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Neural stem cell-derived exosomes promote 
mitochondrial biogenesis and restore abnormal protein 
distribution in a mouse model of Alzheimer’s disease

Abstract  
Mitochondrial dysfunction is a hallmark of Alzheimer’s disease. We previously showed that neural stem cell-derived extracellular vesicles improved 
mitochondrial function in the cortex of APP/PS1 mice. Because Alzheimer’s disease affects the entire brain, further research is needed to elucidate alterations 
in mitochondrial metabolism in the brain as a whole. Here, we investigated the expression of several important mitochondrial biogenesis-related cytokines 
in multiple brain regions after treatment with neural stem cell-derived exosomes and used a combination of whole brain clearing, immunostaining, and 
lightsheet imaging to clarify their spatial distribution. Additionally, to clarify whether the sirtuin 1 (SIRT1)-related pathway plays a regulatory role in neural 
stem cell-derived exosomes interfering with mitochondrial functional changes, we generated a novel nervous system-SIRT1 conditional knockout APP/PS1 
mouse model. Our findings demonstrate that neural stem cell-derived exosomes significantly increase SIRT1 levels, enhance the production of mitochondrial 
biogenesis-related factors, and inhibit astrocyte activation, but do not suppress amyloid-β production. Thus, neural stem cell-derived exosomes may be a 
useful therapeutic strategy for Alzheimer’s disease that activates the SIRT1-PGC1α signaling pathway and increases NRF1 and COXIV synthesis to improve 
mitochondrial biogenesis. In addition, we showed that the spatial distribution of mitochondrial biogenesis-related factors is disrupted in Alzheimer’s disease, 
and that neural stem cell-derived exosome treatment can reverse this effect, indicating that neural stem cell-derived exosomes promote mitochondrial 
biogenesis.
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Introduction 
Alzheimer’s disease (AD), which is a devastating neurodegenerative disorder 
and the most common form of dementia, is characterized by amyloid plaques, 
neurofibrillary tangles, and severe neuronal and synaptic loss throughout the 
brain, resulting in progressive cognitive decline (Lee et al., 2022). Presently, 
there is no effective therapy available to prevent AD development or reverse 
AD progression. Accumulation of toxic amyloid-β (Aβ) peptides, which are 
produced by proteolysis of amyloid precursor protein (APP), is a canonical 
feature of AD (Donmez et al., 2010, 2021). These Aβ peptides accumulate 
in mitochondria and subsequently cause mitochondrial dysfunction (Fang 
et al., 2019; Tracy et al., 2022). Mitochondrial dysfunction increases the 
level of harmful reactive oxygen species (ROS), decreases mitochondrial ATP 
production, induces energy deficiency, leads to oxidative damage and synaptic 
deficits, and eventually results in neuronal loss. Hence, targeting defective 
mitochondria is an important approach for AD therapy. Sirtuin 1 (SIRT1) is an 

NAD-dependent deacetylase that modifies several proteins that are crucial 
for proper mitochondrial function, notably peroxisome proliferator-activated 
receptor-γ coactivator-1α (PGC1α; Canto et al., 2009; Zhao et al., 2021). 
Evidence from animal models has shown that SIRT1 exhibits neuroprotective 
effects in AD through multiple mechanisms, such as inhibiting Aβ plaque 
production and deposition, suppressing tau hyperphosphorylation, and 
reducing neuroinflammation (Min et al., 2010; Gomes et al., 2018). 

Exosomes, which range in size from 30 to 150 nm in diameter, are essential 
for intercellular communication and for delivering important proteins and 
miRNAs that can maintain or alter microenvironmental conditions (Dreyer and 
Baur, 2016; Thery et al., 2018; Kalluri and LeBleu, 2020; Liu et al., 2022; Jiang 
et al., 2023). They mediate intercellular communication in many cell types and 
transfer several kinds of functional biomolecules to affect numerous cellular 
processes (Montecalvo et al., 2012; Kalluri and LeBleu, 2020). Exosomes 
originating from multiple cell types have different functions and play varied 
roles in many of the major physiopathologic pathways that are altered in 
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AD, such as alleviation of Aβ-induced neurotoxicity (Deng et al., 2021). We 
recently reported that extracellular vesicles derived from neural stem cells 
(NSCs) rescue cognitive deficits and improve mitochondrial function in APP/
PS1 mice (Li et al., 2020a). However, only the cerebral cortex was investigated, 
and more research is needed to clarify changes that occur throughout the 
rest of the brain.

AD-induced cognitive impairment is associated with abnormal energy 
metabolism in multiple brain regions, such as the hippocampus, cerebral 
cortex (Frere and Slutsky, 2018; Jagust, 2018), corpus striatum (Li et al., 
2022), cerebellum (Wang et al., 2022), basal forebrain (Schmitz et al., 2016), 
and thalamus (Ryan et al., 2013). Most AD studies have focused on the medial 
temporal lobe, which contains the hippocampus and the surrounding cortical 
regions. However, little is known about the mitochondrial metabolic state 
throughout the whole brain. For decades, histological techniques have been 
considered the standard procedure for investigating selected tissues, although 
they have an inherent disadvantage in that they are not able to provide a 
full picture of the sampled organ, which makes it challenging to compare 
findings among different individuals. Now, tissue-clearing methods allow 3D 
imaging of intact organs, with efficient preservation of spatial information. 
Clear, Unobstructed Brain/Body Imaging Cocktails and Computational analysis 
(CUBIC) technology enables rapid imaging at the whole-brain level to provide 
support for multiregional synchronization research (Susaki et al., 2015; 
Tainaka et al., 2018). Thus, the CUBIC technique can be applied to evaluate 
alterations in the localization and expression of mitochondrial metabolism-
related proteins in AD at the whole-brain level. In this study, we focused on 
the distribution of mitochondrial biogenesis-related proteins in the brain in 
mice treated with NSC-derived exosomes (NSC-ex) and explored the pathways 
involved in NSC-ex-induced changes of these proteins. In addition, considering 
the important regulatory role of SIRT1 on important mitochondrial biogenesis-
related proteins such as PGC-1α, we constructed a nervous system-specific 
SIRT1 knockout AD-like mouse model to elucidate the role of SIRT1 in 
regulating NSC-ex-stimulated mitochondrial biogenesis. 
 
Methods   
Cell isolation and culture
Mouse hippocampal neurons cells (HT22; Procell, Wuhan, China, Cat# CL-
0697, RRID: CVCL_0321) were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) containing 1% 100 µg/mL streptomycin, 10% fetal bovine 
serum, and 100 U/mL penicillin (all from Thermo Fisher Scientific, Waltham, 
MA, USA) at 37°C in a 5% CO2 incubator (Thermo Fisher Scientific). Cells 
were passaged once every 2–3 days, and cells in logarithmic growth phase 
were used for subsequent experiments. NSCs (which were used to produce 
exosomes) were harvested from the hippocampi of ten non-transgenic B6C3 
mouse embryos at embryonic day (E) 14, as we previously described (Li et 
al., 2020a), and cultured in neurobasal medium supplemented with 2% B27, 
human recombinant epidermal growth factor (EGF, 20 ng/mL; Gibco, Grand 
Island, NY, USA), basic fibroblast growth factor (bFGF; 20 ng/mL; Gibco), and 
heparin (5 µg/mL; Sigma, St. Louis, MO, USA). 

