediating
cognitive impairment. For example, the inhibition of JAK/STAT
signaling by resveratrol alleviated the neuronal deficits and cognitive
impairment associated with cerebral ischemia in rats (Chang et al.,
2018). However, previous studies have shown that STAT1 and STAT3
have broader biological functions in the central nervous system than the
limited effects of STAT2, 4, and 6. For example, STAT1 and STAT3
activate microglia, induce NOX, and increase the formation of ROS and
nitric oxide (NO), leading to degeneration of dopamine neurons (Tiwari
and Pal, 2017). In addition, JAK activation phosphorylates STAT3 in
astrocytes and microglia, which is associated with mitochondrial dam-
age, apoptosis, neuroinflammation, reactive astrocytic proliferation,
and genetic mutations (Khera et al., 2022). Previous studies reported
that STAT2 is critical for antiviral and immune response modulation
(Park et al., 2000; Wang et al., 2021). However, we unexpectedly found
a considerable increase in STAT2 phosphorylation in the VaD injury
group, suggesting that STAT2 functions in ischemic disease. Consistent
with this, studies have underscored the prominent role of STAT2 in
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regulating mitochondrial homeostasis (Dasgupta et al., 2015; Shahni
et al., 2015) and have implicated it as an orchestrator of mitochondrial
function and energy production (Dasgupta et al., 2015). STAT2 activa-
tion promotes the phosphorylation of Drpl, which contributes to mito-
chondrial translocation and fission and may lead to lower ATP synthesis
and increased electron leakage, which serves as the major source of
mitochondrial ROS (Indo et al., 2007). This increasing evidence suggests
that STAT2 plays a role in oxidative stress injury, and targeting STAT2
might be a novel strategy for ischemic diseases. We believe that it would
be interesting and important to characterize the exact role of STAT2 in
VaD and the mechanism by which AZ inhibits STAT2 phosphorylation.

Additionally, it must be acknowledged that despite the construction
of animal models of VaD using Sprague-Dawley rats and c57 mice, the
mouse VaD model only focused on the validation of the mechanism,
lacking behavioral re-observation and verification. Further verification
in humans is necessary to detect if AZ has a more definitive role.

In conclusion, we demonstrated that AZ can reduce the oxidative
stress level and the resulting mitochondrial damage in VaD rats, improve
the morphology and structure of neurons in VabD rats, and boost their
spatial learning and memory functions. Thus, AZ is an effective candi-
date drug for the management of VaD. In terms of the mechanism, it was
revealed that TRPM2 may be a key target for the action of AZ, and
Smurf2 was identified as the E3 ligase of TRPM2 for the first time. AZ
played a role in alleviating oxidative stress damage and improving
cognitive dysfunction in VaD rats by enhancing the binding between
Smurf2 and TRPM2 and increasing the ubiquitination and degradation
levels of TRPM2 (Fig. 9). Although AZ has been used to treat a variety of
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Fig. 9. Alizarin attenuates oxidative stress-induced mitochondrial damage in vascular dementia rats by promoting TRPM2 ubiquitination and proteasomal degra-

dation via Smurf2.
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diseases, the effect of AZ on VaD has not been explored. In this study, we
clarified, for the first time, the remarkable therapeutic effect of AZ in
improving cognitive dysfunction in VaD and elucidated the key targets
and degradation pathways of its action, providing strong evidence for
the clinical therapeutic effect of AZ in VaD. Given these independent and
encouraging observations, we consider AZ as a promising candidate for a
novel class of neuroprotectants that may be used as an alternative to
currently approved VabD therapies.
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