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Abstract

BACKGROUND

Alzheimer’s disease (AD) is a neurodegenerative condition characterized by oxidative
stress and neuroinflammation. Tanshinone IIA (Tan-IIA), a bioactive compound
isolated from Salvia miltiorrhiza plants, has shown potential neuroprotective effects;

however, the mechanisms underlying such a function remain unclear.

AIM
To investigate potential Tan-IIA neuroprotective effects in AD and to elucidate their

underlying mechanisms.

METHODS

Hematoxylin and eosin staining was utilized to analyze structural brain tissue
morphology. To assess changes in oxidative stress and neuroinflammation, we
performed enzyme-linked immunosorbent assay and western blotting. Additionally,
the effect of Tan-IIA on AD cell models was evaluated in vitro using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Genetic changes related
to the long non-coding RNA (IncRNA) nuclear-enriched abundant transcript 1
(NEAT1)/microRNA (miRNA, miR)-291a-3p/member RAS oncogene family Rab22a
axis were assessed through reverse transcription quantitative polymerase chain

reaction.

RESULTS

In vivo, Tan-IIA treatment improved neuronal morphology and attenuated oxidative
stress and neuroinflammation in the brain tissue of AD mice. In vitro experiments
showed that Tan-IIA dose-dependently ameliorated the amyloid-beta 1-42-induced
reduction of neural stem cell viability, apoptosis, oxidative stress, and
neuroinflammation. In this process, the IncRNA NEATI - a potential therapeutic target -

is highly expressed in AD mice and downregulated wvia Tan-IIA treatment.
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Mechanistically, NEAT1 promotes the transcription and translation of Rab22a via miR-
291a-3p, which activates nuclear factor kappa-B (NF-kB) signaling, leading to activation
of the pro-apoptotic B-cell lymphoma 2-associated X protein and inhibition of the anti-
apoptotic B-cell lymphoma 2 protein, which exacerbates AD. Tan-IIA intervention

effectively blocked this process by inhibiting the NEAT1/miR-291a-3p/Rab22a axis and
NF-kB signaling.

CONCLUSION
This study demonstrates that Tan-IIA exerts neuroprotective effects in AD by
modulating the NEAT1/miR-291a-3p/Rab22a/NF-kB signaling pathway, serving as a

foundation for the development of innovative approaches for AD therapy.
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Core Tip: Tanshinone IIA (Tan-IIA), a compound isolated from Salvia miltiorrhiza,
demonstrates neuroprotective effects against Alzheimer’s disease (AD). This study
reveals that Tan-IIA improves neuronal health, reduces oxidative stress and
neuroinflammation, and promotes neural stem cell viability. Importantly, it targets the
nuclear-enriched abundant transcript 1/microRNA-291a-3p/member RAS oncogene
family Rab22a/nuclear factor kappa-B pathway, offering a potential therapeutic avenue
for AD.

ATRODUCTION
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Alzheimer’s disease (AD), the most common cause of dementia worldwide, is a
progressive neurological condition that affects millions of individuals and presents a
serious public health issuell2. The amyloid-beta 1-42 (AP1-42) peptide is a primary
component of the amyloid plaques found in the brains of individuals with AD. It is
believed to play a critical role in the neuropathology of AD by initiating a cascade of
events that leads to neuronal dysfunction and death®l. Memory loss and cognitive
decline are caused by the buildup of AP plaques, neurofibrillary tangles, and synaptic
and neuronal loss in individuals with AD[*¢l. Despite extensive research on AD, current
treatment options only focus on symptomatic relief rather than disease remission, and
the development of new therapeutic agents and targets is required to improve the
disease prognosis.

