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Abstract The neurovascular unit (NVU) is highly responsible for cerebral homeostasis and its dysfunc-

tion emerges as a critical contributor to Alzheimer’s disease (AD) pathology. Hence, rescuing NVU

dysfunction might be a viable approach to AD treatments. Here, we fabricated a self-regulated muti-func-

tional nano-modulator (siR/PIO@RP) that can intelligently navigate to damaged blood-brain barrier and

release therapeutical cargoes for synergetic AD therapy. The resulting siR/PIO@RP enables self-

regulation of its distribution in accordance with the physio/pathological state (low/high RAGE expression)

of the target site via a feedback loop. siR/PIO@RP is capable of performing intricate tasks and goes beyond

the capabilities of single-target therapeutic agents utilized in AD therapy, such as reducing cerebral Ab load,

relieving neuroinflammation, and alleviating the dysfunction of NVU. Overall, the current study provides

proof of concept that normalizing NVU holds promise as a means of alleviating AD symptoms.
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1. Introduction
Alzheimer’s disease (AD), a progressive neurodegenerative dis-
order, is officially listed as the top ten leading causes of death over
the years1,2. Despite a large monetary investment in research on
AD treatment, the current therapeutic effect is still far from
satisfactory. A study revealed that 99% of Alzheimer’s drug trials
failed, among the highest rate for all diseases3. Given the complex
and ambiguous pathology of AD, the road to a cure is paved with
obstacles4,5. Therefore, developing new recipes grasping the
crucial links and restoring normal brain function during AD pro-
gression are urgently needed.

Recently, the neurovascular unit (NVU) dysfunction has
gradually come under spotlight as a hypothesis of AD, suggesting
that faulty clearance of amyloid b peptide (Ab) through
bloodebrain barrier (BBB) and senescence of brain vascular
system initiates permanent loss of neuronal function and cognitive
impairment6e8. Multiple studies revealed that trans-BBB transport
serves as a primary pathway for the removal of Ab, accounting for
70%e85% of Ab clearance9. In this process, Ab binds to LRP1
(Low-density lipoprotein receptor-related protein 1), which is
mainly expressed at the abluminal side of the BBB, and triggers
phosphatidylinositol binding clathrin Assembly Protein
(PICALM)/clathrin-dependent endocytosis of Ab-LRP1 com-
plexes and then Ab-containing endocytic vesicles are guided to-
wards exocytosis, ultimately leading to Ab transcytosis10.
However, a significant reduction in LRP1 expression is found
during aging and AD progression and correlates with an increase
of Ab in the brain11. Furthermore, emerging evidence also dem-
onstrates that there is a concomitant increased expression of re-
ceptor for advanced glycation end-products (RAGE) in suffered
Scheme 1 The scheme of siR/PIO@RP establishment and therapeutic

preferably accumulated at lesioned brain area through the bind affinity b

rescued the impaired neurovascular unit for AD therapy.
micro-vessels during the development of AD12,13. Besides
functioning as the major Ab influx receptor of BBB that
accelerates brain Ab accumulation, RAGE interacts with Ab and
amplifies a cascade of oxidative stress and inflammatory response,
which leads to cerebrovascular damage and ultimately
neurodegeneration14e19. In addition to the pathological alterations
of Ab-related transporters, BBB breakdown is also a major risk
factor for AD. The progressive BBB disruption increases vascular
permeability and allows exogenous toxic substance to enter the
brain, which triggers inflammation and oxidative stress, worsening
the process of neurodegeneration20. Overall, the aforementioned
evidence supported that cerebrovascular insults, including alter-
ations in transport properties, a loss of tight junction integrity, and
inflammatory reactions, could lead to the deterioration of AD.
Considering all the pathological cerebrovascular alterations, it is
plausible to conclude that the diseased BBB-targeted modulation
strategy can be a promising remedy for AD treatment. However,
the long-existing dilemma faced by traditional brain targeting
systems, namely the potential risk caused by undifferentiated
widespread distribution and extensive interaction with brain tis-
sue, remains a tough nut to crack. Herein, we speculate that
nanomedicine can provide a way out of such a dilemma by spe-
cifically targeting the damaged BBB and intelligently self-
regulating its accumulation in targeted brain areas according to
their physio/pathological state21.

To verify our hypothesis, we herein developed a multifunc-
tional self-regulated nano-modulator by loading RAGE siRNA
(siRAGE) and pioglitazone into a RAP (RAGE affinity peptide)-
decorated GSH-responsive lipopolyplex (siR/PIO@RP) (Scheme
1). Considering the overexpression of RAGE on cerebro-
vasculature during AD development, RAP, a peptide generated
from a phage display library, that can bind to RAGE22, was
al mechanism. The multi-functional nano-modulator (siR/PIO@RP)

etween RAGE affinity peptide (RAP) and high expressed RAGE and
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selected as a motif to facilitate intelligent navigation of the
damaged cerebral vasculature. RAGE-specific gene down-
regulation therapy based on small interfering RNA technology
(siRNA) offered promising therapeutics for repairing cerebrovas-
cular injuries by directly blocking causative gene expression with
high targeting specificity. Meanwhile, given the dynamic expres-
sion of RAGE in different states (low expression in the healthy
brain while high expression in the diseased brain), the built-in
feedback loop with RAGE as a cornerstone enables self-
regulatory distribution based on the physiological and patholog-
ical status of the target site via the interplay between RAP and
RAGE. Besides, to combat challenges facing gene delivery, a
GSH (glutathione)-sensitive lipopolyplex was fabricated. The
contained disulfide-bonded cationic complexes could condense
siRNAwith high efficacy, promote lysosome escape, and facilitate
siRNA release in intracellular redox environments, thus benefiting
the efficacy of siRNA. What’s more, a lipid layer that could mask
positive charge and prolong circulating time21 was also imple-
mented for further in-vivo application. Pioglitazone, a peroxisome
proliferator-activated receptor-g (PPAR-g) agonist, was also uti-
lized in our system for its ability to promote Ab clearance by
upregulating LRP123. It was also proved that pioglitazone could
rescue cerebrovascular function and selected markers of AD
neuropathology (oxidative stress, inflammatory reaction, etc.)24.
Overall, we assumed that our multifunctional nano-modulator
(siR/PIO@RP) bearing self-regulation ability might specifically
modulate the impaired cerebrovascular system during the occur-
rence and progression of AD. As we excepted, siR/PIO@RP
sufficiently accumulated along diseased cerebral microvascula-
ture, rescued the structure and function of NVU, reversed AD-
related transcriptomic alterations, and demonstrated cognitive
improvement in AD model mice, providing proof of concept that
attenuating NVU dysfunction is conducive to AD treatment.
2. Materials and methods

