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ABSTRACT

ARTICLE HISTORY

Growing evidence suggests that macroautophagy/autophagy-lysosomal pathway deficits contribute
to the accumulation of amyloid-p (AB) in Alzheimer disease (AD). Aerobic exercise (AE) has long been
investigated as an approach to delay and treat AD, although the exact role and mechanism are not
well known. Here, we revealed that AE could reverse autophagy-lysosomal deficits via activation of
ADRB2/32-adrenergic receptor, leading to significant attenuation of amyloid-f pathology in APP-
PSEN1/PS1 mice. Molecular mechanism research found that AE could reverse autophagy deficits by
upregulating the AMP-activated protein kinase (AMPK)-MTOR (mechanistic target of rapamycin
kinase) signaling pathway. Moreover, AE could reverse V-ATPase function by upregulating VMA21
levels. Inhibition of ADRB2 by propranolol (antagonist, 30 uM) blocked AE-attenuated AB pathology
and cognitive deficits by inhibiting autophagy-lysosomal flux. AE may mitigate AD via many path-
ways, while ADRB2-VMA21-V-ATPase could improve cognition by enhancing the clearance of AR
through the autophagy-lysosomal pathway, which also revealed a novel theoretical basis for AE
attenuating pathological progression and cognitive deficits in AD.

Received 23 May 2023
Revised 30 October 2023
Accepted 3 November 2023

KEYWORDS

ADRB2; aerobic exercise;
Alzheimer disease; amyloid-
B; autophagy; V-ATPase

Introduction

Alzheimer disease (AD), the most common form of dementia, is
a progressive neurodegenerative disorder. Due to the aging of the
world population, more than 55 million people worldwide suffer
from dementia, and the number will increase to approximately
78 million by 2050 [1]. Strong evidence shows that the accumula-
tion of amyloid-p (AP) is a critical event in the initiation of
pathogenesis and neurodegeneration of AD [2]. Autophagy-lyso-
some deficits in AP contribute to its accumulation and aggrega-
tion, which triggers pathological hallmarks, including
hyperphosphorylated MAPT/tau, synaptic impairment and
degeneration, mitochondrial dysfunction and neuronal loss [2,3].
Mutations in the APP (amyloid beta precursor protein), PSENI
(presenilin 1), and PSEN2 genes are responsible for familiar forms
of AD. However, more than 95% of AD cases are sporadic without
a clear cause. Importantly, increasing evidence indicates that
impairment of neurocellular AP phagocytosis and clearance is
a critical prelude to late-onset AD [3]. Therefore, a large number
of studies have focused on discovering effective drugs that can
promote A clearance, including AP antibodies and AP secretase
inhibitors. However, most of them fail to attenuate cognitive
deficits and cause side effects, including neuroinflammation and
other neuropathologies [4,5].

Conversely, great efforts have been made to explore effective
lifestyles that could attenuate memory impairments, including

cognitive training programs, aerobic exercise (AE), diet, etc [6].
These studies have shed new light on AD prevention and treat-
ment [7-9]. AE has long been investigated as a prevention and
adjuvant treatment measure for physical and mental disorders,
such as cardiovascular disease, obesity, depression, anxiety and
dementia. Several studies have suggested beneficial effects of AE
intervention on cognitive impairments in patients with AD [10].
Recent meta-analytical evidence has demonstrated that AE or
physical activity might be a potential strategy to attenuate cognitive
decline in individuals with potential AD as well as affected patients
[11,12]. AE or exercise interventions might reduce the levels
of AD-associated pathologic biomarkers such as hyperphosphory-
lated MAPT/tau and amyloid load [13,14]. However, the protec-
tive mechanisms of AE in patients remain unclear [15,16].
Autophagy is a principal pathway for the autolysosome degrada-
tion of bulk cytoplasmic contents, abnormal protein aggregates, and
obsolete or damaged organelles. It is generally activated by physio-
logical and pathological processes and cell stress from abnormal
proteins, aggregates, and damaged organelles [17,18]. It also plays
a critical role in the degradation of Ap, and upregulation of auto-
phagy has been shown to reduce AP levels in AD [19]. In fact,
autophagy dysfunction plays a role in neurodegenerative diseases
including AD. Moreover, autophagy dysfunction also likely con-
tributed by reduced lysosomal vacuolar-type H'-translocating
ATPase (V-ATPase) and BECNI1 (beclin 1) in AD [20,21].
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In AD brains, autophagy processes are reduced in neurons,
as evidenced by massive accumulation of autophagic vacuoles,
including autophagosomes and autolysosomes, within dys-
trophic neuritis [22]. However, the molecular mechanism is
not known. The V-ATPase assembly factor VMA21 is an
essential assembly chaperone of V-ATPase, which plays an
important role in autophagic vacuolar myopathy and follicu-
lar lymphoma [23,24]. VMAZ21 deficiency raises lysosomal
pH, which induces lysosomal degradative ability deficits and
inhibits autophagy. V-ATPase activity is the key condition for
autolysosome acidification. Importantly, decreased V-ATPase
activity results in AP accumulation within enlarged deacidi-
fied autolysosomes, forming senile plaques in the brains
of AD mouse models [20]. However, the mechanism of
decreased V-ATPase activity, especially in AD, is rarely
reported.

In this study, we revealed that AE could reverse autophagy-
lysosomal deficits, leading to significant attenuation of Ap
pathology and cognitive impairments via ADRB2-mediated
V-ATPase assembly factor VMA21 signaling. AE could
reverse V-ATPase function by upregulating VMA21 levels,
accompanied by inhibition of MTOR (mechanistic target of
rapamycin kinase) signaling. Inhibition of ADRB2 by propra-
nolol (prop) (antagonist, 10 uM) blocked AE-attenuated Af
pathology and cognitive deficits by inhibiting autophagy-
lysosomal flux. Our findings suggested that AE could attenu-
ate AP pathology by upregulating the ADRB2-VMA21
-V-ATPase pathway, which also revealed a novel theoretical
basis for AE attenuating pathological progression and cogni-
tive deficits in AD.