Growing evidence points to neuroinflammation and oxidative stress being key factors
in the etiology of ADI78l, Nitric oxide (NO) gas is produced in greater amounts when
there is an excessive buildup of reactive oxygen species (ROS) in the body. An increased
production of NO causes oxidative stress, which damages neurons and exacerbates
ADPI This process lowers the levels of the antioxidants superoxide dismutase (SOD)
and glutathione (GSH), making them less effective at scavenging ROSI[%11]. In addition,
the release of neuroinflammatory factors, such as tumor necrosis factor-alpha (TNF-a),
interleukin (IL)-1p, and IL-6, exacerbates neuronal damage and contributes to the
progression of ADI1213] Long non-coding RNA (IncRNA) furthermore acts as a
molecular sponge for microRNA (miR, miRNA) adsorption to regulate miRNA
expressionl!4, and such changes in miRNA expression critically affect the transcription
and translation of downstream targetsI'l. For example, a study by Zhao et all'®l showed
that the IncRNA nuclear-enriched abundant transcript 1 (NEAT1) promotes the
development of AD through the miR-124/beta-site amyloid precursor protein-cleaving
enzyme axis. In addition, miR-291a-3p, which is associated with inflammation,
oxidative stress, and apoptosis, may be downregulated in neural injuryl!718l; however,

its role and mechanism of function in AD remain unclear.
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RAB22A, member RAS oncogene family (Rab22a) is another important tumor
regulatorl'920], but its mechanism of action in AD is unclear. Its role in promoting
neuroinflammation and oxidative stressl?!l warrants the inclusion of Rab22a in the
present study to explore its role in AD, especially since it affects AB accumulation/22].
Additionally, the nuclear factor kappa-B (NF-xB) pathway is triggered by the
neuroinflammatory response in AD, which can aggravate the disease progression. The
role of the B-cell lymphoma 2 (Bcl-2) protein in this process is significantly inhibited in
contrast to that of pro-apoptotic proteins; the greater the ratio of Bcl-2/Bcl-2-associated
X protein (Bax), the greater the anti-apoptotic ability. However, the role of Rab22a on
NF-xB and the regulation of downstream pro- and anti-apoptotic proteins require
elucidation.

Salvia miltiorrhiza, also known as danshen or red sage, produces a bioactive molecule
called tanshinone ITA (Tan-IIA; chemical structure depicted in Figure 1A) with
reportedly anti-inflammatory, antioxidant, and anti-apoptotic activitiesZ24l. Previous
studies demonstrated that Tan-IIA reduces oxidative stress and neuroinflammation,
two factors known to worsen ADI[2201 Although Tan-IIA has been shown to improve
AD, the mechanism underlying this improvement is not well understood.

In this study, we investigate processes involving the NEAT1/miR-291a-
3p/Rab22a/NF-xB signaling pathway that may underlie the neuroprotective benefits of
Tan-IIA, using both in vive and in vitro models of AD. Our results help to clarify the
intricate regulatory network that controls oxidative stress and neuroinflammation
connected to AD and may serve as a foundation for the creation of new treatment

options for the disease.

MATERIALS AND METHODS

Animal models and neural stem cell isolation
The Guangdong Medical Experimental Animal Center (Guangzhou, China) provided
all mice; AD was induced in some mice via a bilateral injection of APB1-42 oligomers into

the CA1 region of the hippocampus, as previously described[?7l. All animal treatments
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were approved by the Guangxi Medical University’s Animal Care and Use Committee
[approval no. 2021(KY-E-292); Nanning, China] and were carried out in accordance
with the Guide for the Care and Use of Laboratory Animals.

The mice were maintained under a 12-h light/dark cycle and provided with
unlimited access to food and water. Mice were randomly placed in one of four
treatment groups (n = 6 each): A control group, comprising healthy mice; an AD group,
in which AD was induced without further treatment; and two Tan-IIA groups, with AD
mice receiving either 5 or 20 mg/kg of Tan-IIA (HY-N0135; MedChemExpress LLC, NJ,
United States). Tan-IIA was dissolved in dimethyl sulfoxide (DMSO; Solarbio, Beijing,
China) and administered intraperitoneally once daily for 4 wk in mice of the relevant
treatment groups. Subsequently, the mice were anesthetized and sacrificed, and their
brain tissues were removed and placed in Hank’s balanced salt solution (Gibco, Thermo
Fisher Scientific, MA, United States) with 1% penicillin-streptomycin (Gibco) to isolate
the neural stem cells (NSCs). Tissues from the hippocampus and subventricular zone
were carefully removed, chopped, and subjected to enzymatic digestion with trypsin-
EDTA (Gibco) for 15 min at 37 °C. Fetal bovine serum (Gibco) was used to terminate
digestion, after which the cell solution was filtered through a 40 m mesh cell strainer
(BD Biosciences, CA, United States) to remove debris. The cells were centrifuged at 300
rpm for 5 min, and the resulting cell pellet was resuspended and cultured in NSC
culture medium (Procell, Wuhan, China) at 37 °C and in 5% CO>. The medium was
replaced every 2 d, and the NSCs were passaged until 80%-90% confluence was reached