2.1. Materials

1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[succinimidyl
succinate ester(polyethylene glycol)], was purchased from Pon-
sure Biological Co., Ltd. (Shanghai, China). Sphingomyelin was
purchased from Jiuding Chemical Co., Ltd. (Shanghai, China).
Polyethylenimine was purchased from RHAWN, and cholesterol
and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were pur-
chased from AVT (shanghai) Pharmaceutical Tech Co., Ltd.
(Shanghai, China). 1,2-Dioleoyl-sn-glycero-3-phospho-L-serine
(DOPS), was purchased from Bide Pharmatech Co., Ltd.
(Shanghai, China). Lys-Ala-Pro-Asp-Thr-Lys (Dde)-Thr-Gln was
synthesized by Sangong Biotech (Shanghai, China). The RAGE
siRNA1 (sense:GGAAGGAGGUCAAGUCCAATT, antisense:
UUGGACUUGACCUCCUUCCTT), RAGE siRNA2 (sense:
GCACUUAGAUGGGAAACUUTT, antisense: AAGUUUCCCA
UCUAAGUGCTT) RAGE siRNA3 (sense: CCUCAGGUCCA
CUGGAUAATT, antisense: UUAUCCAGUGGACCUGAGGTT),
RAGE siRNA4 (sense: GCCAGAAAUUGUGGAUCCUTT, anti-
sense: AGGAUCCACAAUUUCUGGCTT) and negative control
siRNA (sense: UUCUCCGAACGUGUCACGUTT, antisense:
ACGUGACACGUUCGGAGAATT) were designed and pur-
chased from Sinotech Genomics company (Shanghai, China).
Amyloid-b (1e42) peptide (Ab1‒42) and FITC-amyloid-b (1e42)
peptide (FITC-Ab1‒42) were purchased from GL Biochem Ltd.
(Shanghai, China). The anti-amyloid oligomers antibody and
anti-MAP2 antibody were purchased from Abcam (Cambridge,
UK). The anti-RAGE antibody was purchased from Abclonal and
the anti-ZO-1 antibody was obtained from Proteintech (Wuhan,
China).

2.2. Synthesis of sPEI and DSPE-PEG-RAP

The synthesis was performed following the reported method with
some modifications25. The pH of PEI800 (500 mg) aqueous solu-
tion was adjusted to 7.2 by dropwise adding 0.5 mol/L HCl. After
the removal of water by evaporation, the yellow solid thus ob-
tained dissolved in 30 ml of methanol in the bottleneck flask and
the sample was purged with nitrogen 3 times. A calculated amount
(5 times molar excess to PEI800) of propylene sulfide was added
and the solution was reacted at 60 �C for 24 h. The content was
evaporated to dryness under reduced pressure and taken up in
methanol, followed by precipitation in cold diethyl ether twice.
The obtained precipitate was dissolved in DMSO and stirred at
room temperature for 48 h. After that, the product was purified by
dialysis against water (MWCO 3500), lyophilized, and the
chemical structure was confirmed by 1H NMR (in D2O,
400 MHz): 1H NMR (300 MHz, D2O): d 3.14e2.66 (m,
NCH2CH2N, NCH2CHMeS), 1.25e1.05 (m, CH3).

For the synthesis of DSPE-PEG-RAP, DSPE-PEG2000-NHS
was dissolved in DMF at 10 mg/mL and then added with 1.3�
molar RAP peptide and 2� molar excess trimethylamine (TEA).
The solution was stirred at 40 �C under nitrogen for 24 h. After the
reaction, the mixture was dialyzed against DMSO for 12 h and
then against deionized water for another 24 h. The final product
was obtained by freeze-drying and turned to time-of-flight mass
spectrometry for successful structure verification.

2.3. Preparation and characterization of polyplexes with
different weight ratios

The siRNA and sPEI were respectively dissolved in DEPC water
to prepare stock solutions with a concentration of 1 mg/mL and
20 mmol/L. According to the preset weight ratios (w/w Z 0, 0.3,
0.5, 1, 2, 3, 4), sPEI solution with various volumes was added to
2 nmol siRNA and then the mixture was incubated at room tem-
perature for 20 min.

To confirm the siRNA encapsulation efficiency and GSH-
responsiveness of polyplexes, a gel electrophoresis assay was
carried out. Two percent of agarose in TAE buffer was subjected
to microwave heating for dissolution and then GelRed was added
as a nucleic acid indicator. Samples with different weight ratios
were loaded and transferred for 20 min electrophoresis at 100 V.
For the GSH-responsiveness test, the complexes were treated with
10 mmol/L GSH at 37 �C for 2 h and electrophoresis was per-
formed as above-mentioned.

2.4. RAGE knockdown efficiency assessments of polyplexes

For RAGE knockdown efficiency assessment, 200,000 bEnd.3
cells in 6-well plates were treated with polyplexes containing
50 nmol RAGE siRNA for 48 h, with branched polyethyleneimine
(PEI, 25 kDa) as a positive control and then harvested. PCR was
performed as described previously26,27. Bands were incubated
with primary antibody dilution overnight, followed by incubation
with secondary antibody dilution for 2 h. Finally, bands were
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visualized with ECL detection reagents. All antibodies were
diluted according to manufacturers’ recommendations.

2.5. Preparation and characterization of siR/PIO@RP

According to a previous report, RAP-modified pioglitazone-loaded
lipopolyplex was prepared by reverse evaporation method26,28.
Various lipids and pioglitazone were dissolved either in chloroform,
ethanol, or methanol-ethanol (v/v Z 1:1) with a concentration of
4 mg/mL. The organic phase was obtained by mixing cholesterol,
sphingomyelin, DOPC, DOPS, DOPE, DSPE-PEG2000, DSPE-
PEG2000-RAP, and pioglitazone were added drop by drop to the
water phase. The mixture was transferred to ultrasonication for
5 min in an ice bath and the organic phase was removed using a
rotary evaporator to get lipopolyplex solution. The siRAGE was
mixed with sPEI for 30 min. Then the mixture was added to the
lipopolyplex solution and incubated for 4 h at room temperature.
The Dynamic light scattering (DLS) was performed to assess the
size and zeta potential of siR/PIO@RP and the TEMwas utilized to
observe the morphology of siR/PIO@RP. To further determine DLC
(%) and EE (%) of pioglitazone, HPLC analysis was carried out.
The release process of pioglitazone was investigated via the dialysis
method. Briefly, PIO@RP solution (1 mL, containing 1 mg pio-
glitazone) was sealed in a dialysis bag (MWCO Z 2000 Da) and
dialyzed against 10 mL of PBS containing 1% tween 80 at different
pH (pHZ 7.4 or 5.0). At predetermined time intervals, the dialysate
was withdrawn for HPLC analysis.