Results

AE ameliorated learning and memory deficits in AD
mouse models

After AE, the mice were subjected to behavioral tests for
learning and memory. First, we measured the spatial learning
and memory of mice through a Morris water maze
(Figure 1A). APP (amyloid beta precursor protein)-PSEN1
/PS1 mice showed learning and memory impairments, as
reflected by a longer escape latency in the training trials (3-
5days) than WT mice, whereas AE effectively reduced the
escape latency of AD mice (Figure 1B,C). In addition, the AE-
induced improvement in cognitive deficits was also observed
in the probe trial by removing the platform on day 6
(Figure 1D-F). Compared with the APP-PSEN1 mice, the
AE mice took a shorter path Figure 1D) and had a shorter
latency (Figure 1E) to probe the platform region, with multi-
ple platform crossings (Figure 1F). The swimming behavior
(speed) was similar among these groups (Figure 1G,H). In
addition, we further refined the analysis by contextual fear
conditioning for associated memory, which involves the hip-
pocampus and amygdala. We observed that AE effectively
increased the freezing response of APP-PSEN1 mice in retrie-
val tests at 24 h (recent memory) (Figure 1J,K). The increased
freezing response lasted for 6days (remote memory)
(Figure 1L,M). These data indicated that AE may ameliorate
learning and memory deficits in APP-PSEN1 mice.

AE alleviated AB pathology-independent AB production

We further investigated whether AE exerts beneficial effects on the
alleviation of AP pathology, one of the hallmarks of AD. To
measure AP pathology in APP-PSEN1 mice, brain sections were
immunostained with 4G8 (anti-B-amyloid 17-24), and the num-
ber of AP plaques was quantified. The data showed that AE
effectively decreased AP accumulation in the hippocampus and
cortex of APP-PSEN1 mice (Figure 2A,B). In addition, A plaques
were also examined by thioflavin-S staining. Representative
images of brain sections showed a significant decrease in
Thioflavin-S-reactive deposition after AE treatment in APP-
PSEN1 mice (Figure 2A,C). To further analyze the effects of AE
on AP in the hippocampus of APP-PSENI mice. The protein levels
of soluble AP were also measured by western blotting. We found
that AE significantly decreased total AP levels in the hippocampus
of APP-PSENI1 mice (Figure 2D,E). We further used ELISA to
detect insoluble AP and found that AE significantly reduced the
amount of insoluble AP in APP-PSENT1 in the hippocampus and
cortex (Figure 2F).

Furthermore, we investigated the underlying mechanisms of
reduced AP pathology by AE. We analyzed the protein levels of
APP, p-APP, PSEN1 and BACEIL, which are the key factors
involved in AP production. There was no significant change in
the levels of these proteins in the brains of AE mice compared with
those of APP-PSEN1 mice (Figure 2G,H). These data suggested
that AE alleviated A pathology-independent Af production.

AE reversed autophagy-lysosome deficits in APP-PSEN1
mice

Emerging findings suggest that autolysosome acidification
decline is closely related to autophagy deficits in AD, which
results in lysosome dysfunction and AP clearance deficits,
eventually leading to extracellular AB deposition and intracel-
lular MAPT/tau accumulation [20]. Thus, the autophagy-
lysosomal pathway function in APP-PSEN1 mice was detected
in the present study. We first examined the effect of AE on the
number of LC3-marked autophagic puncta by immunobhisto-
chemical staining and found a significant increase in autopha-
gic puncta per cell in the hippocampus and cortex of APP-
PSEN1 mice with AE (Figure 3A-C). We further examined
the levels of several marker proteins for autophagy by western
blotting. In APP-PSEN1 mice, the levels of ATG5, ATG7, and
MAPI1LC3B/LC3B-II:I in hippocampal extracts all dropped,
whereas SQSTM1/p62 increased considerably (Figure 3D,E).
However, AE restored the changes in these proteins
(Figure 3D,E). The results of electron microscopy were con-
sistent with a decrease in autophagic vesicles in APP-PSEN1
mice and an increase in AE (Figure 3F,G). These data sug-
gested that AE could alleviate Ap-induced impaired
autophagy.

To further demonstrate that AE could improve A clearance
in AD. We also assessed autophagic flux by analyzing the levels of
colocalization of 4G8 and LC3. Consistently, the colocalization of
LC3 and 4G8 was significantly increased in AE-treated APP-
PSEN1 mice (Figure 3H,I). Furthermore, inhibition of autophagy
by 3-methyladenine (3-MA) effectively disturbed the AE-
mediated alleviation of AP pathology in APP-PSEN1 mice
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Figure 1. Aerobic exercise ameliorates cognitive dysfunction in APP-PSEN1 mice. (A) schematic of the experimental procedure for the AE and behavioral tests. (B) escape
latency to the hidden platform between days 1 and 5. (C) area under the curve (AUC) of fig. 1B. (D) swimming pathway traveled to locate the platform on day 6. (E) the
escape latency, (F) number of crossings of the original position of the platform, (G) traveled distance and (H) swimming speed on day 6. (I) schematic of contextual fear
freezing test methods. (J-M) effect of AE on the foot shock-induced contextual fear freezing test. n = 15 mice per group in MWM test and n = 10 mice per group in contextual
fear freezing test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. The data are presented as the means + SEMs. Two-way repeated-measures ANOVA followed by
Bonferroni’s post hoc test was used to analyze the data in (B), and one-way ANOVA followed by Bonferroni's post hoc test was used to analyze the data in (C-M).
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Figure 2. Aerobic exercise ameliorates amyloid-B pathology in APP-PSEN1 mice. (A) Representative images of AB plaques by 4G8 staining and thioflavin S staining.
(B and () quantification of the percentage of area occupied by AB plaques in the hippocampus and cortex. (D) the amount of soluble AB fractions extracted from the
hippocampus was examined by western blot analysis. (E) quantification of soluble AB intensity using ImageJ. (F) insoluble AR detected by ELISA kit. n =6 mice per
group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. The data are presented as the means + SEMs. Student’s t tests were used to analyze the data in (B-F), and
two-way ANOVA followed by Bonferroni’s post hoc test was used to analyze the data in (H).

(Figure 3J-L). These findings together indicated that AE amelio-
rated AP pathology by reversing autophagy-lysosome deficits in
APP-PSEN1 mice.