before being used for subsequent experiments.

Immunofluorescence analysis

The obtained NSCs were incubated with bovine serum albumin for 30 min and
incubated further (overnight, at 4 °C and in the dark) with microtubule-associated
protein 2 (MAP2; 1:500, ab254264; Abcam, Cambridge, United Kingdom), p III tubulin
(3 pg/mL, ab18207; Abcam), and nuclear factor erythroid 2-related factor 2 (Nrf2; 1:100,
ab62352; Abcam) antibodies. Thereafter, the cells were incubated at 37 °C for 1 h with
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either goat anti-rabbit Alexa Fluor® 488 (1:250, ab150077; Abcam) or 647-conjugated
secondary antibodies. Finally, the NSCs were mounted on microscope slides using a
gold antifade medium containing DAPI stain (ProLong™, Thermo Fisher Scientific).
MAP2 and BIII tubulin were used to confirm the isolation of NSCs, and Nrf2 was used

to analyze their subcellular localization.

NSC transfection and treatment

NSCs at 1, 2, 5, and 10 pM were treated for 24 h with AB1-42 (Sigma-Aldrich, St Louis,
MO, United States) dissolved in DMSQO; DMSO alone was used as treatment for a
control group. Before AB1-42 treatment, the NSCs were pretreated with Tan-IIA at
doses of 1, 5, 10, 20, and 40 pM for 1 h. The NEAT1 overexpression plasmid (ov-
NEAT1), Rab22a small interfering RNAs (siRNAs) (si-Rab22a-1, si-Rab22a-2, and si-
Rab22a-3), and miR-291a-3p mimic/inhibitor were purchased from Sangon Biotech Co.,
Ltd. (Shanghai, China) and transfected into the NSCs (following their A1-42 treatment)
using Lipofectamine 3000 Reagent (Invitrogen, Waltham, MA, United States); all the

relevant sequences are listed in Table 1.

Hematoxylin and eosin staining

Mouse brains were sectioned into 5 pm thick slices, which were immersed in paraffin
and preserved in 4% paraformaldehyde. The sections were deparaffinized, rehydrated,
and submitted to hematoxylin and eosin (HE) staining. Histological images were
captured at a 400 x magnification using an Olympus light microscope (IX73, Olympus,

Shinjuku, Tokyo, Japan).

Enzyme-linked immunosorbent assay
Enzyme-linked immunosorbent assay (ELISA) kits (Solarbio) were used in accordance
with the manufacturer’s instructions to determine the levels of malondialdehyde

(MDA), NO, SOD, GSH, TNF-a, IL-1, and IL-6 in brain tissue homogenates and NSC
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supernatants. Absorbance was determined at 450 nm using a microplate reader

(Thermo Fisher Scientific).

Microarray raw dataset analysis

The GSE150696 dataset was analyzed using the DataSet analysis tool (GEO2R, Gene
Expression Omnibus 2). The differential expression of IncRNA between the prefrontal
cortex of patients with AD and that of elderly individuals without neurological or

psychiatric diseases was normalized for log2 |fold change| >1.5 and P <0.05.

Flow cytometry analysis

Cells were collected, rinsed with phosphate buffered saline, and then resuspended in
binding buffer in order to analyze apoptosis. Following the manufacturer’s instructions,
they were stained with propidium iodide (PI) and Annexin V-fluorescein isothiocyanate
(FITC) using an Apoptosis Detection Kit (BD Biosciences, California, United States).
Cells were subjected to a 15-min at dark incubation period with Annexin V-FITC and PI

at 21 °C, followed by analysis using a BD Biosciences flow cytometry.