2.6. Experimental cells and animals

The bEnd.3, BV2 and TC1 cell lines were obtained from the
Chinese Academy of Sciences Cell Bank (Shanghai, China).
Mouse primary hippocampal neurons were purchased from
Wuhan Warner Biotechnology Co., Ltd. (Wuhan, China). APP/
PS1 mice were purchased from the Nanjing Biomedical Research
Institute of Nanjing University (Nanjing, China). The animals
were maintained in the specific pathogen-free animal facility at
22 � 2 �C on a 12 h lightedark cycle with free access to food and
water. All experimental procedures were executed according to
the protocols approved by the Ethics Committee of Sichuan
University (license No. K2022012).

2.7. Ab1e42 oligomer preparation

Lyophilized human Ab1e42 monomer peptide (GL Biochem,
Shanghai, China) purified by HPLC (>95%) was used to prepare
Ab1‒42 oligomer as earlier described with slight modifications.
Ab1e42 was initially dissolved to Ab1‒42 monomer dissolved in
dry DMSO to a concentration of 2 mmol/L and was further diluted
into ice-cold Opti-MEM to bring the peptide to a final concen-
tration of 100 mmol/L. After vortexing for 30 s, the stock solution
was incubated at 4 �C for 24 h before utilization.

2.8. Cell uptake and lysosomal escape assay

For cell uptake assay, bEnd.3 cells were seeded onto glass slides
and pre-cultured by 10 mmol/L Ab oligomer for 24 h. After that,
the culture medium was removed and washed with PBS
(pH Z 7.2) twice. FITC-labeled nanoparticles were prepared and
diluted in FBS-free medium to a concentration of 100 ng/mL.
Then FITC-RP and FITC-NP were added to the plate respectively.
After 1 h incubation, the cells were washed and stained with DAPI
for 5 min to label the nuclei. Cells were further washed with PBS
and fixed with 4% PFA before CLSM observation. As for lyso-
somal escape assay, bEnd.3 cells were plated onto glass slides.
siRNA and lysosome were respectively labeled with FITC and
lysotracker red DND99 for easy trace.

2.9. Cytotoxicity assay

To measure cell viability, MTT assay was performed. Specifically,
bEnd.3 cells were seeded in 96-well plates and were administrated
with different treatments. After that, 10 mL MTT (10 mg/mL,
diluted in PBS; Sigma) was added to each well and fully mixed.
After 4 h incubation at 37 �C, the medium was gently removed
and replaced by 100 mL DMSO. After gently shaking the plate for
1 h at 37 �C. Absorbance was measured at 570 nm by a microplate
reader. The relative cell viability was expressed as the absorbance
relative to the control group.

2.10. Hemolytic test

First, the fresh blood of mice was collected into anticoagulant
tubes and diluted with PBS solution followed by centrifugation at
2000 rpm for 5 min (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA). Then the supernatant was removed and the
centrifugation process was repeated 3e5 times until the super-
natant was colorless. The red blood cells in the bottom were
suspended in PBS (pH 7.4) at a final concentration of 2%. The red
cell suspension was respectively incubated with purified water
(positive control), PBS buffer solution (negative control), and
nanoparticles of different concentrations at 37 �C for 24 h. After
centrifugation at 2000 rpm for 5 min, the photo was captured and
supernatant was taken and its absorbance at 490 nm was
measured. The hemolysis ratio was calculated as follows Eq. (1):

Hemolysis rate (%) Z [(ODsample‒ODnegative)/(ODpositive

‒ODnegative)] � 100 (1)
2.11. Alleviating intracellular ROS

BV2 cells were planted in 12-well plates (80,000/well) and
incubated with different formulations for 48 h and then Ab for
24 h. After that, the medium was removed and treated with FBS-
free medium containing 10 mmol/L DCFH-DA for 30 min at
37 �C. Then, cells were harvested and rinsed with PBS for three
times. The fluorescent intensity was obtained by flow cytometer
(FCM, Agilent NovoCyte, Palo Alto, USA).

2.12. Western blot

Cells or brain tissues were collected and lysed in RIPA containing
1 mmol/L PMSF buffer for protein expression analysis. Equivalent
amounts of protein were loaded to the wells of sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), followed
by film transfer operation. Then the nitrocellulose membrane
(Millipore) was blocked with 5% fat-free milk for 2 h at 37 �C and
was incubated with primary antibodies overnight at 4 �C. The
membranes were washed 5 times with TBST and then incubated
with a secondary antibody (LI-COR, Lincoln, Nebraska, USA) for
2 h at room temperature. The images of Western blot bands were
captured using the Odyssey infrared fluorescence imaging system
(LI-COR, Lincoln, Nebraska, USA).
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2.13. Quantitative real-time PCR

Total RNA was isolated from cultured bEnd.3 or brain tissues
using a total cell/animal RNA kit (Foregene, Chengdu, China).
RNA concentrations were evaluated by micro nucleic acid and
protein quantifier. The Hifair� III 1st Strand cDNA Synthesis
SuperMix for qPCR (gDNA digester plus) and Hieff� qPCR
SYBR Green Master Mix (Low Rox Plus) (Yeasen, Shanghai,
China) were employed to perform RT-qPCR according to the
manufacturer’s protocol.

2.14. BBB permeability measurements

The in vitro BBB barrier function was investigated by measuring
the leakage of Na-F across endothelial cell monolayer, following a
previously described protocol14. Briefly, bEnd.3 cells were
cultured on 3 mm polycarbonate membrane transwell permeable
inserts. Cells were subjected to different treatments for 2 days
after achieving the desired confluence and further incubated with
10 mmol/L Ab oligomer for 24 h to induce invitro BBB perme-
ability. Then Hank’s balanced salt solution (HBSS) was added into
the basolateral compartments and the culture medium in the in-
serts was replaced by 0.3 mL HBSS assay buffer containing
10 mg/mL Na-F. 30 min later, HHBS buffer from the lower
compartments were diluted measured by a microplate reader at
wavelengths of 473 nm (excitation) and 535 nm (emission).

2.15. In vivo imaging in APP/PS1 model mice

Cy5-labeled siRNAwas loaded into nanoparticles with or without
RAP modification for further biodistribution track. Both Cy5-
siR@NP and Cy5-siR@RP were injected intravenously into 8-
month-old APP/PS1 mice. According to a previous report29, mice
were sacrificed at 4 h post-injection to collect major organs and
imaged ex vivo, and then fluorescence intensity was quantified by
Lumina III Imaging System (PerkinElmer, Waltham, USA). The
brains were fixed in 4% paraformaldehyde for 24 h and then
followed by programmed dehydration before the frozen section
was performed. The sections were stained with DAPI to show
nuclei and were immediately observed under a fluorescence mi-
croscope (Leica, DMi8, Weztlar, Germany). To further determine
the co-localization of different nanoparticles with RAGE, immu-
nofluorescence staining was performed on RAGE, and images
were captured by an inverted fluorescence microscope (Leica).