AE attenuated autophagy-lysosomal flux deficits by
upregulating VMA21 in APP-PSENT mice

We further investigated the possible molecular mechanism
underlying AE attenuating autophagy-lysosomal flux deficits
in APP-PSENI mice, and the hippocampus was lysed for

mRNA sequence analysis. A volcano plot showing the results
of AE versus APP-PSENI mice revealed increased transcrip-
tion in the latter of 252 genes, including Gm43580, which
encodes a VMA2I1-like protein (Figure 4A). AE treatment
increased the transcription of Gm43580 (Figure 4A,B).
Among them, VMAZ2I is an essential assembly chaperone of
V-ATPase, which plays an important role in autolysosome
acidification and autophagy. Therefore, we first measured
the mRNA and protein levels of Vma2l/VMA21 in the hip-
pocampus of mice. Consistent with the mRNA sequence
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Figure 3. AE enhances autophagy levels in APP-PSEN1 mice. (A) Representative images of the intensity of LC3 in the hippocampus of the mice. (B and ()
quantification of LC3 fluorescence intensity and average number of LC3* puncta per cell in the brain. (D and E) the levels of ATG5, ATG7, LC3-Il:l and SQSTM1 in the
hippocampus were detected using western blotting and quantitatively analyzed. (F) electron microscopy analysis of autophagosomes. Arrows indicate the
autophagosomes (scale bar: 0.5 pm). (G) quantification of autophagosomes. (H) Representative confocal images of LC3 and 4G8 immunofluorescence colabeling.
(I) quantification of the number of LC3-positive cells near AB plaques. (J-L) Representative images and quantification of the intensity of LC3 and AP in the
hippocampus of AE mice after 3-MA treatment. n = 6 mice per group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. The data are presented as the means + SEMs.
One-way ANOVA followed by Bonferroni's post hoc test was used to analyze the data in (B and C). Two-way ANOVA followed by Bonferroni’s post hoc test was used
to analyze the data in (E, G). Student’s t tests were used to analyze the data in (I-L).

analysis, the mRNA and protein levels of Vma2l/VMA21
were significantly decreased in the hippocampus of APP-
PSEN1 mice compared with that of WT mice. However, AE
rescued the decreased mRNA and protein levels of Vma21/
VMAZ21 (Figure 4C-E). To further verify the role of decreas-
ing VMA21 in autophagy deficits in AD, we used ELISA Kkits
to assay their V-ATPase activity. V-ATPase activity in the
autolysosomes and lysosomes of 8-month-old APP-PSEN1
mice was significantly decreased compared to that of WT

mice. AE effectively reversed the decreased V-ATPase activity
in APP-PSEN1 mice compared with that in APP-PSEN1 mice
(Figure 4F). The decrease in Vma2l mRNA suggested the
involvement of transcription. To gain insight into the regula-
tory mechanism underlying the decrease in Vma2l, we
screened for the potential binding sites of the Vma2l promo-
ter in the transcription factor binding database [25]. We
looked for 2000 bp upstream of the transcription start site
of this gene in the NCBI database to obtain a potential
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promoter sequence for this gene. This promoter sequence was
then used in the JASPAR database for the prediction of
transcription factors and we found 4 potential transcription
factors: EN1, GATAI, RUNXI1 and CREB1. We observed that
the mRNA and protein levels of Gatal/GATAI1 were signifi-
cantly decreased in the hippocampus of the APP-PSENI1
group compared to the WT group, whereas these changes
were mainly restored by AE treatment (Figure 4G).
However, the mRNA levels of Enl, Runxl and Crebl were
not significantly changed (Figure 4H-]). Together, these data
suggested that the decreased VMA21 might induce autophagy
disorder in AD by inducing V-ATPase impairment. AE could
increase Vma2l gene transcription via mechanisms involving
GATAL activation.

AE activated ADRB2 in APP-PSEN1 mice

ADRB2 plays a critical role in the regulation of energy meta-
bolism and memory formation and is believed to be involved
in AD. Considering the regulation of energy metabolism and
noradrenergic systems by AE, we evaluated the activation and
expression of ADRB2 in the brains of AD patients and APP-
PSEN1 mice. The GSE110298 dataset investigated the rela-
tionship between physical activity levels and gene expression
patterns in the cognitively-intact aged human hippocampus.
This dataset used hippocampus from clinically well-defined
cases where late-life physical activity levels (exercise and non-
exercise) had been objectively measured on an annual basis.
In this dataset, compared with the 11 control subjects (low
physical activity) and 12 subjects treated by AE (high physical
activity), adrenergic signaling presented upregulation in AE-
treated AD patients (Figure 5A). Moreover, in the RNA-seq
data from mice, 187 DE proteins overlapped in both APP-
PSEN1 vs. WT and AE vs. APP-PSEN1 (Figure 5B), and
ADRB2 was associated with 38 of these genes (Figure 5C).
The result was confirmed by RT-PCR and western blotting in
APP-PSENI mice, as the mRNA and protein levels of Adrb2/
ADRB2 were significantly decreased in the hippocampus,
while AE reversed these changes (Figure 5D-F). Using the
same approach as above, we tried to find transcription factors
for ADRB2, and we identified three potential transcription
factors for Adrb2: SIX3, SATA6 and IRF1. We found that AE
significantly ameliorated the downregulation of Irfl mRNA
level in APP-PSEN1 mice (Figure 5G-I). To verify the role of
IRF1 in regulating the expression of Adrb2, we transfected
BV2 cells with silrfl RNA oligo and subsequently examined
the protein content of ADRB2. We found that the ADRB2
level was reduced after silencing Irfl. These data suggested
that AE activated ADRB2 through Irfl.

AE ameliorated autophagy impairment by activating
MTOR and VMA21 signaling via ADRB2

To investigate whether AE ameliorates autophagy impairment
in APP-PSEN1 mice by activating ADRB2, we examined
autophagy in each group after propranolol pretreatment. We
found that the protein levels of the autophagy-related marker
proteins ATG5, ATG7, and LC3-ILI were significantly
decreased after propranolol pretreatment relative to those in

