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A tau fragment links
depressive-like behaviors and
cognitive declines in Alzheimer's
disease mouse models through
attenuating mitochondrial
function
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Introduction: Alzheimer’s disease (AD) is the most prevalent neurodegenerative
disease characterized by extracellular senile plagues including amyloid-f peptides
and intracellular neurofibrillary tangles consisting of abnormal Tau. Depression
is one of the most common neuropsychiatric symptoms in AD, and clinical
evidence demonstrates that depressive symptoms accelerate the cognitive deficit
of AD patients. However, the underlying molecular mechanisms of depressive
symptoms present in the process of AD remain unclear.

Methods: Depressive-like behaviors and cognitive decline in hTau mice were
induced by chronic restraint stress (CRS). Computational prediction and
molecular experiments supported that an asparagine endopeptidase (AEP)-
derived Tau fragment, Tau N368 interacts with peroxisome proliferator-activated
receptor delta (PPAR-8). Further behavioral studies investigated the role of Tau
N368-PPAR-§ interaction in depressive-like behaviors and cognitive declines of
AD models exposed to CRS.

Results: We found that mitochondrial dysfunction was positively associated with
depressive-like behaviors and cognitive deficits in hTau mice. Chronic stress
increased Tau N368 and promoted the interaction of Tau N368 with PPAR-§,
repressing PPAR-§—mediated transactivation in the hippocampus of mice. Then
we predicted and identified the binding sites of PPAR-8. Finally, inhibition of AEP,
clearance of Tau N368 and pharmacological activation of PPAR-§ effectively
alleviated CRS-induced depressive-like behaviors and cognitive decline in mice.

Conclusion: These results demonstrate that Tau N368 in the hippocampus
impairs mitochondrial function by suppressing PPAR-J, facilitating the occurrence
of depressive-like behaviors and cognitive decline. Therefore, our findings may
provide new mechanistic insight in the pathophysiology of depression-like
phenotype in mouse models of Alzheimer's disease.
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Introduction

Alzheimer’s disease (AD), the most prevalent neurodegenerative
disease, is primarily characterized by deterioration of cognitive
functions and commonly accompanied with neuropsychiatric
symptoms. The two main pathological features in AD brain are
extracellular senile plaques composed of the amyloid-p peptides and
intracellular neurofibrillary tangles consisting of abnormal Tau
(Bloom, 2014). Depressive symptoms cause a serious public health
problem all over the world, with a pronounced impact on those
patients with neurodegenerative disease, especially those with AD
(Reus et al.,, 2016). Considerable evidences have shown that depression
is related to increased risk for developing AD later in life (Herbert and
Lucassen, 2016). However, the molecular mechanisms underlying the
development of depression and depressive symptoms in AD are
still unclear.

Both researches on postmortem interval and pre-clinical murine
models have shown that mitochondrial dysfunction is associated with
AD pathophysiology (Lynn et al., 2010; Martins et al., 2017; Mancini
etal, 2021). The major mitochondrial dysfunction in AD is apparent
from a decrease in neuronal ATP levels and the overproduction of
reactive oxygen species (ROS) (Algahtani et al., 2023). Recent studies
have shown that rescue of mitophagy deficits by promoting
mitophagosomes fusion can attenuate AP accumulation, relieving
cognitive decline in 5x FAD mice (Chen et al., 2021). Additionally,
abnormal energy metabolism caused by impaired mitochondria is
related to depressive symptoms as lower energy production of cortical
neurons from depressed patients (Ernst et al., 2017). A recent study
has demonstrated that glucocorticoids, released in response to chronic
stress, can promote mitochondrial damage and Tau phosphorylation
and oligomerization, leading to depressive-like behaviors in mice (Du
etal, 2023). Strikingly, exogenous ATP administration or stimulating
endogenous ATP release can rescue depressive-like behaviors in mice
(Cao et al,, 2013). Based on the above findings, we speculated that
mitochondrial dysfunction could participate in the onset and progress
of depressive symptoms in AD mice.