2.16. Drug treatment and memory evaluation

APP/PS1 transgenic mice were randomly divided into five groups
and intravenously administrated with PBS, siR@RP, PIO@RP
siR/PIO@NP and siR/PIO@RP. Wilde-type C57 mice were used
as healthy controls. The mice were treated every 5 days at a dose
of 0.5 mg/kg siRNA and 1 mg/kg pioglitazone. Mice were
weighed every 5 days for toxicity assessment. After seven sessions
of treatment, the Morris water maze test was utilized to evaluate
the memory function. The round pool was set in a quiet test room
with constant light during the experiment. The pool was evenly
divided into four quadrants and each quadrant was marked with a
different geometric Figure.

In the 3rd quadrant, a circular platform was positioned at the
center, and the water level was kept at 1 cm higher than the
platform. To prevent the mice from detecting the underwater
platform, the water was stained with titanium dioxide. Training
trials were conducted for four consecutive days before the spatial
exploration test, where the platform was removed. Each mouse
was released into the water from the opposite side of the original
platform quadrant. The time spent in the target quadrant (the
quadrant where the platform was originally placed), the number of
times the animal entered the platform at the quadrant, and the
escape latency (time from water entry to platform arrival for mice)
were recorded as indicators of spatial memory.

2.17. Mechanism experiments after treatment

After the behavioral experiment, mice were sacrificed and brains
were harvested for histological analysis, and gene and protein
expression analysis. For histological analysis, the tissues were
fixed in a 4% PFA fix solution and embedded in paraffin. Then
paraffin-embedded tissues were sectioned into slices and subjected
to HE and Nissl staining. Immunofluorescent staining of Ab, ZO-
1, and MAP2 was executed following the manufacturer’s pro-
tocols. For protein expression analysis, brains were homogenized
by a high-speed tissue grinder (Servicebio, Wuhan, China) to
extract protein for further Western blot and ELISA assay. For gene
analysis, total brain RNA was isolated and used for further RT-
qPCR and transcriptome assay (PANOMIX Biomedical Tech
Co., Ltd., Suzhou, China).

2.18. Evaluation of systemic toxicity

During the treatment, all mice were weighed once every three
days. The weight changes of each group were counted after
administration. Blood samples were taken from all mice after the
MWM test, and then blood biochemical indexes were detected.
The cumulative toxicity of the nanoparticles was observed by
H&E staining on the visceral slices of mice after treatment.

2.19. Statistical analyses

The results are expressed as the mean � SD, indicated by error
bars in each graph. For statistical comparisons between two
groups, Student’s t-test analysis was applied, while for statistical
comparisons between samples of three groups and above, one-way
ANOVA Dunnett’s test was used. For statistical analyses, P < 0.05
was considered statistically significant.

3. Results

3.1. Characterization of siR@sPEI and siR/PIO@RP

To synthesize a redox-sensitive polymer, low molecular weight
(LMW) polyethyleneimine PEI600 was linked using disulfide-
crosslinking (PEI-SS-PEI, named sPEI) by a reported method with
some modifications25. Detailed information is provided in the
Supporting information Fig. S1. The chemical structure of poly-
mers was confirmed by 1H NMR (Supporting information Fig. S2).
The DSPE-PEG-RAP was obtained and verified by time-of-flight
mass spectrometry (Supporting information Fig. S3). Then, the
ideal weight ratio was determined by both gel electrophoresis and
gene transfection efficiency assessments. As demonstrated via gel
retardation assays (Fig. 1A), sPEI showed comparable gene
loading capacity with that of traditional gene transfection vector
polyethyleneimine 25K (PEI25K) but showed lower toxicity
(Supporting information Fig. S4). sPEI could completely constrain



Figure 1 Characterization of nanoparticles. (A) Gel retardation assay of various polyplexes at different weight ratios. (B) Representative PCR

analysis of RAGE downregulation in bEnd.3 cells were treated with siR@sPEI at different weight ratios. NC, scrambled siRNA was loaded and

used as a negative control. Data are presented as mean � SD (n Z 3). *P < 0.05, **P < 0.01, One way ANOVA Dunnett’s test. Gel retardation

assay of siR@sPEI and siR@PEI25K with or without GSH incubated when weight ratio was fixed at 1. (C) TEM images showing the morphic

changes of siR@sPEI incubated with or without GSH, scattered fragments are shown by red arrows. (D) Hydration particle size and TEM image

of siR/PIO@RP. Scale bar Z 100 nm. (E) Zeta potential of different formulations. (F) Cellular uptake of FITC-RP inhibited by RAGE inhibitor

FPS-ZM1 (5 � 10�6 mol/L) for 1 h in BV2, Data are presented as mean � SD, n Z 3, **P < 0.01 by two-tailed t-test. (G) Confocal imaging of

cellular uptake of FITC-NP, 10:1 FITC-siR@RP 10:2 FITC-siR@RP 10:4 FITC-siR@RP by bEnd.3 cells. Scale bar Z 50 mm. (H) Confocal

Semi-quantification of the cellular uptake of FITC-NP, 10:1 FITC-siR@RP 10:2 FITC-siR@RP 10:4 FITC-siR@RP by bEnd.3 cells, n Z 4,

***P < 0.001, ****P < 0.0001 by One way ANOVA Dunnett’s test. (I) Lysosome escape test, scale bar Z 25 mm. The X axis represents distance

and the Y-axis represents fluorescence intensity.
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siRNA when the weight ratio was fixed at 1:1 or greater, while
unmodified LMW PEI600 couldn’t form complete complexation at
a higher weight ratio of 4. To exert the optimal pharmacological
effects of siRNA, the sequence of RAGE siRNA was screened by
real-time PCR. The inhibitory efficiency of siRAGE-3 was
approximately 100% in BV2 and 50% in TC1 cells (Supporting
information Figs. S5A and S5B), ranked the best among all can-
didates. Therefore, siRAGE-3 was selected as the siRNA drug for
the subsequent experiments. For further investigation of the most
appropriate weight ratio, the silencing efficacy of sPEI and siRNA
polyplexes at different weight ratios was explored, and the weight
ratio of one demonstrated the best silencing effect with w40%
down-regulation efficiency of RAGE in bEnd.3 (Fig. 1B), which
was significantly higher than that of conventional vehicles PEI25K.
Therefore, sPEI and siRNA polyplexes with a weight ratio of one
were used for further experiments.