ROS measurement

First, 10 M of 2',7’-dichlorofluorescin (DCF) diacetate (Sigma-Aldrich) was added to the
brain tissue homogenates and NSCs lysates, which were then allowed to incubate in the
dark for 30 min at 37 °C. The quick oxidation of DCF in the presence of ROS produces
extreme fluorescence, of which the intensity was measured with a fluorescence
microplate reader (Thermo Fisher Scientific) at excitation and emission wavelengths of

485 and 530 nm, respectively.

Cell viability assay

Following treatment of the NSCs with AP1-42 and Tan-IIA, their cell viability was
measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Briefly, the treated NSCs were seeded into 96-well plates at a density of 3

8/18




x 10% cells per well. Each well was supplemented with 20 pL of MTT solution (5
mg/mL), and the plates underwent a 4 h incubation period at 37 °C. After carefully
removing the media, DMSO (150 pL) was used to dissolve the formazan crystals that
the living cells had generated. Cell viability was then determined (and compared to that
of the untreated control group) using a microplate reader to detect absorbance at 570

nim.

Reverse transcription quantitative polymerase chain reaction assay

Total RNA was extracted using TRIzol reagent (Invitrogen). A PrimeScript RT Reagent
Kit (Takara Bio, Shiga, Japan) was used to construct complementary DNA from 1 pg of
total RNA. Polymerase chain reaction (PCR) was conducted using a QuantStudio 6 Flex
Real-Time PCR System (Thermo Fisher Scientific) with SYBR Green PCR Master Mix
(Applied Biosystems, CA, United States). Thermal cycling conditions were as follows:
40 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for 30 s, and extension at
72 °C for 30 s. A preliminary denaturation was then performed at 95 °C for 10 min. The
expression levels of NEAT1, Rab22a, and miR-291a-3p were assessed using the 2-44¢t

method, with GAPDH or U6 as internal controls for standardization.

Nucleocytoplasmic separation

Nuclear and cytoplasmic fractions were separated according to the manufacturer’s
instructions using an NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher
Scientific). The cell pellet was briefly resuspended in CER I buffer obtained from the kit,
followed by the addition of CER II buffer. The mixture was vortexed and then rested on
ice for an additional 5 min. The cytoplasmic fraction (supernatant) and nuclear pellet
were separated from the homogenate via centrifugation at 16000 rpm for 5 min at 4° C.
The purified nuclear and cytoplasmic fractions were then subjected to reverse

transcription quantitative PCR (RT-qPCR).

RNA pull-down assay
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Biotin-labeled NEAT1 RNA (bio-NEAT1) and mutant NEAT1 RNA (bio-mut) were
synthesized by Sangon Biotech. The NSCs lysates were incubated overnight with bio-
NEAT1, bio-mut, or bio-NC at 4 °C. Streptavidin-coated magnetic beads were added to
and incubated with the reaction mixture for 1 h at 4° C to allow the formation of RNA-
protein complexes. The beads were then washed, and bound RNA was eluted from

them for RT-qPCR analysis to assess enrichment.

Dual-luciferase reporter assay

The miR-291a-3p binding sites from the 3" untranslated regions of NEAT1 and Rab22a
were cloned into a psiCHECK-2 dual-luciferase reporter vector (Promega, WI, United
States). Using Lipofectamine 3000 reagent (Invitrogen), NSCs were then co-transfected
with the reporter plasmids with miR-291a-3p mimic or mimic NC. Luciferase activity
was assessed after 48 h using the Dual-Luciferase Reporter Assay System (Promega), in
accordance with the manufacturer’s instructions. Activity of the Renilla luciferase gene

was used to normalize firefly luciferase activity.