AUTOPHAGY 1021

mice treated with AE alone (Figure 6A,B). In contrast, the
protein levels of SQSTM1 were significantly increased
(Figure 6A,B). Immunofluorescence results showed that
LC3" cells near AP plaques were substantially reduced after
propranolol pretreatment (Figure 6C,D). The number of auto-
phagic vesicles was similarly reduced in propranolol-
pretreated mice under electron microscopy (Figure 6E,F). To
further confirm the direct correlation between activation of
ADRB2 and autophagy, we treated N2a cells with the ADRB2-
specific agonist terbutaline and introduced the mCherry-GFP-
LC3 reporter into N2a cells. mCherry-GFP-LC3 in autolyso-
somes displayed red fluorescence, as the GFP signal was
sensitive to acidic conditions, whereas the mCherry signal
was more stable in the lysosome lumen. We observed an
increased number of red puncta in the terbutaline-treated
N2a cells (Figure 6G,H), indicating increased autophagic
flux. To further investigate the roles of ADRB2 in AE-
upregulated autophagy function in the brains of AD mice.
We also examined classical autophagy upstream signaling
pathway-related proteins, including AMP-activated protein
kinase (AMPK), MTOR and the corresponding phosphory-
lated proteins, and we found that the expression of p-PRKAA/
AMPK was increased in APP-PSEN1 mice by AE, while that
of p-MTOR was decreased (Figure 6LL). To further investi-
gate the effect of ADRB2 on VMAZ21, we treated mice and
BV2 cells with the ADRB2 inhibitors propranolol and
siAdrb2, respectively (Figure 6K,M). We found that propra-
nolol treatment significantly inhibited the effect of AE on the
increased expression of VMA21 in APP-PSEN1 mice. Also, in
Ap-treated BV2 cells, we found that the ADRB2 agonist
terbutaline ameliorated the reduced Vma21 expression caused
by AP;_42, whereas this effect was suppressed after siAdrb2
(Figure 6L,N). Together, these results suggested that AE ame-
liorates autophagy impairment in APP-PSEN1 mice by acti-
vating ADRB2 mediates MTOR and VMA21 autophagy
signaling.

The ADRB?2 inhibitor propranolol reversed the
ameliorative cognitive dysfunction and pathological
impairment in APP-PSEN1 mice after AE

To clarify that the ameliorating effect of AE on cognitive
impairment as well as pathological damage in APP-PSEN1
mice is exerted through ADRB2, we treated mice with the
ADRB?2 inhibitor propranolol 1 h before AE. We found that
propranolol slightly interfered with the study of AE-treated
mice during the learning phase on days 1-5, as evidenced
by an increase in the AUC of escape latency (Figure 7A,B).
The disruptive effect of propranolol was more pronounced
during the 6 days of the testing phase. Propranolol-treated
AE mice had a longer path, longer escape latency to find
the platform on day 6, and significantly fewer crossings
(Figure 7C-E). However, propranolol did not clearly alter
the effect of AE on emotional memory in mice and only
reduced the freezing times for 24 h (Figure 7F-I). Similarly,
we examined the effect of propranolol on pathological
changes. The total protein levels of soluble AP were simi-
larly increased after propranolol treatment (Figure 7],K).
Consistent ~ with  this, the results of 4G8
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Student’s t tests were used to analyze the data in (K).

immunofluorescence staining and thioflavin staining Discussion

sho.we.d that 'p rop ran(.)lol—pretreated APP-PSEN1 mice had  y ;o recognized that extracellular accumulation of AP plays an
a significant increase in the number of AP plaques after AE important role in AD pathological processes and cognition def-
(Figure 7L,M). icits. Accordingly, there are two main aspects of research: one is
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immunofluorescence colabeling. (D) quantification of the number of LC3-positive cells near AP plaques. (E) electron microscopy analysis of autophagosomes. Arrows
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(K and L) VMA21 protein levels between the AE and propranolol-inhibited groups.

n =6 mice per group. (K and M) Vma21 protein levels after silencing Adrb2 in BV2

cells. n=6. *P < 0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001. The data are presented as the means + SEMs. Student’s t tests were used to analyze the data in
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how to reduce the generation of AP, and the other is how to
improve the clearance of AP. Autophagy has been reported to be
involved in the clearance of AP, and autophagy deficits are not
only an important pathophysiological feature of AD but also
play a key role in AP accumulation due to clearance deficiency in

the brain [26]. In AD, the upstream signaling pathways of the
autophagy pathway (e.g., MTOR signaling pathway) are inhib-
ited, thereby suppressing the normal physiological processes of
the autophagy pathway [27,28]. Several articles have shown that
the number of autophagosomes is significantly reduced in AD
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Figure 7. The ADRB2 inhibitor propranolol reverses the ameliorative cognitive

dysfunction and pathological impairment in APP-PSEN1 mice after AE. (A and B)

escape latency to the hidden platform between days 1 and 5 and the AUC. (C) swimming pathway traveled to locate the platform on day 6. (D) escape latency and

(E) number of crossings of the original position of the platform on day 6. (F-1)
soluble AP fractions extracted from the hippocampus was examined by wester

effect of foot shock-induced contextual fear freezing test. (J and K) the amount of
n blot analyses and quantification of soluble AB intensity using ImageJ. (L and M)

Representative images of AP plaques by 4G8 staining and thioflavin staining and quantification of the percentage of area occupied by AP plaques in the
hippocampus and cortex. n =6 mice per group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. The data are presented as the means + SEMs. Two-way ANOVA

followed by Bonferroni’s post hoc test was used to analyze the data in (A), one-
(B-1), and Student’s t tests were used to analyze the data in (K and M).

brains with structural damage and that activating autophagy is
a potential way to improve AD [29,30]. In transgenic mice that
express human APP, a model for AD, genetic reduction of Becnl
expression can increase intraneuronal AB accumulation, extra-
cellular AP deposition, and neurodegeneration and cause micro-
glial changes and profound neuronal ultrastructural

way ANOVA followed by Bonferroni's post hoc test was used to analyze the data in

abnormalities [21], in addition to studies showing that mito-
phagy is also reduced in AD [31]. Recent research finds that
autolysosome acidification declines is the critical mechanism of
autophagy deficits in neurons of AD, which induces autophagic
buildup of AP as well as senile plaques. Importantly, further
study finds that a decline in V-ATPase activity leads to pH



AUTOPHAGY 1025

i

Aerobic exercise

g

Cell membrane QI?tADRBZ t
©

Cuor |
1

)

Q0

LC3
O

Phagophore

Autophagosome

&

by

Amphisome

L =

Endoplasmic Reticulum l

Autolysosome

Figure 8. Proposed working model for aerobic exercise attenuates autophagy-lysosomal flux deficits by ADRB2 mediated V-ATPase assembly factor VMA21 signaling
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upregulation, which results in marked impairment of autolyso-
somes in neurons [20]. However, the molecular mechanism
underlying autophagic dysfunction, especially autophagic lyso-
somal dysfunction, in AD is currently unclear.