In our design, the disulfide bond in sPEI would be cleaved at
high glutathione (GSH) levels within the intracellular redox
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environment. Then, the siR@sPEI nanostructure is destroyed,
resulting in siRNA release, which could be beneficial in terms of
improving gene silencing efficacy. Therefore, the reductive
responsiveness of the sPEI was investigated. As shown in Fig. 1C,
the spherical structure was mostly broken and showed a dis-
integrating form after GSH incubation, resulting in the formation
of many scattered fragments in the background. Also, obvious
change was observed in siR@sPEI group after incubation with
10 mmol/L GSH (Supporting information Fig. S6A), while no
such change was found in its GSH non-responsive control. Simi-
larly, as shown in the agarose gel experiment, after 2 h incubation
with 10 mmol/L GSH, the siRNA presented a tendency to release
from the polyplexes at a weight ratio of 1, while under non-
reducing conditions, the siRNA could not be released
(Supporting information Fig. S6B), furthermore, there was no sign
of the responsive release of siRNA in the control group. These
results confirmed our hypothesis that our polyplexes could
condense siRNA with high efficacy and exhibit the ability to
release siRNA in response to GSH.

To meet the requirement for systematic administration, the
positive charge of siR@sPEI polyplexes should be shielded to
endow the delivery system with stability and longer circulation
characteristics. Therefore, a pioglitazone-loaded lipid layer was
utilized and the detailed preparation process is shown in
Supporting information After decoration, siR/PIO@RP with a size
of 148.4 � 7.8 nm was obtained (Fig. 1D), and transmission
electron microscopy (TEM) images demonstrated a typical lipid-
vesicle structure (Fig. 1D). In addition, the zeta potential of siR/
PIO@RP decreased from þ18.4 � 2.1 to �17.9 � 1.3 mV, further
confirming the successful coating of lipid layer (Fig. 1E). The size
of siR/PIO@RP remained almost unchanged within 24 h in PBS
and in 10% serum (Supporting information Fig. S7), and the PDI
remained below 0.3, suggesting its good stability. The hemolysis
ratio was lower than 2% within a wide range of concentrations,
which means the lipid layer coating increases biosafety, thus
facilitating in vivo administration (Supporting information
Fig. S8). The DLC and EE rate of pioglitazone in siR/PIO@RP
were 3.65% and 76.61%, respectively (Supporting information
Fig. S9A). What’s more, the amount of pioglitazone released
from siR/PIO@RP was increased in acid pH compared with that
in neutral pH, indicating that pioglitazone could be released from
the carrier in lysosome after uptake by BBB endothelial cells
(Supporting information Fig. S9B).

It was reported that the expression of RAGE is upregulated on
the diseased BBB in AD patients, which might exacerbate the
disease progression30,31. We thus investigated whether the RAP
modification can facilitate the delivery of therapeutical compo-
nents to diseased sites. According to previous reports31,32, we
constructed a diseased BBB model by pre-incubating the bEnd.3
cells with 10 mmol/L Ab oligomer, where RAGE expression was
upregulated by 1.5 times (Supporting information Fig. S10A‒
S10C). Considering the targeting efficiency was affected by the
density of RAP peptide, the cellular uptake of FITC-RP with
various densities of RAP peptide was evaluated by confocal im-
aging (Fig. 1G and H). The cellular uptake of RAP-LP increased
as the RAP weight ratio increased (Fig. 1G and H), proving that
RAP modification facilitated the internalization of nanoparticles.
These results were consistent with those obtained by flow
cytometry (Supporting information Fig. S11). Furthermore, RAGE
inhibitor FPS-ZM1 inhibited the cellular uptake of RP but not NP
(Fig. 1F), indicating that RAGE played a crucial role in promoting
the cellular uptake of RP. These results indicated that modification
of RAP might increase the diseased BBB targeting efficacy
through its high affinity with RAGE.

To exert a pharmacological effect, it is crucial for siRNA to
escape from the endo/lysosome. Lysotracker red was then used to
label endosomes/lysosomes27 and siRNA was labeled with FITC
fluorophore for convenient tracking. The results showed that after
incubation of FITC-siR@RP with bEnd.3 cells for 0.5 h, a
considerable overlap was observed between red and green fluo-
rescence, suggesting that FITC-siR@RP presented in endosome/
lysosome. However, with incubating time prolonging, the red
fluorescence separated from the green fluorescence (Fig. 1I). This
indicated our system could help siRNA successfully escape from
endosome/lysosome, hence avoiding the degradation of siRAGE
by “endosome/lysosome” pathway.

3.2. In vivo targeting efficacy of RAP

As previously mentioned, the upregulated RAGE was found in
diseased cerebral endothelium in AD model, where a vicious
cascade was present. Therefore, we attempted to investigate
whether tethering RAP to lipoplexes was more effective in
increasing its accumulation in damaged brains using AD model.
We first explored the biodistribution with an IVIS Lumina III
Imaging System. As demonstrated in Fig. 2A and B, Cy5-siRNA
loaded RP showed stronger fluorescent signals in the brain
compared with unmodified NP, while such phenomenon was not
found in other main organs (Supporting information Fig. S12),
suggesting that RAP modification was beneficial for specific
pathological brain targeting. To further confirm that RAP can
promote preferable pathological brain accumulation, we examined
the brain distribution using confocal imagining. Confocal micro-
scopy analysis found that RP accumulated at a level much higher
than unmodified NP both in the cortex and hippocampus (Fig. 2C).
Moreover, RAGE, a marker of damaged cerebral endothelial cells
was immune-stained to study the enrichment of nanoparticles
around pathological brain micro-vessels. As demonstrated in
Fig. 2D, the fluorescence signal of accumulated RP around RAGE
was higher than NP and there was a greater degree of overlap
between RP and RAGE. These results proved that RAP modifi-
cation could realize a preferential target of damaged brain
microvasculature.

3.3. siR/PIO@RP alleviates Ab-induced neurovascular system
impairment and facilitates LRP1 mediated Ab efflux in vitro

A previous report33 showed that Ab oligomer could induce BBB
impairment and thus increasing its permeability, which might be
the cause of Alzheimer’s disease. We therefore employed an Ab
oligomer co-incubated bEnd.3 monolayer-based in vitro BBB
model (Fig. 3B) to investigate whether our siR/PIO@RP could
reserve the increased BBB permeability by measuring the
permeability of Na-F. As shown in Fig. 3C, the BBB permeability
increased after incubation with 10 mmol/L Ab1e42 for 24 h, and
the treatment with siR/PIO@RP could significantly rescue BBB
breakdown, rendered as a w30% decreased Na-F fluorescence
intensity. Studies demonstrated that tight junction (TJ) scaffold
proteins of endothelial cells were involved in the integrity of the
BBB34, the loss of which led to BBB impairment. Therefore, we
evaluated the expression of TJ protein ZO-1. The results in
Fig. 3A, E vividly showed that ZO-1 expression was largely
reduced by Ab oligomer incubation. After treatment with different
formulations, the expression of ZO-1 was upregulated to varying



Figure 2 In vivo targeting efficacy of nanoparticles in AD model mice. (A) Ex vivo imaging of AD mice brains excised at 4 h post-injection.