Exosome isolation and identification
The culture supernatants of NSCs were collected for isolating exosomes, 
referring to previous protocols (Rong et al., 2019; Li et al., 2020a; Pan et al., 
2020). Briefly, the growth medium was collected, and dead cells, cellular 
debris, and larger microvesicles were removed by sequential centrifugation 
(300 × g for 10 minutes, followed by 1000 × g for 10 minutes and 20,000 × g  
for 30 minutes at 4°C) and filtration through a 0.22-µm filter (Millipore, 
Burlington, MA, USA). The total concentration of exosomes was determined 
using a bicinchoninic acid (BCA) kit (Sigma). NSC-ex morphology was 
assessed using a transmission electron microscope (Philips CM 120; Philips, 
Amsterdam, Netherlands). The size distribution of the exosomes was analyzed 
by nanoparticle tracking analysis, as we described previously (Li et al., 2020a). 
Furthermore, the exosome-specific markers CD63 (1:1000, Abcam, Cambridge, 
UK, Cat# ab217345, RRID: AB_2754982), Alix (1:1500, Abcam, Cat# ab117600), 
Flotillin1 (1:10,000, Abcam, Cat# ab133497, RRID: AB_11156367), and TSG101 
(1:2000, Abcam, Cat# ab125011, RRID: AB_10974262) were detected by 
western blot analysis, and Calnexin (1:2000, Abcam, Cat# ab133615, RRID: 
AB_2864299) was detected as a negative control. 

In vitro assessment
HT22 cells were used for in vitro experiment. The cells were divided into 
groups as follows: negative control, control, Aβ25–35 (25 μmol), and Aβ25–35 
+ NSC-ex. After the cells had been treated as indicated by their group 
assignment, they were washed in PBS containing 1% BSA and resuspended 
to a final cell concentration of 1 × 105/mL. No primary antibodies were 
added to the negative control tube, while an anti-SIRT1 (mouse, Abcam, Cat# 
ab110304, RRID: AB_10864359) antibody or anti-peroxisome proliferator-
activated receptor-γ coactivator-1α (PGC1α; rabbit, Abcam, Cat# ab54481, 
RRID: AB_881987) antibody was added to the tubes containing the samples to 
be tested (diluted 1:200 in phosphate buffered solution [PBST]). The solutions 
were mixed thoroughly and incubated for 60 minutes at room temperature. 
After the cells were washed and resuspended again, secondary antibodies-
Cy3 goat anti-mouse IgG (ABclonal, Wuhan, Hubei Province, China, Cat# 
AS008, RRID: AB_2769088) and ABflo® 647 F(ab’)2 Fragment goat anti-rabbit 
IgG (ABclonal, Cat# AS086) were added. According to the manufacturer’s 
instructions, the cells were incubated with the secondary antibodies for 20 
minutes at room temperature with shaking in the dark. Then, cell washing 
solution was added to the tubes, which were centrifuged at 200 × g for 
5 minutes, after which the supernatant was discarded and the cells were 

washed another two times. Finally, the cells were resuspended in 100–200 μL 
of cell wash solution for test. Flow cytometry (Beckman, Brea, CA, USA) was 
used to detect the fluorescence intensity of the samples. The flow cytometry 
data were analyzed using Cytexpert (Beckman). HT22 cells were seeded and 
cultured overnight for mitochondrial membrane potential (MMP) detection. 
The cells were divided into three groups: control, Aβ25–35 (25 μmol), and 
Aβ25–35 + NSC-ex. After being treated according to their group assignment, the 
cells were washed with PBS and then incubated with 5,5′,6,6′-tetrachloro-
1,1′,3,3′-tetra-ethyl benzimidazolyl carbocyanine iodide (JC-1) fluorescent dye 
(C2003S, Beyotime, Shanghai, China) for 20 minutes at 37°C. After removing 
the dye and washing with PBS washing, red/green fluorescence was detected 
using a confocal laser scanning microscope (LSM710, Carl Zeiss, Oberkochen, 
Germany) according to the manufacturer’s instruction. 

Animals
Two transgenic (Tg) mouse models were used in this study. The first was APP/
PS1 GFAP-Cre+ Green mice (hereafter referred to as AD mice) generated by 
cross-breeding APP/PS1 mice, also known as B6C3-Tg (APPswe, PSEN1dE9) 
85Dbo/J mice (Stock No. 34829, The Jackson Laboratory, Bar Harbor, Maine, 
USA), with glial fibrillary acidic protein (GFAP)-Cre+ mice (FVB-Tg[GFAP-
cre]25Mes/J, Stock No. 004600, The Jackson Laboratory) and rosa26-LSL-
zsGreen mice (Stock No. NM-KI-200045, Shanghai Model Organisms Center, 
Inc., Shanghai, China). The second was a novel Tg mouse constructed as 
follows: SIRT1co/co mice (B6;129-Sirt1tm1Ygu/J, Stock No. 008041, The Jackson 
Laboratory), nestin-Cre mice (Stock No. 003771, The Jackson Laboratory), 
and APP/PS1 mice (Stock No. 34829, The Jackson Laboratory) were obtained 
from Jackson Laboratory. Nervous system-specific SIRT1 knockout (SIRT1flox/flox- 
nestin-Cre+) mice were generated by crossing SIRT1flox/flox mice with nestin 
promoter-driven Cre (nestin-Cre) mice. SIRT1flox/flox mice were crossed with 
APP/PS1 mice to generate SIRT1flox/flox APP/PS1 mice. Finally, nervous system-
specific SIRT1 conditional knockout APP/PS1 (APP/PS1/SIRT1 CKO [hereafter 
referred to as SKO-AD]) mice were generated by crossing SIRT1flox/flox-nestin-
Cre+ mice with SIRT1flox/flox APP/PS1 mice. Wild-type (WT) control mice (from 
Jackson Laboratory) were of the same genetic background as the AD mice, 
and, where relevant, Cre+ mice were included to account for the effects of Cre 
(no adverse effects due to Cre expression itself were observed in vitro or in 
vivo). All experimental mice were 9-month-old males weighing 20–25 g, with 
no obvious physical defects. We chose to use exclusively male mice because 
males have better physical health indicators than females, which can reduce 
experimental contingencies to a certain extent. All animal protocols were 
verified by the Shanghai Model Organisms Center, Inc. (Shanghai, China). 
All experimental animal procedures and animal care were approved by the 
Animal Ethics Committee of Tongji Hospital of Tongji University (approval No. 
2021-DW-SB-026, November 4, 2021). These mice were housed in separate 
cages with a 12/12-hour light/dark cycle (7:00 a.m. to 7:00 p.m.), and food 
and water were available ad libitum. Several measures were taken to minimize 
animal discomfort, such as administration of cefradine to prevent infection 
after surgery. 

Animal groups
The mice were randomly divided into five experimental groups: non-Tg mice 
WT littermates left untreated (WT group, n = 15), SKO-AD mice injected with 
phosphate-buffered saline (PBS) (SKO-AD-Veh group, n = 15), AD mice injected 
with vehicle (AD-Veh group, n = 15), SKO-AD mice injected with NSC-derived 
exosomes (SKO-AD-ex group, n = 15), and AD mice injected with NSC-derived 
exosomes (AD-ex group, n = 15). AD mice or SKO-AD mice were randomly 
assigned to the relevant groups using a simple randomization method, as 
previously described (Li et al., 2020a). No mice were excluded from the data 
analysis. 