Western blotting analysis

Total protein was extracted from the mouse brain tissues and NSCs using RIPA lysis
buffer (Abcam) along with protease and phosphatase inhibitors (Thermo Fisher
Scientific). The protein content was determined using a BCA Protein Assay Kit (Thermo
Fisher Scientific). Similar quantities of proteins were separated via sodium-dodecyl
sulfate gel electrophoresis (Millipore, MA, United States) and then transferred to
polyvinylidene fluoride membranes. The membranes were incubated overnight and at 4
°C with primary antibodies (all from Abcam, Cambridge, United Kingdom) against
Rab22a (1:1000, ab137093), p65 (1:1000, ab32536), hosphor (p)-p65 (1:1000, ab76302), Bax
(1:1000, ab32503), Bcl-2 (1:2000, ab182858), and GAPDH (1:2000, ab181602). Next, the
membranes were treated with HRP-conjugated secondary antibodies (1:3000, Abcam)

for 1 h at 22 °C. Electrochemiluminescence Western Blotting Substrate (NIH, Bethesda,
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MD, United States) was used to visualize the protein bands, which were quantified

using Image] software.

Statistical analyses

Data are presented as the mean and standard deviation. GraphPad Prism 8.0 (GraphPad
Software, CA, United States) was used for all statistical analyses. One-way analysis of
variance was used to evaluate group differences, followed by Tukey’s post-hoc test.

Statistical significance was set at P < 0.05.

RESULTS

Tan-IIA ameliorates oxidative stress and inflammatory responses in AD mice

In the healthy control group, neurons were neatly arranged in brain tissues, displaying
intact cell structures and clearly visible cell membranes and nuclei. In contrast, the
neurons in AD mouse brain tissues showed extreme disarray and irregularities in size
and shape, with a drastic reduction in cell number and blurred cell structures. These
problems were significantly improved in the treatment group that received 20 mg/kg of
Tan-IIA, which proved to be more effective than the 5 mg/kg treatment (Figure 1B).
Furthermore, the ELISA showed that Tan-IIA effectively alleviated the elevated
oxidative stress (via reduced ROS, MDA, and NO and increased SOD and GSH levels)
and neuroinflammation (viz reduced TNF-a, IL-1p, and IL-6 levels) in the AD mouse
brain tissue (Figure 1C-]), confirming that 20 mg/kg of Tan-IIA was more effective than
5 mg/kg. A total of 32 associated IncRNAs were identified in the GSE150696 dataset
(Table 3), with NEATTI displaying the highest fold-change to confirm it as a potential
therapeutic target (Figure 1K). This IncRNA was both highly expressed in mouse brain

tissues and reduced by Tan-IIA treatment (Figure 1L).

Tan-IIA ameliorates AP1-42-induced oxidative stress and inflammatory responses in

NSCs
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To investigate the protective mechanism of Tan-IIA, we isolated mouse NSCs and used
AP1-42 induction to establish an in vitro cellular model of AD. Immunofluorescence
results showed substantial positivity for MAP2 and (-III tubulin expression in isolated
and cultured NSCs (Figure 2A), indicating successful isolation. Ap1-42 dose-
dependently inhibited NSC viability (Figure 2B), with a subsequent dose of 10 pM Ap1-
42 used for validation. After Tan-IIA pretreatment, doses of 20 and 40 pM reduced NSC
viability (Figure 2C); therefore, safe doses of 1, 5, and 10 pM were chosen for
subsequent experiments to exclude factors intrinsic to Tan-IIA. The validation results
confirmed that Tan-IIA dose-dependently ameliorated Af1-42-induced reductions in
cell viability (Figure 2D), apoptosis (Figure 2E), oxidative stress (increased ROS, MDA,
and NO; decreased SOD and GSH) and increases in neuroinflammatory markers (TINF-
a, IL-1p3, and IL-6) (Figure 2F-N). In the process, the AB1-42-induced expression of
NEAT1 IncRNA was suppressed (Figure 20). For subsequent mechanistic studies, a safe
dose of 10 pM Tan-IIA was selected, as it ameliorated AP1-42-induced effects most

efficiently.