(B) The semiquantitative data of fluorescence intensity, Data are presented as mean � SD, n Z 3, P Z 0.056 by Student’s t-test. (C) Distribution

of Cy5-siR@NP and Cy5-siR@RP in the cortex and hippocampus. Scale bar Z 100 mm. (D) Colocalization of Cy5-siR@RP and Cy5-siR@NP

with RAGE. Scale bar Z 20 mm.
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degrees, with the most obvious upregulation observed in the siR/
PIO@RP group. What’s more, we also evaluated the cell viability
of bEnd.3 by MTT. Similarly, siR/PIO@RP could restore the
decrease in cell viability caused by Ab (Fig. 3D), suggesting its
neurovascular protection effect. Except the above-mentioned
gains in recovering BBB morphology and structure, multiple
literatures24,35 have illustrated the critical role of peroxisome
proliferator-activated receptor agonist in recovering neurovascular
dysfunction through its synergistic anti-inflammatory and ROS
scavenging effects with siRAGE. We continued to investigate
whether our siR/PIO@RP, a typical proliferator-activated receptor
agonist pioglitazone-loaded nanocomposite, could exert such an
effect. The neurovascular system in AD model featured wide
inflammation, which results from Ab overload and in turn pro-
motes Ab deposit36e39. In this regard, we measured the expression
of proinflammatory factors at mRNA level in BV2. As displayed
in Fig. 3G and H, the mRNA level of IL-1b and IL-6 in Ab
oligomer-treated BV2 cells increased by 3.62 times and 1.32 times
compared with Ab untreated BV2. siR/PIO@RP noticeably
reduced IL-6 level and IL-1b production by 48.99% and 82.20%
respectively, indicating its anti-inflammation potential. The
oxidative stress alleviation capacity of siR/PIO@RP was also
determined by flow cytometry and demonstrated in Supporting
information Fig. S13, siR/PIO@RP could decrease fluorescence
intensity of DCFH-DA in BV2 by 14% compared with Ab-
induced positive control cells, suggesting its ROS elimination
property.

What’s more, it has been unveiled that pioglitazone could
upregulate LRP1, whose expression is largely reduced on
damaged brain microvascular cells, thus facilitating the efflux of
Ab through the BBB40e42. The results in Fig. 3F demonstrated
that all pioglitazone-loaded preparations, PIO@RP, siR/PIO@NP,
and siR/PIO@RP, could upregulate LRP1 protein expression in
bEnd.3 cells, and the LRP1 upregulation effect could be main-
tained by PIO@RP ranging from 100 nmol/L to 5 mmol/L (PIO)
(Supporting information Fig. S14). To verify that pioglitazone-
loaded nanoparticles could promote BBB mediated Ab trans-
port, Ab uptake was measured in bEnd.3 cells within 30 min by
flow cytometry. The results (Supporting information Fig. S15)
demonstrated that Ab uptake by bEnd.3 cells significantly



Figure 3 siR/PIO@RP reduced Ab1‒42-induced BBB impairment in vitro. (A) ZO-1 immunofluorescence (red) in bEnd.3 cells following the

different treatments. DAPI (blue) was used to stain nuclei. Scale bar Z 50 mm. (B) The Schematic plot of in-vitro BBB model (C) BBB

permeability was determined by the sodium fluorescein (Na-F) leakage test. Data are presented as mean � SD (n Z 3). (D) Cell viability of

bEnd.3 cells were analyzed by MTT assay. Data are presented as mean � SD (n Z 7). (E) Western blot result of ZO-1. (F) Western blot result of

LRP1. (G, H) Levels of IL-1b and IL-6 in BV2 cells following the treatments (n Z 3). Data represent the mean � SD. One way ANOVA

Dunnett’s test, *P < 0.05, **P < 0.01, ***P < 0.001.
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decreased after treatment with CoCl6, which significantly reduced
the expression of LRP1, and PIO@RP could increase Ab uptake
by 1.82 times, confirming that PIO-loaded nanoparticles were
beneficial for Ab efflux through LRP1-mediated pathway. All
results together proved that siR/PIO@RP could alleviate Ab-
induced neurovascular system impairment and facilitate LRP1-
mediated Ab efflux.

3.4. siR/PIO@RP improves learning and memory and reduces
Ab deposit in APP/PS1 mice

In order to investigate the effect on learning and memory function,
APP/PS1 mice with different administrations and WT mice as a
healthy control were subjected to Morris water maze (MWM)
(Fig. 4A). After four days of training, the trajectories, number of
platform crossings, time spent in target quadrant, and the latency
to reach the platform of mice in different groups were recorded
and analyzed. As demonstrated in Fig. 4C, AD mice exhibited
aimless behavior, rendered as a circular searching track, whereas
the routes of other mice after treatment were more targeted. Ac-
cording to heatmap, the strongest signal was detected in the vi-
cinity of the target platform for mice of siR/PIO@RP group,
suggesting its learning and memory improvement potential
(Fig. 4C). Beyond that, the results in Fig. 4D showed that there
was a significant decrease in target platform crossing times of AD
mice compared with WT mice, while siR/PIO@RP administration
largely increased the target platform crossing times by 1.5 times
compared to AD group. It was also shown in Fig. 4E and F that the



Figure 4 Behavior evaluation examined by Morris Water Maze (MWM) and Ab clearance effect of siR/PIO@RP. (A) Schematic diagram of

the experimental timeline. APP/PS1 transgenic and WT mice were administrated with different formulations via tail intravenous injection every 5

days for seven cycles. Mice were then subjected to MWM for memory evaluation. (B) The body weight changes during treatment. (C) The

representative heat maps of searching paths in Morris water maze. (D) Number of platform crossings. (E) Cumulative time in the quadrant of the

platform of mice. (F) Escape latency of mice in different groups after treatment, Data are presented as mean � SD (n Z 10). (G) Ab42 level in

brain homogenates after different treatments determined by ELISA Data are presented as mean � SD (n Z 7), One way ANOVA Dunnett’s test,