Exosome delivery 
Using mouse brain stereotaxic coordinates (Zhang et al., 2013), NSC-ex were 
bilaterally injected into the lateral ventricles at the following coordinates: 
anteroposterior, –0.22 mm; mediolateral, –1.00 mm; dorsoventral, –2.30 
mm relative to the bregma. The specific stereotactic delivery process 
was performed as previously detailed (Li et al., 2020a). Mice were deeply 
anesthetized (tribromoethanol, 500 mg/kg body weight, intraperitoneal 
injection; Sigma) and placed in a stereotaxic apparatus (RWD, Shenzhen, 
Guangdong Province, China). For each group, 200 µg (10 µL) of either 
NSC-ex or equivoluminal PBS were injected at a flow rate of 1 µL/min  
over a period of 5 minutes (David Kopf Instruments, Tujunga, CA, USA). The 
syringe was allowed to remain in the injection site for another 5 minutes to 
allow diffusion into the surrounding tissues. Injections were given twice each 
week for 4 weeks, and cefradine was applied to surgical wounds after the 
surgery. 

Behavioral assessment 
Five weeks after exosome/vehicle delivery (mice age: 11.5 months), ten mice 
from every group of similar weights were selected for assessment in the 
Morris water maze (MWM; Mobile Datum Information Technology Co., Ltd., 
Shanghai, China), which is used to evaluated spatial learning and memory, as 
described in detail in our earlier studies (Li et al., 2018, 2020a). The evaluator 
was blinded to the group assignments. The swimming paths and speed of 
the mice in the examined groups were recorded using a computerized video 
imaging analysis system (Shanghai Mobile Datum Information Technology Co., 
Ltd.). The MWM training phase included a navigation test and a spatial probe 
test. Learning ability was evaluated through the navigation test over 6 days to 
record escape latency. Each mouse was given up to 60 seconds to search for 
the platform. The spatial probe test was performed at 5:00 p.m. on the 7th day 
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to evaluate memory retention. Frequency of crossing over the platform, time 
spent in the target quadrant (TQ), and time spent in the other quadrants were 
recorded. 

Immunostaining of whole mouse brains
After the behavioral tests were finished, the mice were euthanized 
with a lethal dose of pentobarbital sodium (5%, 250 mg/kg, Sigma) via 
intraperitoneal injection and perfused with 4% paraformaldehyde (PFA) in 
PBS in a fume hood. The whole brain, including cerebrum, cerebellum, and 
olfactory bulb, was removed from the skull, washed with 1×PBS, transferred 
to Clear, Unobstructed Brain/Body Imaging Cocktails and Computational 
analysis (CUBIC) 1 solution (25 wt% urea and 25 wt% N,N,N’,N’-tetrakis 
(2-hydroxypropyl) ethylenediamine, 15 wt% polyethylene glycol mono-p-
isooctylphenyl ether/Triton X-100 in appropriate distilled water) and dried in a 
37°C oven for approximately 10 days (Tomer et al., 2014; Susaki et al., 2015). 
The solution was changed every 3 days until the entire brain was transparent. 

The brains were then washed with 1×PBS for 2 hours at room temperature, 
then overnight, and for another 2 hours, followed by incubation with DAPI 
(Sigma, Cat# D9542) and primary antibody solutions containing 0.2% sodium 
azide and 0.5% Triton-X100 for 7 days on a rotator at 37°C. The primary 
antibodies included anti-PGC1α (rabbit, Abcam, Cat# ab54481, RRID: 
AB_881987), anti-nuclear respiratory factor 1 (NRF1) (rabbit, Abcam, Cat# 
ab200976; Alexa Fluor® 488), anti-NRF1 (rabbit, Abcam, Cat# ab200979; 
Alexa Fluor® 647), and anti-cytochrome C oxidase IV (COXIV) (rabbit, Abcam, 
Cat# ab210675; Alexa Fluor® 555). These primary antibodies were incubated 
for 7 days at 37°C. All of the brains were stained with both an anti-NRF1 
antibody and the anti-COXIV antibody. The brains were subsequently washed 
with PBST several times and incubated with secondary antibody (donkey 
anti-rabbit IgG [1:50, Thermo Fisher Scientific]) for 4 days on a rotator at 
37°C. Next, the tissues were repetitively washed and then immersed in 
20% sucrose-PBS. Finally, the brains were immersed in 1/2 CUBIC 2 solution 
overnight, then immersed in CUBIC 2 solution until they became transparent 
again (Susaki et al., 2015). The CUBIC 2 solution is a mixture of 10% (w/v) 
2,2′,2′’-nitrilotriethanol, 50% (w/v) sucrose, 25% (w/v) urea, and 0.1% (v/v) 
Triton X-100. 

Whole-brain imaging
Whole-brain images were acquired with a Zeiss Z.1 light sheet microscope 
(Carl Zeiss) using a 5× objective and 488-nm, 555-nm, and 647-nm laser light 
sheets. Z-stacks were created by optically sectioning samples during imaging, 
and sample fluorescence was imaged with a PCO Edge 5.5 camera (Excelitas 
PCO GmbH, Kelheim, Germany) to generate each z-plane, with sequential 
excitation of the samples using left- and right-orientated light sheets. The 
sequential images were merged using Zen light sheet software (Zeiss) to 
create a single fluorescent image for each z-plane. The brains were scanned 
with z-step size of 10 µm. 3D reconstruction was achieved using Arivis Vision 
4 dimensional (4D) software (arivis AG, Rostock, Germany), and screenshots 
were taken.

Fluorescence signal intensity analysis
To better visualize and analyze the acquired 3D whole-brain fluorescence 
data, all 2D fluorescence images contained in the 3D views were exported for 
further semi-quantitative analysis, which the background signal suppressed 
as much as possible. The 2D fluorescence images were then analyzed 
using ImageJ (version 1.53e, National Institutes of Health, Bethesda, MD, 
USA) (Schneider et al., 2012). Considering the large number of images, the 
increment was set to twenty, i.e., every twenty images were combined into 
a single image. Next, 50 regions of interest were randomly selected for each 
specific brain region for measurement of the fluorescence signal value, 
and then the levels of related factors in different brain regions were semi-
quantified based on the average fluorescence signal intensity. The selected 
brain regions included the hippocampus, striatum, medial cortex, lateral 
cortex, thalamus, hypothalamus, midbrain, cerebellum, and brainstem.

Western blotting
Five mice from each group were euthanized and used to prepare samples 
for western blotting (WB). Protein extraction from different brain regions 
(corpus striatum, hippocampus, cortex, and cerebellum) and western blotting 
were carried out as described previously (Li et al., 2020a). The extracted 
proteins from each group were separated by 15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride 
membranes (Sigma). Specific antibodies were used to detect CD63, ALIX, 
Flotillin1, TSG101, Calnexin, SIRT1, PGC1α, NRF1 (rabbit, 1:2000, Abcam, 
Cat# ab175932, RRID: AB_2629496), COXIV (rabbit, 1:1000, Thermo Fisher 
Scientific, Cat# PA5-29992, RRID: AB_2547466), and GAPDH (1:1000, Cell 
Signaling Technology). The primary antibodies were incubated overnight at 
4°C. Donkey anti-mouse IgG (Cat# SA1-100, RRID: AB_325993; 1:500, Thermo 
Fisher Scientific) and donkey anti-rabbit IgG (Cat# SA1-200, RRID: AB_325994; 
1:300, Thermo Fisher Scientific) were used as secondary antibodies. The 
membranes were incubated with the secondary antibodies for 2 hours at 
37°C. Densitometric band analysis was carried out using a KS 400 image 
analysis system (version 3.0; Carl Zeiss, Germany).