LncRNA NEAT1 reverses the improvements of Tan-IIA treated AP1-42-induced NSCs
via miR-291a-3p

Nuclear-cytoplasmic fractionation experiments revealed that the IncRNA NEAT1 was
abundantly expressed in the cytoplasm, a result similar to that observed in the positive
control GAPDH and opposite to that of U6 (Figure 3A). In verifying the efficacy of the
constructed ov-NEAT1 (Figure 3B), it was observed that it partially counteracted the
protective effect of Tan-IIA preconditioning on NSCs, partially reversing the Tan-IIA
improvement of AP1-42-inhibited cell viability (Figure 3C), promoted apoptosis (Figure
3D), oxidative stress (increased ROS, MDA, and NO levels; decreased SOD and GSH
levels) and neuroinflammation (increased TNF-a, IL-1, and IL-6) (Figure 3E-L). A joint
analysis using Starbase and IncBase identified miR-291a-3p as a potential target of
NEAT1 (Figure 3M), which was confirmed to be one of the key miRNAs in ameliorating

ADESI, Indeed, miR-291a-3p was downregulated in both the in vive and in vitro models
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of AD and upregulated upon Tan-IIA treatment (Figure 3N and O), further supporting
this hypothesis. After confiyming the efficacy of the synthesized miR-291a-3p mimic
and inhibitor (Figure 3P), a dual-luciferase assay was performed. The fluorescence
activity in the WT-NEAT1 and miR-291a-3p mimic co-transfected group was
significantly lower than that in the WT-NEAT1 and mimic NC co-transfected group,
whereas there was no significant difference in fluorescence activity between the mut-
NEAT1 and miR-291a-3p mimic or mimic NC co-transfected groups (Figure 3Q). RNA
pull-down results showed significant enrichment of miR-291a-3p in bio-NEAT1, with
no discernible differences in its expression between the bio-mut and bio-NC groups
(Figure 3R). Overexpression of NEAT1 significantly suppressed miR-291a-3p expression
(Figure 3S). However, changes in miR-291a-3p expression had no apparent effect on
NEAT1 expression (Figure 3T). These results confirm that NEAT1 directly targets and
binds to miR-291a-3p.

Rab22a is a direct target of miR-291a-3p

Joint analysis using miRDB and TargetScan databases identified Rab22a, an inhibitor of
the AKT pathway, as a potential target of miR-291a-3p (Figure 4A). Rab22a expression
increased in both the in vivo and in vitro models and decreased upon Tan-IIA treatment
(Figure 4B-D). Dual-luciferase assay results showed that luminescence activity was
significantly lower in the WT-NEAT1 and miR-291a-3p mimic co-transfection group
than in the WT-Rab22a and NC mimic co-transfection groups, and no significant effects
on luminescence activity were found between the mut-Rab22a and miR-291a-3p mimic
or NC mimic co-transfection groups (Figure 4E). In addition, Rab22a expression was
negatively regulated by miR-291a-3p (Figure 4F) and increased upon NEATI1
overexpression (Figure 4G). Therefore, Rab22a may be a potential target of miR-291a-
3p. Among the constructed siRNAs, si-Rab22a-1 was selected for further study because
of its high Rab22a silencing efficiency in NSCs (Figure 4H) and because the expression
of si-Rab22a did not significantly affect miR-291a-3p (Figure 41).
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Tan-IIA inhibits oxidative stress and neuroinflammation by activating AKT/Nrf2
signaling through the NEAT1/miR-291a-3p/Rab22a axis