****P < 0.0001. (H) Immunofluorescence staining of Ab plaques in the cortex and hippocampus of mice in different groups. Scale

bar Z 500 mm.
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target platform retention time of siR/PIO@RP group increased by
14.7% relative to AD group and there was a 21.7% decrease in
terms of escape latency time between the two groups. In general,
all results present above suggested an improvement in cognition
capacity by siR/PIO@RP treatment. In addition, the body weights
during treatment were monitored (Fig. 4B) and major organs of
mice were harvested for hematoxylin eosin (HE) stain to assess
toxicity (Supporting information Fig. S16). As indicated by re-
sults, the weight of mice remained stable after siR/PIO@RP
treatment and the HE stain did not reveal substantial organ dam-
age, suggesting the safety of our system.
Substantial research demonstrated that RAGE and LRP1-
associated modulation could restore Ab in/out brain balance,
effectively reducing the deposition of Ab in the brain43,44. We
investigated if siR/PIO@RP could effectively regulate the
expression of RAGE and LRP1 receptors as expected. As dis-
played by Western blot and semiquantitative analysis (Supporting
information Figs. S17A, S17B, and S17D), RAGE protein was
reduced while LRP1 protein was elevated after siR/PIO@RP
treatment. What’s more, PCR results in Supporting information
Fig. S17C showed the mRNA expression level of RAGE was
also decreased by siR/PIO@RP. To further test whether siR/
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PIO@RP could improve Ab clearance like previous RAGE/LRP1
modulating strategies, anti-Ab immunofluorescence analysis and
immunohistochemical staining were applied. Results in Fig. 4H,
and Supporting information Fig. S18 showed that Ab accumula-
tion was dramatically decreased both in the hippocampus and in
the cortex after administrated with siR/PIO@RP. Similar results
were also observed in Fig. 4G, where the quantification data of Ab
in brain homogenates were obtained by ELISA kit, showing siR/
PIO@RP could reduce Ab level in the brain of APP/PS1 mice.
Together, these results demonstrated that siR/PIO@RP could
efficiently clear Ab deposition in the brain through regulating the
expression of RAGE and LRP1.

3.5. siR/PIO@RP alleviates Ab-induced neurovascular system
impairment in vivo

Previous studies found that perivascular Ab deposits could
damage the structure and function of cerebral neurovascular
units, aggravating AD progression45e47. Firstly, to test whether
Figure 5 siR/PIO@RP reduced neurovascular impairment in vivo. (A) I

Expression of pro-inflammatory cytokines TNF-a and IL-6 in the brain a

ANOVA Dunnett’s test, *P < 0.05, **P < 0.01. (D) Immunofluorescenc

staining of the brain after different administrations. The red arrow shows
siR/PIO@RP could rescue the structural injury of brain micro-
vessels, the expression of BBB tight-junction proteins ZO-1
was obtained by immune fluorescence staining. As shown in
Fig. 5A, the ZO-1 expression in the AD group was tremendously
decreased compared with WT mice, which could be reversed to
varying degrees after different treatments, with the siR/PIO@RP
group showing the highest ZO-1 expression. Given that inflam-
matory factors are also responsible for neurovascular injury, we
further measured the levels of proinflammatory cytokines in the
brain. The level of IL-6 in siR@RP, PIO@RP, siR/PIO@NP and
siR/PIO@RP treated group decreased by 39.97%, 45.17%,
48.34%, and 53.59% respectively compared to the AD group
(Fig. 5B). Likewise, the TNF-a level also showed a significant
decrease in the different treated group (Fig. 5C), suggesting
obvious anti-inflammatory effects of our preparations. Neurons
are key and active players in the neurovascular system, the
normal state of which closely relates to the learning and memory
function. Therefore, we labeled neurons with microtubule-
associated protein-2 (MAP2) to observe the difference in the
mmunofluorescence of ZO-1 in the cortex. Scale bar Z 20 mm. (B, C)

fter treatments (n Z 4e5). Data represent the mean � SD. One-way

e MAP2 (dendrite) in the cortex. Scale bar Z 50 mm. (E) The Nissl

cell where the dissolution of Nissl bodies occurs: scale bar Z 50 mm.
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neural structure after administration. It was vividly displayed in
Fig. 5D, that there was a great loss of MAP2 in the AD group,
while siR/PIO@RP treatment could dramatically reverse such
loss. Furthermore, we also employed Nissl staining to investi-
gate the functional state of neurons, as Nissl bodies are accepted
as functional units for the synthesis of structural proteins, en-
zymes, and neuromodulators31,48. Deep blue stained Nissl bodies
were detected in the cortical neuron cytoplasm of the WT group,
while in AD mice, dissolution of Nissl bodies occurred and
translucent voids were observed in the cytoplasm of nerve cells
(Fig. 5E), indicating damaged neurons. After treatment, the
pathological alterations were variously restored, especially in the
siR/PIO@RP group, where the structure of Nissl bodies was
restored to a normal WT-like state. Similar conclusions could be
drawn from the results of HE, which was demonstrated in
Supporting information Fig. S19. Compared with the WT group,
a massive number of neurons with deep-stained nuclei and
chromatin fixation were found in the CA3 hippocampus of mice
in the APP/PS1 group, and such pathological alterations were
recovered after siR/PIO@RP treatment. All the above results
demonstrated that siR/PIO@RP could ameliorate neuronal pa-
thology and antagonize Ab induced damage in mouse hippo-
campal neurons.

3.6. Transcriptomic effects of siR/PIO@RP on brain
transcriptome

To investigate the effects of siR/PIO@RP on gene expression in
the mouse brain, we performed RNA-sequencing on mice brains
from wildtype (WT), AD, and siR/PIO@RP administrated AD
mice. Compared with the AD group, a total of 1338 genes were
significantly altered in expression after administrated with siR/
PIO@RP, where 721 transcripts were upregulated (the red dots)
and 617 genes were downregulated (the blue dots) (Fig. 6D). It
was also demonstrated in the heatmap of differential gene clus-
tering (Fig. 6A) that samples in WT and siR/PIO@RP group were
clustered together and shared similar expression patterns, while
samples in AD group were not and showed rather different
expression patterns. What’s more, there was an unexpectedly large
overlap between WT vs. AD and siR/PIO@RP vs. AD, with 901
shared differentially expressed genes (DEG) between the com-
parisons (Fig. 6E). This might indicate that administration of siR/
PIO@RP to AD mice reversed the original AD-like brain tran-
scriptomic profiles in favor of WT-like transcriptomic character-
istics. To identify the main biological functions performed by the
DEG after being administrated with siR/PIO@RP, we conducted
the Gene Ontology (GO) analysis. GO terms of our interests, such
as the nervous system development, synapse and synapse
signaling, cognition and memory, cell junction, etc., were found to
be enriched in the DEG entries (Fig. 6C). Since we have verified
that administration of siR/PIO@RP could alter several AD-
associated pathological features, we thus further explored
whether these AD-related pathologic changes could be manifested
from the transcriptomic level. As seen in the KEGG pathway
enrichment analysis (Fig. 6B), those well-documented AD-related
signaling pathways were found in the list of DEG. For example,
several synapse-related pathways, mTOR signaling pathway,
PI3K/AKT signaling pathway, Wnt signaling pathway, and JAK-
STAT signaling pathway were enriched, all of which were previ-
ously reported to be involved in the onset and progression of AD.
Consistent with results in Fig. 6A and E, and Fig. 3A, the tight
junction was found on the list. What’s more, the enrichment of the
AGE-RAGE signaling pathway and PPAR signaling pathway were
also observed, which might be attributed to the pharmacologic
effects of RAGE siRNA and pioglitazone. Overall, the afore-
mentioned results supply transcriptomic proof that supports the
effectiveness of siR/PIO@RP as a treatment for AD.