Enzyme-linked immunosorbent assay
Five mice from each group were randomly selected for enzyme-linked 
immunosorbent assay (ELISA). First, 3–6 µL cerebrospinal fluid and 1 mL 
peripheral blood (PB) were extracted from each mouse, as previously 
reported, with minor modifications (Qiao et al., 2016). Levels of soluble 

and insoluble amyloid-β (i.e. Aβ40, Aβ42, and the ratio of Aβ42/40) in the 
cerebrospinal fluid and serum were quantified as previously described 
(Zhang et al., 2016). Briefly, the total Aβ concentration in each sample was 
determined by quantitative sandwich ELISA (Immuno-Biological Laboratories, 
Co., Ltd., Gunma, Japan) following the manufacturer’s instructions, carried 
out in duplicate, and then absorbance at 450 nm was measured using an 
ELISA reader (Multiskan EX; Labsystem, Helsinki, Finland). The samples were 
coded prior to performing the assays. 

Statistical analysis 
All experiments were performed by evaluators blinded to the group 
assignments who collected, calculated, and analyzed the data. Data from each 
experiment were normally distributed, as determined by Shapiro-Wilk test, 
and are presented as mean ± standard deviation (SD). Outliers was tested via 
boxplot in SPSS (version: 26.0.0.0, IBM, Armonk, New York, USA). Ultimately, 
no data were excluded from the analysis. Data were analyzed using two-
way analysis of variance or repeated-measures analysis of variance with the 
least significant difference post hoc test. A P-value < 0.05 was considered 
statistically significant. 

Results
Verification of NSC-ex and SKO-AD mouse model
We previously showed that extracellular vesicles derived from NSCs stimulate 
the secretion of several important regulators of mitochondrial function in 
the cortex of mice. To further explore the impact of NSC-ex, as well as SIRT1, 
on mitochondrial biogenesis we generated a novel nervous system-specific 
SIRT1 conditional knockout APP/PS1 mouse model and conducted a series 
of experiments using this model, together with APP/PS1 GFAP-Cre+ Green 
mice. NSC-ex were isolated by ultracentrifugation (Chen et al., 2018a, b; 
Pan et al., 2020) and appeared as round, cup-shaped particles 30–150 nm 
in diameter with a double-layer membrane structure by TEM (Figure 1A), 
consistent with an earlier report (van Niel et al., 2018). The identity of the 
NSC-ex was also confirmed by nanoparticle tracking analysis (Figure 1C), as 
well as immunoblotting analysis with the negative marker Calnexin and the 
canonical exosome-related markers CD63, Alix, Flotillin 1, and TSG101 (Figure 
1B). Successful construction of the SKO-AD mouse model was confirmed by 
the absence of SIRT1 mRNA and protein expression in the brain (Additional 
Figure 1). 
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Figure 1 ｜ Characterization of NSC-ex. 
(A–C) Representative transmission electron microscopy images of NSC-ex (A), western 
blotting (canonical exosome-related markers CD63, Alix, Flotillin 1, and TSG101; a 
negative marker Calnexin) (B), and nanoparticle tracking analysis (C). Scale bar: 200 nm. 
NSC-ex: Neural stem cell-derived exosomes.

NSC-ex reverse cognitive impairments in two AD mouse models
Behavioral assessment was carried out using the MWM. In the navigation 
test, WT and AD-ex mice exhibited significantly shorter escape latencies and 
swimming distances during days 3–6 of training than SKO-AD-Veh, SKO-AD-
ex, and AD-Veh mice (n = 10, P < 0.01; Figure 2A and B), indicating that there 
were significant cognitive deficits in these three groups and that treatment 
with NSC-ex successfully improved spatial learning ability in AD mice. The 
AD-ex group exhibited dramatically shorter escape latencies from day 2 
to 6 than the SKO-AD-ex group (n = 10, P < 0.001; Figure 2A), and similar 
results were observed in the AD-Veh group vs. the SKO-AD-Veh group, 
clearly demonstrating that nervous system-specific SIRT1 knockout resulted 
in much more severe cognitive disorder. In addition, the SKO-AD-ex group 
exhibited significantly shorter escape latencies during days 3–6 compared 
with the SKO-AD-Veh group (n = 10, P < 0.01; Figure 2A), while the swimming 
distances were only shorter on days 4 and 5 (n = 10, P < 0.05; Figure 2B). This 
demonstrates that treatment with NSC-ex can rescue spatial learning deficits 
in SKO-AD mice, but not to the same extent as in AD mice. Another point 
worth noting is that the speed of the SKO-AD-Veh mice was slightly lower 
than that of the other four groups to varying degrees, indicating that the 
aggravated behavioral symptoms of SKO-AD mice have reached to movement 
disturbance, though this was improved by treatment with NSC-ex (n = 10; 
Figure 2C).
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In the spatial probe test, the mice in the AD-ex group showed significantly 
more crossings and spent more time in the target quadrant than the mice 
in the AD-Veh group (n = 10, P < 0.01; Figure 2D and E), suggesting that 
treatment with NSC-ex restored memory. SKO-AD-ex mice spent more time 
in the target quadrant than SKO-AD-Veh mice (n = 10, P < 0.05; Figure 2E). 
However, there was only a slight increase in the number of crossings made by 
mice in the SKO-AD-ex group compared with that made by mice in the SKO-
AD-Veh group (n = 10, P > 0.05; Figure 2D), and both counts were lower than 
those in the AD groups (Figure 2D). In addition, the amount of time spent 
in the target quadrant by mice in the WT and AD-ex groups was significantly 
greater than the amount of time spent in the other three quadrants (n = 10, 
P < 0.001; Figure 2F), while there was no significant difference between the 
SKO-AD-Veh and AD-Veh groups (n = 10, P > 0.05; Figure 2F). Mice in the SKO-
AD-ex group also spent more time in the target quadrant than in the other 
quadrants (n = 10, P < 0.05; Figure 2F). Taken together, these findings indicate 
that NSC-ex ameliorate the spatial learning and memory impairments caused 
by AD. Moreover, the absence of SIRT1 expression exacerbated cognitive 
impairment and cut down the beneficial effects of NSC-ex treatment in the 
SKO-AD groups.

NSC-ex show only a slightly positive effect on Aβ levels
AD is characterized by extracellular deposition of Aβ, a 39–43 amino acid 
peptide derived from APP by β- and ϒ-secretase cleavage. Aβ1–40 and Aβ1–42 
are the major components of vascular amyloid deposits (Donmez et al., 
2010; Tatulian, 2022). Anti-Aβ immunotherapies consistently rescue cognitive 
deficits in many transgenic AD models. To determine whether NSC-ex have 
a beneficial effect on β-amyloidosis, we measured levels of both soluble and 
insoluble Aβ40 and Aβ42 in the brain by ELISA. The soluble and insoluble Aβ 
levels in the SKO-AD group were significantly higher than those in the AD 
group, indicating that nervous system-specific SIRT1 knockout exacerbates 
Aβ deposition. Unexpectedly, NSC-ex treatment did not result in significant 
clearance of soluble and insoluble Aβ in the SKO-AD and AD groups (n = 5, 
P > 0.05; Figure 2G and H). However, there was a significant decrease in the 
ratio of soluble Aβ42 to Aβ40 in the SKO-AD groups (n = 5, P < 0.05; Figure 
2G), demonstrating that NSC-ex have a slightly positive effect on Aβ levels. 
However, there was no significant difference in the ratio of Aβ42 to Aβ40 
among the other groups. Overall, these findings indicate that NSC-ex rescued 
cognitive deficits in AD mouse models without distinctly altering Aβ burden, 
suggesting that NSC-ex do not function primarily by reducing Aβ deposition. 
Thus, we speculated that the beneficial effects of NSC-ex might be mediated 
by changes in mitochondrial function. 