Tau is a microtubule-associated protein and its main function is
to keep microtubules stable and promote microtubules assembly
(Tapia-Rojas et al., 2019). Under pathological conditions, abnormal
phosphorylation and cleavage of Tau can lead to the pathogenesis of
AD (Tapia-Rojas et al., 2019). It has been well established that
abnormal phosphorylation of Tau accelerates the onset of AD, but
abnormal truncation of Tau still needs to be fully studied. Recent
studies reported that mammalian asparagine endopeptidase (AEP,
gene name LGMN), a proteolytic enzyme, can cleave Tau at N255 and
N368 residues and produce toxic truncated fragments which would
promote Tau aggregation, leading to the exacerbation of AD-like
pathologies in mice (Zhang et al., 2014). In addition, accumulating
clinical studies have indicated Tau pathology is modestly associated
with depressive symptoms, but the underlying mechanisms remain
elusive (Moriguchi et al., 2021). Moreover, a N-terminal Tau fragment
has been reported to target neuronal mitochondria at AD synapses
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(Amadoro et al,, 2015). Hence, we hypothesized that a truncated Tau
N368 (Tau 1-368) fragment derived from AEP triggers mitochondrial
dysfunctions, promoting depressive-like phenotype in AD
mouse models.

In this study, we performed a 14-day procedure of chronic
restraint stress (CRS) to induce depressive-like behaviors in mice. The
results showed that CRS not only induced depressive-like behaviors,
but also impaired cognitive function in hTau mice, which is a mouse
model lacking murine Tau but expressing human Tau. Further
experiments demonstrated that hippocampal Tau N368 fragment,
elevated by CRS, directly binds to and inhibits peroxisome
proliferator-activated receptor & (PPAR-9), a transcription factor
abundant in the brain that promotes mitochondrial biogenesis,
leading to depressive-like behaviors and cognitive impairments in AD

mouse models.

Materials and methods

Antibodies, chemicals, and virus resources: Anti-PPAR-8
antibody, Proteintech, 60193-1; Anti-Tau N368 antibody, Kegiang Ye
lab; Anti-FLAG antibody, Abways, AB0008; Anti-GST antibody,
Proteintech, 66001-2; Anti-GFP antibody (B2), Santa Cruz, sc-9996;
Anti-a-Tubulin antibody, Sigma-Aldrich, T6074. 4’,6-diamidino-2-
phenylindole (DAPI), Sigma-Aldrich, D9542; AEP inhibitor-
compound 11 was purchased from J&K Scientific Ltd. (Beijing,
China). GW0742 (HY-13928), was purchased from MedChem
Express; HEK 293, ATCC, CRL-1573. AAV-GFP-Tau N368,
AAV-PPAR-3-FLAG, and AAV-PPAR-8 mKNK-FLAG were
purchased by Brain Case Technology (Shenzhen). It is worth
mentioning that GFP and FLAG were fused to the target protein in
the viruses we used.

Animals

Wild-type (WT) C57BL/6] mice, hTau mice, and 3xTg mice were
purchased from the Jackson Laboratory (stock #000664, #005491, and
#034830 respectively). The hTau mice lack endogenous microtubule-
associated Tau (MAPT) gene, and express human MAPT gene. All
mice were housed and kept under specific pathogen-free (SPF)
conditions with a 12h/12h light/dark cycle at a constant temperature
(22£2°C). The supply of food and water is adequate to all mice, unless
otherwise indicated. Mice were randomly assigned to each group by
using a random number table. The number of mice used in the
experiments was determined by Power and Precision (Biostat). Before
behavioral tests, mice were randomly taken from each group. All
animal experimental protocols were approved by the Laboratory
Animal Welfare Ethical Committee of Renmin Hospital of Wuhan
University (No. WDRM 20230706D). We performed the animal care
and handling according to the NIH animal care guidelines and Wuhan
University guidelines. All procedures related to mice followed the
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ethical standards of the Renmin Hospital of Wuhan University
Institutional Animal Care and Use Committee.