Lysosomes require an acidic lumen between pH 4.5 and
5.0 for the degradative enzyme to effectively digest large
molecules in these compartments. The optimal pH value is
mainly maintained by proton (H') influx generated by
V-ATPase. Structurally, V-ATPase is a rotating nanomotor
composed of multiple subunits, each with multiple isomers
[32]. The different demands of intracellular vesicles and the
extracellular environment for acidification drive the

function and regulation of V-ATPase. The subunits are
arranged in two structural domains: the peripheral V;
domain responsible for ATP hydrolysis and the transmem-
brane domain V, which plays a role in proton transport. In
mammals, the V; domain has at least eight different sub-
units (ATP6V1A, ATP6VIB, ATP6VIC, ATP6VID,
ATP6VIE, ATP6VI1F, ATP6VIG, and ATP6VIH along
with various isoforms), while the V; domain is composed
of up to six different subunits (ATP6VOA, ATP6VOB,
ATP6VOC, ATP6V0OD, ATP6VOE and certain isoforms)
[33,34]. Indeed, the expression and isoform localization of
subunits are crucial for the function of V-ATPase. The
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activity of V-ATPase is controlled by reversible dissociation
of the active whole enzyme into its components V; and V,
domains, which are inactive, occurring in cells and yeast in
response to different environments [35].

In addition, VMA21 plays an essential assembly chaperone
role in the formation of V-ATPase. The VMAZ21 gene encodes
a small transmembrane chaperone protein composed of 101
amino acids. Topologically, the N and C terminals are cyto-
plasmic, and the two transmembrane fragments are connected
through the lumen (ER, Golgi apparatus, lysosome) domains.
At present, it is believed that VMA21 first binds to the V,
subunit on the endoplasmic reticulum, then transports V, to
the Golgi apparatus and assembles V-ATPase with the V,
subunit. VMA21 is then wrapped by vesicles and returned
to the endoplasmic reticulum for a new round of assembly
and adjustment [36]. Here, we observed autophagy deficits
accompanied by a decrease in V-ATPase activity in the brains
of APP-PSEN1 mice. Further study confirmed that VMA21
was also significantly reduced. These results suggested that
VMA21 May be the key to causing autophagy disorder by
inhibiting the formation of V-ATPase.

AE is any physical activity that involves an increased
amount of oxygen throughout the body. Studies have demon-
strated that AE can help to improve heart and lung function,
increase circulation, and decrease high blood pressure (hyper-
tension), inflammation and cholesterol. Of note, there is
growing evidence to support the beneficial effects of AE on
neurodegenerative diseases such as AD. Meta-analyses have
indicated that regular exercise (particularly AE) might be
a more effective strategy to ameliorate neurodegeneration
and cognitive function, or at least delay neuropathology
changes and cognitive decline, in AD patients as well as old
individuals. Studies have reported that AE plays a regulatory
role in neurogenesis, inflammation, and oxidative stress, all of
which play varying roles in the mitigation of AD [37]. Recent
studies have shown that greater physical activity is associated
with slower AP pathology and Ap-related cognitive decline
[38,39]. However, the effects and mechanism of AE on AP
accumulation and neurodegeneration in AD progression are
unclear. In particular, the effects of AE on AP clearance by
autophagy are rarely reported. We found that AE can reduce
the accumulation of pathological AP mainly by upregulating
autophagy, while the effects of AE on the production process
of AP were not significant. We believe that this effect may be
determined by the expression characteristics of APP and
PSENI in APP-PSENI mice, which are completely different
from the mechanism of AP generation in sporadic AD
patients.

To further clarify the mechanism by which aerobic
exercise reverses autophagy disorder in AD, we combined
sequencing analysis of AD patients (GSE110298) and iden-
tified the potential regulatory receptor ADRB2 of AE.
ADRB2 is a prototypical member of the GPCR family of
proteins and plays several important roles in physiological
systems, including cardiovascular and pulmonary systems.
Moreover, ADRB2 is implicated in synaptic plasticity,
hemodynamics, and neuroinflaimmation. ADRB2 in the
cortex and hippocampus is critical for learning and mem-
ory [40]. Notably, activation of ADRB2 May prevent the

impairment of hippocampal LTP by AP via the cAMP-
PRKA/PKA  signaling  pathway [41]. Recently,
a retrospective inception cohort study finds that the risk
of developing AD is elevated among patients exposed to
nonselective ADRB antagonists. In contrast, selective
ADRB2 agonist exposure is associated with a lower risk
of developing AD [42]. Moreover, it has been found that
activation of ADRB2 could prevent AB-induced microglial
inflammation in the brain [43].

Based on our research, we speculate that ADRB2 can be
a regulatory receptor for AE, and the downstream pathway
may be involved in regulating the autophagy-lysosome path-
way. Therefore, we tested the classic autophagy regulatory
MTOR pathway and found that AE can effectively inhibit
the MTOR pathway. Correspondingly, the use of the ADRB2-
specific inhibitor propranolol could significantly reduce AE-
induced inhibition of the MTOR pathway and improve auto-
phagy disorders. Taken together, in addition to regulating
neurogenesis, inflammation and oxidative stress [37], AE
could also mitigate AD by ameliorating autolysosome defects
and enhancing AP clearance through the ADRB2-VMA21
-V-ATPase pathway.

Notably, Nixon’s pioneering work reveals that reduced
V-ATPase activity in the AD mouse model leads to
decreased lysosomal acidification, resulting in the formation
of senile plaques [20]. Meanwhile, it is discerned that phos-
phorylated APP-BCTF and PSEN1 mutations equally con-
tribute to the reduction of V-ATPase activity, further
exacerbating disturbances in the degradation of lysosomal
proteins [44,45]. Additionally, f2-adrenergic agonists rescue
lysosome acidification and function in PSEN1 deficiency by
reversing defective endoplasmic reticulum (ER) to lysosome
delivery of CLCN7/CIC-7 (chloride voltage-gated channel 7)
[46]. Therefore, our finding that AE via ADRB2-VMA21
-V-ATPase enhanced the autophagy-lysosome pathway to
clear AP may have significant implications for AD
treatment.