NSC-ex activate SIRT1 and increase the levels of mitochondrial biogenesis-
related proteins in multiple brain regions 
Mitochondrial damage is an early event in AD pathogenesis. PGC1α, 
NRF1, and COXIV are all crucial mitochondrial biogenesis-related factors. 
PGC1α, a transcriptional regulatory factor, activates gene transcription, 
protects neurons from oxidative damage, promotes ATP production during 
bioenergetic crises, maintains energy homeostasis, and prevents cell necrosis 
and apoptosis (Rius-Perez et al., 2020). NRF1 is a transcriptional partner of 
PGC1α and controls the expression of mitochondrial transcription factor A, 
which is vitally important for regulating DNA replication and the transcription 

of mitochondrial genes (Liu et al., 2021). COXIV, a protein that is specifically 
expressed in mitochondria, is an indirect indicator of mitochondrial 
biogenesis, and defective COXIV protein expression have been found senile 
plaques in patients with dystrophic neuritis or AD (Perez-Gracia et al., 2008; 
Zhou et al., 2023). We first asked whether there was a correlation between 
SIRT1 and PGC1α expression levels after NSC-ex treatment in vitro. We found 
that the fluorescence intensities of SIRT1 and PGC1α were significantly lower 
in the Aβ25–35-treated group and dramatically higher after NSC-ex treatment 
(Figure 3A and B). Next, we assessed the mitochondrial membrane potential 
(MMP), which is an indicator of intracellular homeostasis and mitochondrial 
energy status. Aβ25–35 infiltration into HT22 cells stimulated massive JC-1 green 
fluorescence, indicating MMP loss (Figure 3C). NSC-ex improved the MMP 
performance, indicating that NSC-ex preserve mitochondrial function.

Next, we performed WB to determine the expression levels of proteins 
related to mitochondrial biogenesis in the corpus striatum, cerebral cortex, 
hippocampus, and cerebellum of AD mice. As expected, the protein levels 
of PGC1α, NRF1, and COXIV in the four brain regions from mice in the AD-
Veh group were significantly lower than those in WT mice (n = 5, P < 0.001; 
Figure 4A–D), demonstrating that AD severely impairs mitochondrial 
biogenesis. Compared with those in the AD-Veh group, the protein levels 
of PGC1α, NRF1, and COXIV in the AD-ex group were significantly increased 
in the striatum, hippocampus, and cortex (n = 5, P < 0.05; Figure 4A–C). In 
particular, the levels of PGC1α in the cortex and hippocampus and of NRF1 in 
the hippocampus in the AD-ex group were nearly equal to or slightly higher 
than those seen in the WT group, suggesting a stronger endogenous response 
to NSC-ex-induced mitochondrial biogenesis. As described earlier, behavioral 
assessment showed that SKO-AD mice had markedly worse cognitive 
impairment than AD mice, and the WB results revealed that PGC1α, NRF1, 
and COXIV expression levels in the four braing regions were significantly 
lower after nervous system-specific SIRT1 knockout (n = 5, P < 0.01; Figure 
4A–D, SKO-AD-Veh group vs. AD-Veh group), indicating that SIRT1 deletion 
further impedes mitochondrial biogenesis. Similarly, SKO-AD-ex mice showed 
significantly higher levels of PGC1α, NRF1, and COXIV than SKO-AD-Veh 
mice in the striatum, hippocampus, and cortex (n = 5, P < 0.05; Figure 4A–
C), indicating that NSC-ex can promote mitochondrial biogenesis through 
SIRT1-independent pathways. This might explain why NSC-ex ameliorated 
the reduced mobility seen in the SKO-AD-Veh group. Treatment with NSC-
ex significantly increased the PGC1α level in the cerebellum (n = 5, P < 0.01; 
Figure 4D, AD-ex group vs. AD-Veh group, SKO-AD-ex group vs. SKO-AD-Veh 
group), while there was no apparent increase in NRF1 or COXIV expression (n 
= 5, P > 0.05; Figure 4D). 

Given that NSC-ex treatment stimulated PGC1α production in the 
hippocampus and cortex, we also detected alterations in SIRT1 levels in these 
two regions. The WB results showed that treatment with NSC-ex significantly 
promoted SIRT1 activation in the hippocampus and cortex, and that SIRT1 
expression in the hippocampus was significantly higher in the AD-ex group 
than in the WT group (n = 5, P < 0.001; Figure 4E). No SIRT1 expression was 
observed in the SKO-AD-ex group. Expression of both SIRT1 and PGC1α was 
clearly increased in the hippocampus. Overall, our data show that NSC-ex 
improve mitochondrial biogenesis in multiple brain regions, and that the 
SIRT1-PGC1α pathway is very important to this process.

0.8

0.6

0.4

0.2

0

Aβ
 le

ve
l 

(p
g/

μg
 p

ro
te

in
)

G
2.0

1.5

1.0

0.5

0

Aβ
42

/4
0 r

at
io

100

80

60

40

20

0

Aβ
 le

ve
l 

(p
g/

g 
pr

ot
ei

n)

H 1500

1000

500

0

15

10

5

0

Aβ
42

/4
0 r

at
io

Aβ42Aβ40Aβ42Aβ40

*

AD-Veh
AD-ex

SKO-AD-Veh
SKO-AD-ex

AD-Veh
AD-ex

SKO-AD-Veh
SKO-AD-ex

60

50

40

30

20

10

La
te

nc
y 

(s
)

A 1400

1200

1000

800

600

400

200

D
is

ta
nc

e 
(m

m
)

B
26

24

22

20

18

16

Sp
ee

d 
(m

m
/s

)

C

50

40

30

20

Ti
m

e 
sp

en
t i

n 
qu

ad
ra

nt
s 

(s
)

F55
50
45
40
35
30
25
20

Ti
m

e 
sp

en
t i

n 
TQ

 (s
)

E
8
7
6
5
4
3
2
1

C
ro

ss

D

SKO-AD-Veh

AD-Veh

SKO-AD-ex
AD-exWT

SKO-AD-Veh

AD-Veh

SKO-AD-ex
AD-exWT

SKO-AD-Veh

AD-Veh

SKO-AD-ex
AD-exWT

* **
**

*
*** Target Q First Q Second Q Fourth Q

*** ***

*

1         2        3         4         5         6 1         2        3         4        5         6 1         2        3         4         5         6