To investigate the protective mechanism of Tan-IIA against Ap1-42-induced damage,
the miR-291a-3p mimic, ov-NEAT1, and si-Rab22a were co-transfected into NSCs. As
expected, Tan-IIA ameliorated the AP1-42-induced reduction in cell viability, promoted
apoptosis, oxidative stress (increased ROS, MDA, and NO levels; decreased SOD and
GSH levels), and neuroinflammation (increased TNF-a, IL-1p, and IL-6) (Figure 5A-]).
The miR-291a-3p mimic enhanced the effects of Tan-IIA, whereas ov-NEATI1
counteracted or partially counteracted the effects of the miR-291a-3p mimic. However,
these effects were reversed by si-Rab22a treatment (Figure 5A-]). Notably, the total p65
protein level was unchanged, and p65 phosphorylation and Bax protein levels were
opposite to those of RAB22A and Bcl-2. Tan-IIA reduced Ap1-42-induced p65
phosphorylation and Bax activation, and the miR-291a-3p mimic further enhanced these
effects. In addition, the counteracting effects of ov-NEAT1 on that of miR-291a-3p were
inhibited by si-RAB22A (Figure 5K), and the Bcl-2/Bax ratio was consistent with that of
Bcl-2. Similar to the in vitro results, Tan-IIA reduced p65 phosphorylation and Bax
activation and increased Bcl-2 levels in AD mice in vivo. The enhancing effects of the
miR-291a-3p mimic on Tan-IIA were counteracted by NEATI, but inhibited by si-
RAB22A (Figure 5L), and the ratio of Bcl-2/Bax was consistent with that of Bcl-2.

DISCUSSION
Studies have shown that the dysregulation of IncRNAs - such as lung adenocarcinoma
transcripts 1 and NEAT1, which are associated with metastasis - can be critical in the
pathogenesis of many degenerative diseasesl23l], including AD. In this study, we
investigated the neuroprotective effects of Tan-IIA using both in vivo and in vitro (AB1-
42-induced NSCs) models of AD to elucidate the underlying mechanisms involving the
IncRNA NEAT1/miR-291a-3p/Rab22a signaling axis.

Consistent with previous reports, our results showed that Tan-IIA treatment

significantly ameliorated AD-induced histopathological changes, reduced oxidative
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stress, and attenuated neuroinflammation in the brain tissue of AD micel26:32, In
particular, the dose-dependent improvements observed in AB1-42-induced NSCs in
vitro supported the potential of Tan-IIA as a promising AD therapeutic agent. During
this process, the expression of NEAT1 - a promising key therapeutic target IncRNA
obtained from the GSE150696 dataset analysis - was suppressed in a Tan-IIA dose-
dependent manner, suggesting its possible involvement in the protective mechanism of
Tan-IIA. Indeed, NEATI] has been shown to be one of the major IncRNAs that
exacerbate ADI®. This hypothesis was confirmed in our observation that an
overexpression of NEAT1 counteracted the ameliorative effect of Tan-IIA on AP1-42
induction. This is the first time that the ameliorative effect of Tan-IIA in alleviating AD
symptoms has been linked to NEATI, suggesting the possibility of a new regulatory
axis for subsequent IncRNAs, which is important for the development of new
therapeutic strategies against AD.

We further revealed a direct interaction between NEATI and miR-291a-3p, an
important player in nerve injuryB4l. Our results show that NEAT1 acts as a sponge for
miR-291a-3p, thereby regulating miR-291a-3p availability and function, which is the
first confirmation that miR-291a-3p contributes to the regulation of AD mitigation. We
also confirmed that Rab22a, a regulator of activated NF-xB signaling, is a direct target of
miR-291a-3p. This finding is notable because it is the first time that Tan-IIA regulation
of Rab22a via the NEAT1/miR-291a-3p axis has been shown to reduce the activation of
NF-kB signaling, a key pathway involved in oxidative stress, neuroinflammation and
cell survival in AD. This was confirmed by changes in the levels of factors related to
oxidative stress and neuroinflammation. Therefore, we identified the NEAT1/miR-
291a-3p/Rab22a axis as an important signaling axis for the Tan-IIA-mediated
amelioration of oxidative stress and neuroinflammation levels in both in vive and in
vitro models of AD.