Here, we want to emphasize that our study focuses on
how AE can improve the autophagy-lysosome pathway to
clear AP, aiming to improve cognition. AP is a key patholo-
gical feature in both familial and sporadic AD (SAD). Nixon
et al. find that lysosomal proteolysis requires PSEN1 and is
disrupted by Alzheimer-related PSEN1 mutations, caused by
failed PSENI-dependent targeting of the V-ATPase
ATP6VOAL subunit to lysosomes [45]. It is noteworthy that
compromised V-ATPase activity isn’t restricted to
familial AD (FAD) alone. Burrinha et al. demonstrates that
the reduced expression of the V-ATPase will impact endo-
lysosomal acidification and result in synapse dysfunction in
aged wild-type mice [47]. Recent research highlights APOE4
as the most potent genetic risk factor for SAD. Remarkably,
brain cells derived from APOE iPSCs display lysosomal
defects leading to reduced AP clearance [48]. Therefore, we
postulated that AE may play a pivotal role in enhancing
autophagy-lysosome pathway clearance of AP through the
ADRB2-VMA21-V-ATPase, which might contribute not
only to FAD but also to SAD. However, broader and defi-
nitive evidence might necessitate further experimentation in
the future.



In summary

Increasing studies suggest that autophagy deficits not only
weaken AP clearing but also participate in the buildup of
senile plaques in AD, while the exact molecular mechanisms
are not clear. In the current study, we found that the level of
the V-ATPase assembly factor VMA21 was significantly
reduced in the brains of AD mice, and it was correlated
with a decrease in V-ATPase activity, which regulates lysoso-
mal pH. These data suggested that the decreased VMA21
protein inhibited V-ATPase activity, leading to impaired lyso-
somal activity and inhibition of autophagy clearance function.
VMAZ21 could be a new autophagy regulatory molecular target
in AD (Figure 8). Moreover, AE could activate ADRB2, inhi-
bit the MTOR pathway, regulate VMA21 expression, improve
autolysosome disorders, and reduce AP accumulation and
cognitive impairment (Figure 8). Our findings revealed
a novel theoretical basis for AE attenuating pathology pro-
gression and cognitive deficits in AD.

Materials and methods
Mice, aerobic exercise, and drug administration

The Animal Ethics Committee of Jiangnan University
approved all the animal experimental procedures (JN.
No. 20210515c¢0241130[123]). We used transgenic B6C3-Tg
(APPswe, PSENIdE9) mice (bought from Nanjing
University’s Model Animal Central) as AD mouse models
and age-matched wild-type (WT) B6C3 mice as controls. All
of the mice were 8-months old, half male and half female, and
were kept in Jiangnan University’s Experimental Animal
Center’s specific-pathogen-free (SPF) environment.

Starting at 8 months of age, mice were run on a six-channel
motorized treadmill (TECHMAN, Chengdu, China) for 5
days/week, 40 min/day for 12 weeks[49]. Mice in the aerobic
exercise (AE) group were trained on the treadmill at
a maximum speed of 15m/min (6 m/min for 5min, 9 m/
min for 5min, 12m/min for 20 min, 15m/min for 5 min,
and 12m/min for 5min) with an incline of 0°
3-Methyladenine (MedChemExpress, HY-19312; autophagy
inhibitor) and propranolol (MedChemExpress, HY-B0573B;
ADRB2 inhibitor) were administered at a dose of 30 mg/kg by
intraperitoneal injection 1 h before the AE [50]. The sedentary
mice were transported to the workout facility and subjected to
identical circumstances as the AE mice. To guarantee that all
mice were able to finish the exercise regimen, animals were
evaluated qualitatively during the test.

Behavioral testing

Behavioral testing was carried out as previously described [51]
and began at 1 to 5 p.m. on the day the AE experiment were
concluded. For the Morris water maze (MWM) test, milk
powder was placed in the water in advance until the trans-
parent platform was no longer visible, the water temperature
was maintained between 22 and 23°C, and the liquid level was
2cm higher than the transparent platform. The pool was
divided into four quadrants, and the walls of each quadrant
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were marked with cards of various colors and shapes to help
the mice orient themselves. During the first five days of
training, mice were trained to find transparent platforms in
a water maze, with four trials per day beginning in a different
quadrant and proceeding in a random order. Mice were
placed in the water maze facing the pool wall from the middle
of the quadrant in each trial and had 60 s to find the platform.
If the mice did not find the platform within 60 s, they were
guided to it to learn for 30 s. The time it took mice to find the
platform (escape latency) was recorded in the training section.
On the sixth day, mice repeated the test for 60 s with the
transparent platform removed, beginning in the contralateral
quadrant where the platform was originally located. The
entire experiment was captured by a fixed camera above the
pool, and connected MWM analysis software (WMT-100S,
TECHMAN, China) was used to calculate the escape latency,
platform crossing times, target quadrant residence time, and
swimming pathway.

The contextual freezing test was conducted between 7 and
9 p.m. on the first and last days of the MWM test. Mice froze
intermittently after a previous foot shock when placed in the
same environment, and this behavior was associated with
contextual memory. The experimental chamber (230 mm x
230 mm x 300 mm) had a stimulated electric grid at the bot-
tom and was housed in a soundproof chamber (600 mm x
600 mm X 600 mm). Before testing, each mouse was placed in
the experimental chamber for 3 min to become acquainted
with its surroundings. The mice were then given three con-
secutive electric shocks (0.5 mA, 2 s) with intertrial intervals
of 58 s. To eliminate odor, 75% ethanol was used to clean the
observation chamber between each pair of mice. During test-
ing, mice were placed in the experimental chamber for 3 min
with no electric shocks. The entire experiment was filmed by
a fixed camera above the observation room, and the freezing
time was calculated using connected analysis software (FCT-
100, Tekman Software Information Co., Ltd., Chengdu,
China).

Tissue extraction

At the end of the behavioral experiment, mice were placed in
the laboratory for 2h in advance to allow them to acclima-
tize and then anesthetized with 20% urethane (10 ml/kg, ip).
While waiting for the urethane to take effect, the surgical
instruments, cardiac perfusion device, and ice pack were
prepared. After observing the disappearance of the right
reflex, the mice were fixed on a foam board, and then the
thoracic cavity was quickly exposed with surgical scissors.
The perfusion needle was inserted 1-2 mm from the left side
of the heart apex into the left ventricle and carefully placed
at the aortic arch. The vessels were then rapidly perfused
with 100 mL 0.9% sodium chloride (heated at 37°C in
advance) within 5min and flushed. After perfusion, the
mice were decapitated, the brain tissue was placed on ice,
and the left hippocampus and cortex were rapidly isolated
and preserved in lyophilization boxes in a freezer at —80°C.
Another hemisphere was preserved intact in 4% paraformal-
dehyde solution with picric acid.
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Table 1. PCR primers employed in the present study.