Figure 2 ｜ NSC-derived exosomes rescue 
cognitive deficits in AD mouse models without 
significantly reducing Aβ burden. 
(A and B) The escape latencies and swimming 
distances of mice in the five groups in the 
navigation test (n = 10). (C) The swimming speed 
of mice in the five groups (n = 10). (D and E) The 
number of crossings and time spent in the target 
quadrant for each group in the spatial probe test 
(n = 10). (F) Time spent in the target quadrant 
and the other three quadrants (n = 10). (G and H) 
Quantification of soluble (G) and insoluble (H) Aβ 
peptide levels (n = 5). Error bars indicate mean 
± SD. n = number of animals. *P < 0.05, **P < 
0.01, ***P < 0.001 (repeated-measures analysis 
of variance or two-way analysis of variance with 
the least significant difference post hoc test). The 
mice were randomly divided into five experimental 
groups: non-Tg mice WT littermates left untreated 
(WT group), SKO-AD mice injected with phosphate-
buffered saline (PBS) (SKO-AD-Veh group), AD mice 
injected with vehicle (AD-Veh group), SKO-AD mice 
injected with NSC-derived exosomes (SKO-AD-ex 
group), and AD mice injected with NSC-derived 
exosomes (AD-ex group). AD: Alzheimer’s disease; 
Aβ: amyloid-β; NSC: neural stem cell.
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Figure 3 ｜ NSC-ex promote SIRT1 and PGC1α secretion and improve mitochondrial function in an Aβ-induced HT22 cell injury model.
(A and B) Detection of SIRT1 (A) and PGC1α (B) in the four groups of HT22 cells as detected by flow cytometry. (C) Mitochondrial membrane potential in each group, as detected by 
staining mitochondria with JC-1 and viewing the cells using a confocal microscope (n = 3). Free JC-1 monomers in mitochondria exhibit green fluorescence, and JC-1 aggregates exhibit 
red fluorescence. A decrease in red fluorescence and an increase in green fluorescence imply mitochondrial depolarization. Scale bars: 20 μm. Aβ: Amyloid-β; NSC-ex: neural stem 
cell-derived exosomes; PGC1α: proliferator-activated receptor-γ coactivator-1α.

Figure 4 ｜ NSC-ex increase the protein 
levels of mitochondrial biogenesis-related 
factors and SIRT1 in multiple brain regions. 
(A–D) WB evaluation of PGC1α, NRF1, and 
COXIV levels in the corpus striatum (A), 
cortex (B), hippocampus (C), and cerebellum 
(D; n = 5 animals). (E) WB evaluation of SIRT1 
levels in the hippocampus and cortex (n = 5 
animals). Error bars indicate mean ± SD. *P < 
0.05, **P < 0.01 and ***P < 0.001 (one-way 
analysis of variance with the least significant 
difference post hoc test). The mice were 
randomly divided into five experimental 
groups: non-Tg mice WT littermates left 
untreated (WT group), SKO-AD mice injected 
with phosphate-buffered saline (PBS) (SKO-
AD-Veh group), AD mice injected with vehicle 
(AD-Veh group), SKO-AD mice injected with 
NSC-derived exosomes (SKO-AD-ex group), 
and AD mice injected with NSC-derived 
exosomes (AD-ex group). AD: Alzheimer’s 
disease; Aβ: amyloid-β; COX IV: cytochrome 
C oxidase IV; GAPDH: glyceraldehyde 
3-phosphate dehydrogenase; NFR: nuclear 
respiratory factor 1; NSC-ex: neural stem 
cell-derived exosomes; n.s.: not significant; 
NSC: neural stem cell; PGC1α: proliferator-
activated receptor-γ coactivator-1α; SIRT1: 
sirtuin 1; WB: western blotting.
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Figure 5 ｜ NSC-ex restore normal PGC1α distribution in the brain in an AD mouse model. 
(A and B) 3D fluorescence distribution of PGC1α (red) in the wild-type (WT), AD-Veh, and AD-ex groups.  A represents the representative fluorescence images for each group of 3D 
views angle 1 and angle 2, and B represents the representative fluorescence images for angle 3. Three angles of the tridimensional images are presented here, namely the transverse 
angle (D: a [top to bottom]), the coronal angle with the head end 30 degrees upwards (D: b [back to front]), and a side view (D: c). Schematic diagram of mouse brain morphology 
taken from Allen Mouse Brain (Brain Explorer 2; Version 2.3.5 Build 2393). In the brains of WT mice (a, b, and g), PGC1α was abundantly expressed and diffusely distributed. Unlike 
the WT group, both the AD-Veh group (c, d, and h) and the AD-ex group (e, f, and i) showed markedly heterogeneous distributions of PGC1α throughout the brain, especially the AD-
Veh group. NSC-ex treatment helped restore normal PGC1α distribution, especially in the hippocampus and cortex. (C) 2D images of PGC1α expression in the three groups in multiple 
brain regions, including the striatum (j), cortex (k and l), hippocampus (m), cerebellum (n), and midbrain (o). NSC-ex treatment drastically increased PGC1α expression in the medial 
cortex compared with that in the lateral cortex (k and l). Red fluorescence represents PGC1α, and blue fluorescence represents nuclei. (E–G) Semi-quantitative analysis of the PGC1α 
fluorescence in the WT group (E), AD-Veh group (F), and AD-ex group (G). Scale bars: 1 mm in A and B, 500 µm in C. WT group: Non-Tg mice WT littermates left untreated; AD-Veh 
group: AD mice injected with vehicle; AD-ex group: AD mice injected with NSC-derived exosomes. AD: Alzheimer’s disease; NSC: neural stem cell; NSC-ex: NSC-derived exosomes; 
PGC1α: proliferator-activated receptor-γ coactivator-1α.

NSC-ex reverse abnormal PGC1α distribution in the brain in an AD mouse 
model
2D immunofluorescence is typically used to detect changes in the distribution 
of proteins in tissues of interest, but is limited by the need to perform 
multiple sets of same operations simultaneously, the inability to control some 
experimental details, and the inability to detect holistic differences. Here, 
we used whole-brain clearing, immunostaining, and lightsheet imaging to 
investigate the distribution of PGC1α, NRF1, and COXIV at the whole-brain 
level. Additional Video 1 shows a representative view of PGC1α and GFAP 
fluorescence in the AD-Veh group. To better display the spatial distributions 
of these factors in the mouse brains, three angles of the 3D images are 
presented here, namely the transverse angle (Figure 5Da), the coronal angle 
with the head end 30 degrees upwards (Figure 5Db), and the side angle 
(Figure 5Dc). Negative controls were included to ensure the authenticity 
and specificity of the fluorescence signal, and no obvious fluorescence was 
observed in the negative controls (Additional Figure 2). Overall distribution 
trends were determined based on a combination of 3D viewer and 
corresponding 2D images to identify specific fluorescence signals. 

In general, we found that PGC1α was diffusely and abundantly distributed 
throughout the brain of WT mice (Figure 5Aa and b, Bg). Fluorescence signal 
intensity analysis (Figure 5E) indicated slightly higher PGC1α expression in the 
hippocampal, cortical, and striatal regions, and no obvious regions of hypo-
fluorescence. Representative enlarged images of the hippocampus (Additional 
Figure 3h1–h4), corpus striatum (Additional Figure 3s1 and s2), thalamus 
(Additional Figure 3t1), midbrain (Additional Figure 3m1), cortex (Additional 
Figure 3s2, o1 and c2), and cerebellum (Additional Figure 3c1) are shown. 
However, unlike the WT group, brains from both the AD-Veh group (Figure 
5Ac and d, 5Bh) and the AD-ex group (Figure 5Ae and f, Bi) showed markedly 
heterogeneous distribution of PGC1α, especially the AD-Veh group. Compared 
with that of WT mice, the whole-brain PGC1α fluorescence intensity of AD-
Veh mice (Figure 5F) was significantly lower, and the distribution of PGC1α 
was altered, indicating that PGC1α expression decreased differentially in 
multiple brain regions, most notably in the hippocampus, cortex, thalamus 
and brainstem. This finding is consistent with the WB results. After NSC-
ex treatment, we observed markedly increased PGC1α expression levels in 
multiple brain regions, including the striatum (Figure 5Cj), cortex (Figure 
5Ck and l), hippocampus (Figure 5Cm), cerebellum (Figure 5Cn), midbrain 
(Figure 5Co), and more. PGC1α distribution was severely disrupted in AD 