Study design

At first, we applied acute restraint stress (ARS) and CRS to WT
and hTau mice, followed by a series of behavioral tests including open-
field test (OFT), sucrose preference test (SPT), forced swim test (FST),
novel object recognition test (NOR) and contextual fear conditioning
and cued fear conditioning. According to the results of behavioral
tests, we performed correlation analysis of depressive-like behaviors
and cognitive decline. Next, to understand the role of mitochondria
in depressive-like behaviors and cognitive decline, we detected the
mitochondrial function and the interaction of Tau N368 and PPAR-S.
Further, to explain the molecular mechanism of mitochondrial
dysfunction, we screened the binding region in which Tau N368 binds
to PPAR-3 by immunoprecipitation and GST-pulldown and further
identified the binding sites of Tau N368 and PPAR-8. Then, point
mutation of binding sites in PPAR-§ disrupted the binding and
relieved the behavioral disorders. Finally, we used AEP inhibitor,
anti-Tau N368 antibody and PPAR-8 agonist to confirm our
hypothesis in hTau and 3xTg mice. All the animal experiments were
performed by a blind investigator.

Antibody administration in mice

The hTau and 3xTg mice (15 mice per group) were injected
intraperitoneally with 2 mg/kg twice a week during 14 days of CRS
procedure. Each mouse was randomly received Tau N368 antibody as
experimental group or IgG in saline as control group. After CRS with
administration, we performed a series of behavioral tests on the mice.

Preparation and administration of test
agents

Compound 11 was first dissolved in dimethyl sulfoxide as the
stock solution and then diluted in 0.9% NaCl solution containing gum
arabic for systemic treatment. The mice received randomly vehicle or
compound 11 at a dose of 10 mg/kg once daily for 60 days through
gavage treatment. On day 22, mice were exposed to CRS and
subsequent behavioral and molecular experiments.

GW0742 was dissolved in 1% dimethyl sulfoxide, 1% Tween-80
and 98% phosphate-buffered saline solution at 50 mM concentration.
After CRS, mice were injected intraperitoneally with vehicle or
GWO0742 once daily at a dose of 5mg/kg for a week, then exposed to
behavioral and molecular experiments.

Stress procedures

This procedure was conducted with slight modifications based on
a previously described method (Seo et al., 2012). The mice were
individually housed to adapt the environment for a week, then
randomly were divided into the control group, ARS group and CRS
group. The mice received restraint stress (RS) were confined into the
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crylic cylindrical flat-bottom head-first restrainer. ARS mice only
experienced the restraint stress once for 2h, while CRS mice
experienced the restraint stress for 2h per day for 14 days, or 21 days
(RS21). The control mice remained in their home cages without
any stress.

Behavioral tests

All test mice were habituated in a behavioral testing room for
3 days, accompanied with daily handling for 1 min. The order of the
behavioral tests is to start with the least stressful test and leave the
most stressful of all for last. To avoid mutual influence between
different behavioral experiments, mice were given at least 1 day to
recover from the last behavioral test.

Tail suspension test

The mice were suspended individually by adhering their tails with
a 15 cm-long tape, and their nose were positioned 20-25 cm above the
floor. The definition of immobility is the mice were hung passively
without any initiated movements. The immobile time was recorded
during the total time of 6 min. The ratio of immobile time to total time
reflects the degree of depressive-like behaviors in mice.

Forced swim test

The mice were individually placed into a transparent glass cylinder
(height 35cm and diameter 15 cm) filled with 30 cm-depth of warm
water (25+ 1°C). We renewed the water after each test. The definition
of immobility is the mice were floating without any initiated
movements, expect those motions essential to keep balance in the
water. All mice were forced to swim for 6 min, and their immobility
time was recorded during the final 5min of the test. The ratio of
immobile time to the recorded time reflects the degree of depressive-
like behaviors in mice.