Gene Forward primer (5" — 3') Reverse primer (5" — 3')
Vma21 ACCCTGAAGACACTGCTGTT GCCACATAGACAAACAGGGC
Gatal CTCCCCAGTCTTTCAGGTGT GCTCTTCCCTTCCTGGTCTT
En1 GACTCACAGCAACCCCTAGT CTGGGACTCATTCAGGCTGA
Runx1 AACAATGGTACGGATGGGGT AGGACGCCATAACAACTCCA
Creb1 GCCACCTACCATAGAGCCAT AGTGGAGTGGTTCAAGGAGG
Adrb2 GAGCGACTACAAACCGTCAC ATTCTTGGTCAGCAGGCTCT

Reverse transcription and real-time quantitative PCR

The ultraclean table was prepared by wiping it down with
30% hydrogen peroxide and soaking the instruments in
75% ethanol ahead of time. Hippocampal and cortex tissue
was homogenized in TRIzol reagent (Vazyme Biotech,
R401-01) wusing a cryogenic homogenizer (Jingxin,
Shanghai, China). After 5min at room temperature, the
samples were centrifuged at 12,000 x g for 5min at 4°C,
and the sediment was discarded. Then, 0.2 mL chloroform
was added to the solution, and the mixture was inverted
back and forth to make it milky white, shaken and mixed
well, and set aside for 2-3 min at room temperature. The
upper aqueous phase was collected after centrifugation at
12,000 x g for 15 min at 4°C. The solution was mixed with
0.5 ml isopropanol/ml TRIzol, left at room temperature for
5-10 min, and then centrifuged at 12,000 x g for 10 min at
4°C, and the supernatant was removed. Then, 75% ethanol
was added to 1 ml of 75% ethanol/ml TRIzol, the tube was
centrifuged with gentle shaking, the precipitate was sus-
pended, the solution was centrifuged at 7,500 x g for 5
min at 4°C and the supernatant was discarded as much as
possible. Subsequently, the RNA sample was dissolved in
50 ul RNase-free water. The solution was mixed with 0.5
mL isopropanol and allowed to stand at room temperature
for 5-10 min before being centrifuged at 12,000 x g for 10
min at 4°C, and the supernatant was removed. Then, 1 mL
75% ethanol was added, the tube was gently shaken, the
precipitate was suspended, and the solution was centrifuged
at 7,500 x g for 5min at 4°C, discarding as much super-
natant as possible. After that, the RNA sample was dis-
solved in 50 ul of RNase-free water. RNA was reverse
transcribed in a PCR instrument (Mastercycler,
Eppendorf, Germany) using a reverse transcription kit
(Vazyme Biotech, R312-01), and the real-time polymerase
chain reaction was completed on a real-time PCR cycler
(lightcycler4801I, Roche LifeScience, Switzerland) following
reagent vendor instructions (YEASEN, Shanghai, China).
Table 1 shows the sequences of the PCR primers used in
this study.

Transcriptomic

Transcriptome detection was performed on hippocampal tis-
sues of each group, with 5 replicates in each group. RNA
extraction, RNA purification, reverse transcription, library
construction and sequencing were performed at Shanghai
Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai,
China) according to the manufacturer’s instructions
(Ilumina, San Diego, CA). The transcriptome library was
prepared following TruSeqTM RNA sample preparation Kit

from Illumina (20040534) using 1 pg of total RNA. Briefly,
messenger RNA was isolated according to polyA selection
method by oligo(dT) beads and then fragmented by fragmen-
tation buffer first. Secondly, double-stranded c¢cDNA was
synthesized using a SuperScript double-stranded cDNA
synthesis kit (Invitrogen, K1621). Then the synthesized
c¢DNA was subjected to end-repair, phosphorylation and “A”
base addition according to Illumina’s library construction
protocol. Libraries were size selected for cDNA target frag-
ments of 300 bp on 2% Low Range Ultra Agarose followed by
PCR amplified using Phusion DNA polymerase (NEB,
M0530) for 15 PCR cycles. After quantified by TBS380,
paired-end RNA-seq sequencing library was sequenced with
the Illumina NovaSeq 6000 sequencer (2 x 150 bp read length)
(www.majorbio.com). The data were analyzed online (www.
majorbio.com).

Immunofluorescence and thioflavin S staining

After storing the right brain hemisphere in 4% paraformalde-
hyde at 4°C for more than 2 weeks, gradient dehydration
using 10%, 20%, and 30% sucrose (Sinopharm 10,021,418)
solutions was performed for 1 week, with fresh sucrose solu-
tion replaced daily. Following dehydration, brains were
embedded in optimal cutting temperature compound (OCT)
(Sakura, 4583) and cut into 15 pm brain slices using a frozen
sectioning machine (CM3050S; Leica Biosystems, USA). PBS
(Biosharp, BL601A) solution (including 0.5% Triton X-100
[Sinopharm, LA1604602]) was used to permeabilize brain
sections for 30 min at room temperature before blocking in
5% bovine serum albumin (BSA; Beyotime Biotechnology,
ST023) for 1h. Then, the sections were incubated with pri-
mary antibodies (Table 2) overnight at 4°C and then incu-
bated for 1h at 37°C with donkey-anti-rabbit Alexa Fluor 488
(Jackson ImmunoResearch, 711-545-152) or donkey-anti-
mouse Alexa Fluor 594 (Jackson ImmunoResearch, 715-585-
150). For thioflavin staining, the tissue sections were washed
for 5min 3 times with PBS, and then thioflavin S (Sigma-
Aldrich, T1892) was configured with 50% alcohol to
a concentration of 0.3% and incubated at room temperature
for 8 min. Subsequently, the sections were washed for 5 min 3
times with 50% alcohol and once with PBS for 5 min, shaded
and sealed in a dark place. All slides were photographed
under a confocal microscope (Axio Imager Z2, Carl Zeiss,
Germany).