mouse brains (Figure 5Ac and d, Bh), but less so in brains from the AD-
ex group (Figure 5Ae and f, Bi). The fluorescence intensity results (Figure 
5F and G) revealed that the regions with the most pronounced increase in 
PGC1α expression in the AD-ex group were hippocampus and cortex, which 
is also consistent with the WB results. Interestingly, the decrease in PGC1α 
expression from the inner to the outer layer of the cortex of WT group was 
very slight (Figure 5Ck and l [WT group]), whereas treatment with NSC-ex 
tended to drastically increase PGC1α expression in the medial cortex (Figure 
5Ck and l [AD-ex group]). Taken together, our findings demonstrate that AD 
disrupts normal PGC1α distribution in the brain, and that NSC-ex reverse this 
effect in multiple brain regions.

NSC-ex restore normal NRF1 and COXIV distribution patterns
NRF1 and COXIV fluorescence signals were detected simultaneously in mouse 
brains. Combining 3D views and fluorescence signal intensity analysis showed 
that NRF1 and COXIV were abundantly expressed in WT mice, and their spatial 
distributions overlapped substantially (Figure 6Aa–d, B, and G). Compared 
with those in the WT group, NRF1 and COXIV expression levels were 
significantly lower in all tested brain regions in the AD-Veh group. However, 
NRF1 expression was decreased to a greater extent in the cortex than other 
regions, while COXIV expression showed a relatively homogenous decline 
(Figure 6Ae–h, C, and E). Treatment with NSC-ex restored NRF1 and COXIV 
expression in multiple brain regions to levels close to those seen in WT brains, 
with the most striking enrichment seen in the hippocampus (Figure 6Ai–l, D, 
F, and H), indicating that significant protein synthesis occurs in this region. 
These observations are consistent with our WB results (Figure 4C), which 
showed that NRF1 expression recovered more fully than COXIV expression in 
the hippocampus. Moreover, significant fluorescence hyperintensities were 
observed in the lateral ventricles of AD-Veh and AD-ex groups (Figure 6Ae–l, 
H), which could be attributable to the accumulation of specific antibodies in 
these local cavities. Hence, NSC-ex rescue the AD-induced reduction in NRF1 
and COXIV expression to varying degrees, restore their normal distribution 
patterns, and most noticeably affect the hippocampus.

NSC-ex suppress astrocyte activation at the whole-brain level 
In the AD-Veh and AD-ex groups, we observed autofluorescence from GFAP-
Cre+ Green. AD development is accompanied by neuroinflammation and 
astrocyte activation (Kaur et al., 2019). GFAP is the intermediate filament 
protein in astrocytes and is a recognized marker protein for astrocytes (Li et 
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Figure 6 ｜ NSC-ex restore normal distribution of NRF1 and COXIV.
(A) 3D overall fluorescence distribution of NRF1 (pink) and COXIV (red) in the WT group (a–d), AD-Veh group (e–h), and AD-ex group (i–l). The transverse angle and side angle are 
presented. (B–G) Fluorescence intensity analysis of NRF1 and COXIV in the three groups. NRF1 and COXIV were expressed abundantly and showed diffuse distribution, and their 
localization showed a high degree of overlap in the WT group. Compared with the findings in the WT group, NRF1 and COXIV expression was significantly lower in all tested brain 
regions in the AD-Veh group. NRF1 expression was more substantially decreased in the cortex than in other regions, while COXIV expression showed a relatively uniform decline. 
Treatment with NSC-ex restored NRF1 and COXIV expression in multiple brain regions to levels near those seen in the WT group, and the expression of both proteins increased most 
dramatically in the hippocampus. (H) NRF1 and COXIV expression levels were enriched in the hippocampus, as seen in locally magnified 3D images. Green fluorescence represents 
GFAP, and blue fluorescence represents nuclei. Scale bars: 1 mm in A, 500 µm in H. WT group: Non-Tg mice WT littermates left untreated; AD-Veh group: AD mice injected with 
vehicle; AD-ex group: AD mice injected with NSC-derived exosomes. AD: Alzheimer’s disease; COXIV: cytochrome C oxidase IV; DAPI: 4′,6-diamidino-2-phenylindole; GFAP: glial 
fibrillary acidic protein; NRF1: nuclear respiratory factor 1; NSC: neural stem cell; NSC-ex: NSC-derived exosomes.

al., 2020b). The degree of up-regulation of GFAP expression represents the 
degree of astrocyte proliferation. Strong or weak GFAP expression reflects 
the functional status of astrocytes under normal or pathological conditions, 
respectively. We observed diffuse high-level GFAP expression in the brains 
of all tested AD-Veh mice, indicating that AD causes astrocyte activation at 
the whole-brain level, whereas treatment with NSC-ex dramatically reduced 
this signal (Figure 7). Considering the limitations of the whole-brain CUBIC 
assessment, which does not achieve single-cell resolution, we verified the 
decrease in GFAP expression after NSC-ex intervention by WB (Additional 
Figure 4).

Discussion
This study demonstrates that NSC-derived exosomes can activate SIRT1, 
enhance mitochondrial function, restore normal distribution of mitochondrial 
biogenesis-related factors (PGC1α, NRF1, and COXIV), decrease astrocyte 
activation, and improve cognitive function. Two AD mouse models were 
used in this study. In particular, compared with AD mice (APP/PS1 GFAP-Cre+ 
Green mice), SKO-AD mice (novel nervous system-specific SIRT1 conditional 
knockout APP/PS1 mice) showed significantly worse behavioral performance, 
lower levels of mitochondrial biogenesis-related factors in multiple brain 
regions, and higher Aβ levels, demonstrating that SIRT1 deletion causes more 
severe pathology and cognitive impairment. Moreover, NSC-ex treatment 
helped ameliorate the AD-induced abnormal distributions of PGC1α, NRF1, 
and COXIV at the whole-brain level, with PGC1α distribution being most 
markedly restored, while NRF1 and COXIV distribution patterns improved 
in parallel. However, NSC-ex treatment had only a slightly positive effect on 
Aβ levels. Our findings suggest that mitochondrial biogenesis could be a key 

target of the effects of NSC-ex, potentially mediated by the SIRT1-PGC1α 
pathway.