The activation of NF-«xB signaling is known to lead to altered activation of the
downstream pro- and anti-apoptotic proteins, Bax and Bcl-2353¢]. In the present study,

we observed that Tan-IIA inhibited NF-kB signaling, leading to reduced levels of the
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pro-apoptotic Bax and activation of the anti-apoptotic Bcl-2 proteins in both our in vivo
and in vitro models of AD. The ratio of Bcl-2/Bax was consistent with that of Bcl-2, and
these results corresponded to its amelioration of Ap1-42- induced apoptosis in NSCs,
which increases our understanding of the role of Tan-IIA in the mechanism of AD. This
study has several limitations. First, it presents no clinical data to confirm the roles of
Tan-IIA and NEAT1 in patients with AD. Second, many IncRNAs have not yet been
analyzed and verified through GEO data mining. Third, this study was the first to
propose miR-291a-3p and Rab22a as novel therapeutic targets for AD, which requires
further validation. Finally, our focusing on the NEAT1/miR-291a-3p /Rab22a axis may
have overlooked alternative molecular pathways that contribute to the neuroprotective
effects of Tan-IIA. The directions and goals of future research should aim to bridge

these research gaps.

CONCLUSION

This study revealed the potential therapeutic role of Tan-IIA in AD by demonstrating its
ability to attenuate oxidative stress and neuroinflammation in a mouse model and in
AP1-42-induced murine NSCs. By elucidating the involvement of the NEAT1/miR-
291a-3p/Rab22a signaling axis in the neuroprotective effects of Tan-IIA, this research
not only deepens our understanding of the molecular mechanisms underlying AD but

also highlights a promising target for the development of new therapeutic strategies.

ARTICLE HIGHLIGHTS

Research background

Alzheimer’s disease (AD) is a prevalent neurodegenerative disorder characterized by
cognitive decline and neuronal loss. Oxidative stress and neuroinflammation play
pivotal roles in the pathogenesis of this disease. Tanshinone IIA (Tan-IIA), which is
derived from Salvia miltiorrhiza, shows potential neuroprotective effects. Understanding
the molecular mechanisms underlying these effects is crucial for the development of

novel therapeutic strategies.
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Research motivation

The motivation for this study was to elucidate the mechanisms by which Tan-IIA exerts
neuroprotective effects in AD, focusing on the potential modulation of the long non-
coding RNA (IncRNA) nuclear enriched abundant transcript 1 (NEAT1), microRNA
(miR)-291a-3p, and RAB22A, member of the RAS oncogene family (Rab22a) signaling

pathways. This has important implications for the development of new AD therapies.

Research objectives

The objective of this study was to investigate the neuroprotective effects of Tan-IIA in
AD models and elucidate the underlying molecular mechanisms. Specifically, we aimed
to determine how Tan-IIA affects oxidative stress, neuroinflammation, and neuronal

viability through the NEAT1/miR-291a-3p/Rab22a signaling axis.

Research methods

The study employed both in vivo and in vitro models of AD using mice and neural stem
cells, respectively. Methods included histopathological_examinations, enzyme-linked
immunosorbent  assays,  western  blotting,  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assays, reverse transcription quantitative polymerase

chain reaction assays, and various molecular biology techniques to elucidate the role of

the NEAT1/miR-291 a-3p/Rab22a pathway in mediating the effects of Tan-IIA.

Research results

Tan-ITA ameliorated AD-related pathological changes, reduced oxidative stress, and
attenuated neuroinflammation in the mouse models. It modulated the expression of
NEATI, miR-291a-3p, and Rab22a, indicating the involvement of this signaling axis in
its neuroprotective effects. This is the first study to link the amelioration of AD

symptoms by Tan-IIA with the downregulation of NEATI.
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Research conclusions

Tan-IIA has potential therapeutic roles in AD by attenuating oxidative stress and
neuroinflammation, primarily through the NEAT1/miR-291a-3p/Rab22a signaling axis.
This highlights the intricate molecular interplay involved in AD and identifies IncRNAs

and miRNAs as potential therapeutic targets.

Research perspectives

Future research should focus on validating the identified therapeutic targets, namely
miR-291a-3p and Rab22a, in clinical AD models. It is also crucial to explore other
potential molecular pathways affected by Tan-IIA to fully understand its
neuroprotective mechanisms. Clinical trials are essential to determine the efficacy and
safety of Tan-IIA-based therapies in patients with AD. Expanding our understanding of
the role of NEATI in AD could open new avenues for RNA-based therapeutic

strategies.
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