Transmission electron microscopy

Hippocampal tissues were fixed with 2% glutaraldehyde and
commissioned to the Shiyanjia laboratory (www.shiyanjia.
com) for sectioning. In brief, the specimen was first fixed
with 2.5% glutaraldehyde (Sinopharm 30,092,436) in phos-
phate buffer (0.1M, pH 7.0) for more than 4h; washed
three times in the phosphate buffer for 15 min at each step;
then postfixed with 1% OsO, in phosphate buffer for 1-2h
and washed three times in the phosphate buffer for 15 min at
each step. Then the specimen was first dehydrated by a graded
series of ethanol (30, 50, 70, 80, 90, 95 and 100%) for about 15
to 20 min at each step, then transferred to absolute acetone for
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Table 2. Antibodies used in the western blotting analysis and their properties.
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Antibody Specificity Type Dilution for WB Source Catalog number
ACTB/B-Actin ACTB/B-Actin Poly- 1:5000 SAB 21338
4G8 B-Amyloid, 17-24 Mono- 1:200 for IF Biolegend 800708
AB B-Amyloid Mono- 1:1000 for WB CST 8243
APP APP Mono- 1:1000 for WB Biolegend 800901
p-APP p-APP Mono- 1:1000 for WB ST 6986
PSEN1 PSEN1 Poly- 1:1000 for WB SAB 24526
BACE1 BACE1 Poly- 1:1000 for WB SAB 54901
IRF1 IRF1 Mono- 1:1000 for WB CST 8478
LC3 Total LC3B Poly- 1:1000 for WB CsT 2775
1:200 for IF
ATG5 Total ATG5 Mono- 1:1000 for WB ST 12994
ATG7 Total ATG7 Mono- 1:1000 for WB CST 8558
SQSTM1/p62 Total SQSTM1/p62 protein Mono- 1:1000 for WB CsT 23214
VMA21 VMA21 vacuolar-type H*-ATPase homolog Mono- 1:500 for WB Proteintech 21921
ADRB2 adrenergic receptor, beta 2 Mono- 1:1000 for WB Abcam 182136
MTOR Total MTOR Mono- 1:1000 for WB CST 2983
p-MTOR Phospho-MTOR (Ser2448) Mono- 1:1000 for WB CST 5536
PRKAA/AMPK PRKAA1/AMPK alpha 1 Mono- 1:1000 for WB SAB 48827
p-PRKAA/AMPK Phospho-PRKAA/AMPKa (Thr172) Mono- 1:1000 for WB CST 2535
Mono-, monoclonal; poly-, polyclonal.
20 min. Subsequently, the specimen was placed in 1:1 mixture by ChinaPeptides, Shanghai, China) and terbutaline

of absolute acetone and the final Spurr resin mixture (SPI-
CHEM 02,680-AB) for 1h at room temperature, then trans-
ferred to 1:3 mixture of absolute acetone and the final resin
mixture for 3 h and to final Spurr resin mixture for overnight.
For the embedding and ultrathin sectioning, the specimen was
placed in a microcentrifuge tube containing Spurr resin and
heated at 70°C for more than 9 h. The specimen was sectioned
in LEICA EM UC?7 ultratome and sections were stained by
uranyl acetate and alkaline lead citrate for 5 to 10 min, respec-
tively, and observed in Hitachi Model H-7650 TEM.

Western blotting

Tissues were homogenized in radioimmunoprecipitation
assay lysis buffer (Beyotime Biotechnology, P0013B) using
a cryogenic homogenizer (Jingxin, Shanghai, China). Tissue
homogenates were mixed with 2X SDS-PAGE sample loading
buffer (Beyotime Biotechnology, P0015B) and then boiled at
95°C for 10 min. The proteins were separated for approxi-
mately 1h using 4-20% Precast Protein Plus Gel (Yeasen
Biotechnology, 36270ES10) and transferred onto nitrocellu-
lose membranes. The membranes were blocked for 1 h room
temperature with 5% BSA before being incubated with pri-
mary antibody at 4°C (at least 8 h). The membranes were then
incubated for 1 h at room temperature with a secondary anti-
body (anti-rabbit or anti-mouse IgG conjugated to horserad-
ish peroxidase, 1:5000). Image] was used to perform
quantitative analysis on the blots. All the primary antibodies
used are listed in Table 2.

Cell culture and treatment

Mouse neuroblastoma N2a cells (Procell Life, CL-0168) and
BV2 microglial cells (Procell Life, CL-0493A) were cultured in
DMEM (Cytiva, SH30023.01) containing 10% fetal bovine
serum (FBS; Tianhang Biotechnology 11,011-8611) at 37°C
in a humidified incubator with 5% CO2. N2a cells were
cultured in confocal petri dishes (Biosharp, BS-15-GJM) and
BV2 cells were plated in 12-well plates. Ap1-42 (Synthesized

(MedChemExpress, HY-B0802A) were added to the culture
medium at 10 pM. The mouse-specific siRNA targeting Irfl
was synthesized by OBiO Technology (Shanghai, China) and
the sequence of the siRNA targeting murine Irfl was as
follows: CCAAGACATGGAAGGCAAA. The mouse-specific
siRNA targeting Adrb2 was designed and synthesized by
Ribobio Technology (Guangzhou, China).

Tandem mCherry-GFP fluorescence microscopy

A tandem monomeric Cherry-GFP-tagged LC3 (mRFP-GFP-
LC3) plasmid was donated by Prof. Jianzhi Wang and Prof.
Gongping Liu from Huazhong University of Science and
Technology. N2a cells were cultured in Dulbecco’s Modified
Eagle Medium supplemented with 10% fetal bovine serum.
The cell transfection concentration was 0.1 ug/pl. To evaluate
tandem fluorescent LC3 puncta, 48 h after mCherry-GFP-LC3
transfection, cells were captured using a confocal microscope
(Axio Imager Z2, Carl Zeiss, Germany).

Statistical analyses

All numerical data are expressed as the means + SEMs, Two-
way repeated-measures ANOVA followed by Bonferroni’s
post hoc test, two-way ANOVA followed by Bonferroni’s
post hoc test, one-way ANOVA followed by Bonferroni’s
post hoc test and student’s t tests were used. The statistical
analysis was performed using SPSS 15.0 statistical software
(SPSS Inc., Chicago, IL, USA).
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