Exosomes carry important proteins and miRNAs, mediate essential 
intercellular communication and signaling pathways, and maintain 
environmental conditions (Kalluri and LeBleu, 2020). Previous studies have 
identified several components of the machinery that degrades Aβ peptides 
and specific surface molecules that mediate this process in extracellular 
vesicles or exosomes (Yuyama et al., 2014; Zhao et al., 2022). Studies have 
also reported that there is an intricate relationship between mitochondrial 
function and exosome-carried miRNAs, and that stem cell-derived exosomes 
confer protection from various cellular stressors via the miRNAs that they 
carry (Phinney et al., 2015; Fayazi et al., 2021; Hou et al., 2021). In our 
previous study, we reported the beneficial effects of NSC-extracellular vesicles 
on mitochondrial biogenesis in the cortex of APP/PS1 mice. In the present 
study, we explored multiple brain regions and found that NSC-ex significantly 
increased SIRT1 levels and mitochondrial biogenesis throughout the entire 
brain, not just in the cortex. Interestingly, we did not observe a significant 
reduction in Aβ burden in either AD mice or SKO-AD mice, indicating that 
NSC-ex do not primarily function via eliminating Aβ, or possibly requires 
longer treatment times to promote Aβ clearance. Interestingly, a recent study 
suggests that AD originates with faulty autolysosome acidification in neurons, 
rather than with Aβ deposition, indicating that Aβ deposition may be a result 
of, rather than a cause of, AD (Lee et al., 2022). At the cellular level, it seems 
likely that improving mitochondrial biogenesis or function plays a pivotal role 
in the NSC-ex-mediated reversal of cognitive deficits, and this process seems 
to involve the SIRT1-PGC1α pathways. Future studies should explore whether 
other exosome-related miRNA pathways also play a role.
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Typically, classical histology is performed on only a few selected samples, 
which leads to inevitable biases in the analysis of selected tissue sections 
and could lead to overlooking important biomedical information that 
is located elsewhere. By contrast, 3D histology acquired from intact, 
transparent specimens provides more detailed information and thus a deeper 
understanding of anatomy and pathophysiology. In addition, compared 
with classical histology approaches, 3D histology speeds up the process and 
reduces the cost by several thousand-fold (Ueda et al., 2020). PGC1α is a 
potent stimulator and sensitive indicator of mitochondrial biogenesis. PGC1α 
signaling stimulates NRF1 to regulate the transcription of nuclear genes 
encoding mitochondrial proteins, such as the mitochondrial transcription 
factor A, which is then transported into mitochondria and drives the 
expression of mitochondrial genome-encoded respiratory enzymes such as 
COXIV (Youle and van der Bliek, 2012; Liu et al., 2021). From a 3D perspective, 
we saw that PGC1α was more heterogeneously low distributed than NRF 
and COXIV in the brains of AD mice, indicating that PGC1α can be a more 
sensitive marker of mitochondrial biogenesis dysfunction. Given that NRF1 
and COXIV are downstream of PGC1α, we speculate that AD most profoundly 
affects PGC1α, and the therapeutic effects of NSC-ex preferentially affect 
PGC1α over NRF1 and COXIV. Among the manifestations in multiple brain 
regions after NSC-ex treatment, the greatest increase in PGC1α, NRF1, and 
COXIV expression levels in the AD groups was observed in the hippocampus 
and cortex, which corresponded to the areas with the most substantial 
Aβ deposition in APP/PS1 mice (Burgess et al., 2006), suggesting that the 
beneficial effects of NSC-ex are biased towards brain regions with more 
severe Aβ deposition or that are more related to cognitive function. 

This study had several limitations that should be noted. First, while we 
found that NSC-ex may act through the SIRT1-PGC1α pathway to promote 
mitochondrial biogenesis, the mechanism by which NSC-ex activate SIRT1 was 
not investigated. The specific targets and intermediate regulators between 
NSC-ex and SIRT1 still need to be further explored in future studies. Second, 
mitochondrial function is a dynamic process, and in this study, we mainly 
focused on mitochondrial biogenesis, so more research is needed regarding 
mitochondrial fusion, fission, and other aspects. In addition, although CUBIC 
imaging can provide global information, its cellular resolution is not yet 
as high as that of conventional immunofluorescence, and analysis of the 
extensive spatial information that it generates needs further improvement.

In conclusion, this study demonstrated the efficacy of NSC-ex in reversing 
cognitive deficits in two AD mouse models and investigated SIRT1 activation 
and regulation of mitochondria biogenesis activity during this process. We 
found that the SIRT1-PGC1α pathway mediates the beneficial effects of NSC-
ex on mitochondrial dysfunction, and subsequently regulates NRF1 and 
COXIV expression. Furthermore, we found that NSC-ex restore the normal 
distribution of important mitochondrial biogenesis-related factors, suggesting 
that it could be used therapeutically to treat AD. Finally, our study shows 
that whole-brain/-tissue imaging provides substantial information on the 
spatial distribution of proteins, suggesting that it could be used for many 
applications. 
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Figure 7 ｜ NSC-ex suppress astrocyte activation at the whole-brain level. 
Green fluorescence represents GFAP, and blue fluorescence represents nuclei. (A) 
Diffuse, high-level GFAP expression was observed in the brains of AD-Veh mice. A’ and A’’ 
are representative images of 2D horizontal slices. The arrows indicate vascular shadows 
that were apparent because of strong GFAP expression. (B) NSC-ex treatment extensively 
reduced GFAP expression. B’ and B’’ are representative images of 2D horizontal slices, 
similar to those selected in the AD-Veh group. Scale bars: 1 mm in A and B, 500 µm in 
A’, A’’, B’, and B’’. AD-Veh group: AD mice injected with vehicle; AD-ex group: AD mice 
injected with NSC-derived exosomes. AD: Alzheimer’s disease; GFAP: glial fibrillary acidic 
protein; NRF1: nuclear respiratory factor 1; NSC: neural stem cell; NSC-ex: NSC-derived 
exosomes.
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Additional Figure 1 Validation of the SKO-AD mouse model.
No significant sirtuin 1 (SIRT1) mRNA or protein expression was found in the brains of nervous system-specific
SIRT1 conditional knockout APP/PS1 (APP/PS1/SIRT1 CKO [hereafter referred to as SKO-AD]) mice (n=5).
APP: Amyloid precursor protein; CKO: conditional knockout
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Additional Figure 2 Negative control.
Blue fluorescence represents nuclei. The negative control was imaged in the same way as the rest of the Clear,
Unobstructed Brain/Body Imaging Cocktails and Computational analysis (CUBIC) imaging, without the
addition of primary antibodies, to avoid possible tissue or secondary antibody autofluorescence that could lead to
errors. (A) Negative control for peroxisome proliferator-activated receptor-γ coactivator-1α (PGC1α; red,
with secondary antibody used). (B) Negative control for nuclear respiratory factor 1 (NRF1; pink, no antibody
used). (C) Negative control for cytochrome C oxidase IV (COXIV; red, no antibody used). No obvious
corresponding signals were found, demonstrating that the tissue and secondary antibody did not produce
autofluorescence under normal conditions.
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Additional Figure 3 Sample 2D images generated from the 3D data.
Red fluorescence represents peroxisome proliferator-activated receptor-γ coactivator-1α (PGC1α), and blue
fluorescence represents nuclei. Images ① and ② show the fluorescence in different cross-sections of a mouse
brain. Representative enlarged images show the hippocampus (h1-h4), corpus striatum (s1 and s2), thalamus (t1),
midbrain (m1), cortex (s2, o1, and c2) and cerebellum (S3: c1). Scale bars: 500 μm. DAPI:
4′,6-Diamidino-2-phenylindole; WT: wild-type.
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Additional Figure 4 NSC-ex inhibited astrocyte activation.
Western blot results showing that NSC-ex reduced GFAP levels. ***P < 0.001. AD-Veh group: AD mice injected
with vehicle (n = 15); AD-ex group: AD mice injected with NSC-derived exosomes (n = 15). GAPDH:
glyceraldehyde 3-phosphate dehydrogenase; GFAP: glial fibrillary acidic protein; NSC-ex: neural stem
cell-derived exosomes.
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