4. Discussion

AD is a troublesome neurodegenerative disorder with barely any
effective therapeutics to halt its development due to complex
pathogenesis49. The extracellular accumulation of amyloid-b
plaques and aggregation of hyperphosphorylated tau protein are
widely accepted as key causative factors for AD10. Despite all
the efforts, strategies focused on interrupting the accumulation of
Ab and tau fail to achieve satisfying results. Poor BBB pene-
tration has long been cited as the reason for poor drug respon-
siveness, and multiple existing approaches have attempted to
improve brain penetration rate. For example, a glycosylated,
siRNA-loaded nanomedicine (Gal-NP@siRNA) was developed
to efficiently penetrate the blood-brain barrier (BBB) via
glycemia-controlled glucose transporter-1 (Glut1) for AD treat-
ment50. In the works of Guo group51, a BBB-penetrating peptide
TGN was utilized to improve brain drug delivery. However,
growing evidence suggests that BBB should not be viewed
simply as an obstacle to intracerebral drug delivery, but rather as
a potential target for AD treatment. Multiple investigations have
illuminated that BBB breakdown usually precedes the occurrence
of initial symptoms in AD and will aggravate as the disease
progresses20,49. Disrupted transport and barrier properties of
BBB, as well as deteriorating inflammatory microenvironment,
are culpable for AD development.

Here, a self-regulated muti-functional nano-modulator (siR/
PIO@RP) was fabricated. Our nanomedicine formulations enable
the co-loading of pioglitazone and siRAGE, which could also be
applied to the co-delivery of other chemical drugs and short
nucleic acids. We demonstrated that the engineered siR/PIO@RP
exhibited a vesicle-like structure and maintained high stability in
various media, which is critical for in vivo application. In order to
exert gene silencing effect, siRNA must escape from lysosomes
and be released into the cytosol52. To this end, the disulfide-linked
PEI (sPEI) with proton sponge effect was employed in our system.
Results confirmed the admirable lysosome escape ability and
GSH-sensitivity of our system. Furthermore, to improve the spe-
cific distribution of drugs at the lesion site, we incorporated RAP,
a RAGE-targeting peptide into the nano-system. With high RAGE
binding affinity, RAP bestowed increased accumulation around
damaged brain blood vessels and intelligent self-regulation of
distribution according to the physio/pathological state of the
micro-environment. From this aspect, it may reduce the potential
safety risks caused by widespread, non-specific distribution. After
being treated with siR/PIO@RP, the abnormal upregulated RAGE
and downregulated LRP1 were reversed both in vitro and in vivo,
as well as the inflammatory microenvironment. What’s more, the
administration of siR/PIO@RP also leads to added benefits of
reduced Ab burden and the restored structure and function of
neurons in APP/PS1 mice. Noticeably, the mechanisms underlying
the in vivo therapeutic effects were first investigated through
transcriptomic analysis. This revealed the possibility of multiple
signaling pathways being involved, including the AGE-RAGE
signaling pathway, the NF-kappa B signaling pathway, the
PPAR signaling pathway, the JAK-STAT signaling pathway, and
the neurotrophy signaling pathway. These findings were consistent



Figure 6 In vivo transcriptomics analysis of APP/PS1 mice brains after therapy. (A) Heat map of differentially expressed genes (DEGs) in WT,

APP/PS1, and siR/PIO@RP treated group. (B) KEGG pathway enrichment analysis of differentially expressed genes between APP/PS1 and siR/

PIO@RP treated group. (C) Bar plot of GO enrichment analysis of genes between APP/PS1 and siR/PIO@RP treated group. Biological process,

BP; Molecular function, MF; Cell component, CC. (D) Volcano map of DEGs between APP/PS1 and siR/PIO@RP treated group. *P < 0.05. |Fold

change| � 2. (E) Venn diagram of the overlap of DEGs in WT versus APP/PS1, APP/PS1 versus siR/PIO@RP, and WT versus siR/PIO@RP.
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with earlier reports53e55. It has been shown previously that RAGE
mediated Ab influx and enhanced Ab accumulation, which in turn
promote Ab/RAGE interaction, activate NADPH oxidase-2
(NOX-2), and set off a series of events that accelerate the pro-
gression of AD. For example, endothelial was activated by NF-kB,
accompanied by the secretion of proinflammatory cytokines and
loss of TJ protein (e.g.) expression53. Therefore, we assumed that
our nanomedicine could rescue TJ loss and relieve neuro-
inflammation through downregulating RAGE expression, which
was attained by siRNA. We reasoned that by using siRNA to



Targeting and rescuing pathological neurovascular unit for AD therapy 5477
downregulate RAGE expression, our nanomedicine could prevent
TJ loss and alleviate neuroinflammation. In-depth studies on
PPAR agonists have also revealed their function in controlling
neuro-inflammation, indicating that PPARs are important modu-
lators of gene expression and interact with multiple signaling
pathways, including AMPK, JAK/STAT, NF-kB, and MAPK56e58.
Furthermore, PPARg agonists have neuroprotective effects on the
central nervous system (CNS), such as insulin sensitization and
brain metabolite homeostasis. Neurite outgrowth and neuronal
differentiation can be induced by PPARg agonist55. Based on
these results, it is reasonable to hypothesize that pioglitazone, a
selective PPARg agonist, may perform its intended function of
mending NVU through anti-neuro-inflammation and enhancing
metabolism and neurotrophic effect. Considering the versatile
function of siR/PIO@RP, this nano-system might provide a proof
of concept that a damaged neurovascular system displays a desired
target for efficient AD therapy.

5. Conclusions

In this work, we developed a self-regulated muti-functional nano-
modulator (termed siR/PIO@RP) to intelligently regulate
diseased BBB for AD therapy. The modified RAGE affinity
peptide (RAP) allows navigation to damaged BBB, where RAGE
presents a high level. Subsequently, siRNA is released in
response to elevated intracellular GSH levels, thereby effectively
silencing RAGE and interrupting the RAGE/Ab vicious cycle.
Moreover, the co-loaded pioglitazone acts with RAGE siRNA to
achieve added benefits such as anti-inflammation, damaged BBB
restoration, and neurovascular protective effects, which are
confirmed by in-vitro and in vivo results. Interestingly, it makes
sense to know that after therapy, RAGE returns to its low
expression level, removing the nano-modulator’s ability to target
the brain and potentially reducing pharmacogenetic toxicity.
Collectively, these obtained results indicated that a multi-
dimensional therapeutic strategy targeting the diseased neuro-
vasculature seems to be a promising way out of the current
dilemma in AD therapy.
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