Sucrose preference test

We performed a 6-day sucrose preference protocol to evaluate
the depressive-like behaviors in mice. The mice were housed
individually, provided with two bottles of normal water for 2 days
and two bottles of 2% sucrose solution for the following 2 days. After
that, mice experienced deprivation of water and food for 1 day and
then received access to two bottles, the one filled with a 2% sucrose
solution and the other filled with normal water for 24h in the dark.
The positions of the bottles were switched after 12 h. Each bottle was
weighed twice, initial weight and final weight, and the difference
between the two weights was the consumption of normal water or
sucrose solution. The definition of sucrose preference, the amount
of sucrose solution consumed was divided by the sum of both water
and sucrose solution ingested during the last day and then expressed
as a percentage. The less than 65% sucrose preference reflects
depressive-like behaviors in mice (Strekalova et al., 2004; Scheggi
etal., 2018).
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Open-field test

Animals were placed in a rectangular chamber (50 x 50 x 50 cm?)
made of opaque white plastic. The movement distance of mice was
monitored and recorded using ANY-maze software (Stoelting CO,
United States) for 6 min. The movement distance of mice reflects the
locomotor activity.

Novel object recognition test

The apparatus for novel object recognition test is the same as the
open-field apparatus. The novel object recognition test has two parts,
NOR familiar-pretest and NOR novel-test. On the first day of the test,
two identical objects (familiar objects) were presented to the mice.
These objects were located at the left and right corners of the area, and
the mice were given 5min to freely explore the two objects. The next
day, one of the familiar objects was replaced with a new object (novel
object), and again allowed the mice to explore for 5min. The test on
the first day is NOR familiar-pretest and the test on the next day is
NOR novel-test. The definition of exploration is touching the object
(tail-touching and climbing excluded), sniffing the object, or facing
the object (distance <2 cm). We used ANY-maze software to record
the duration of time spent examining each object, whether it was
familiar or novel. The discrimination index is calculated as the ratio
of time spent exploring the novel object versus the total time spent
exploring both the two objects or both the familiar and novel objects.
index of mice reflects the

The discrimination spatial

recognition memory.

Fear conditioning test

The apparatus of fear conditioning test is a box measuring
17x17x35cm?, equipped with a ceiling mounted video tracking
camera, a light, a speaker, a soundproof door, and an electric shock
floor. In the contextual fear conditioning test, on the first day, the mice
were put into the apparatus for 3 min, followed by 2s, 0.4mA foot
shock three times with an interval of 1 min. The next day, the mice
were again put into the same conditioning chamber for 3 min and the
freezing time was record. In the cued fear conditioning test, the
protocol of the first day is almost consist with the contextual fear
conditioning test apart from the foot shock paired with tone stimulate.
The next day of the cued fear conditioning test, the mice were put into
a novel chamber which is different from the first chamber and given
three tones stimulate with an interval of 1 min, and the freezing time
was record. The definition of freezing is “absence of movement except
for respiration” The freezing percentage is calculated as the ratio of
freezing time versus the total time. The freezing percentage of mice
reflects the ability to learn and remember an association between
environmental cues and aversive experiences.

Immunoprecipitation
The hippocampal tissues or cells tissues were ground and then

lysed on ice for 30 min, using lysis buffer containing of protease
inhibitors and phosphatase inhibitors. The samples were centrifuged
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at maximum speed for 15min at 4°C, and the protein supernatants
were collected. The protein concentration of supernatants was
homogenized in lysis buffer, then the samples were incubated with the
primary antibodies overnight at 4°C, followed by adding protein A/G
agarose for 4h and rotating at 4°C. Finally, the samples were
centrifuged at 2500 rpm for 5min at 4°C, then the supernatants were
removed and the protein A/G agarose was added with SDS loading
buffer and boiled at 95°C for 10 min. The collective samples were
analyzed by western blotting.

GST-pulldown

The protein supernatants collected from brain tissues or cell
tissues were incubated with the Glutathione Sepharose™ 4B beads
(17,075,601, Cytiva) overnight and rotating at 4°C. After 24 h, the GST
beads were deposited at the bottom of the tube after centrifuged at
500G for 5min, and the GST-tagged protein bind to beads and were
congregated. SDS loading buffer was added into samples and boiled
10 min at 95°C for western blotting.

Western blotting

The bilateral hippocampal tissues and the cell tissues were ground
and then lysed on ice for 30 min, using 80 pL of lysis buffer containing
of protease inhibitors and phosphatase inhibitors. The protein samples
were then centrifuged at maximum speed for 15min at 4°C, and the
supernatant was collected. Protein quantification was carried out
using the Thermo BCA Protein Assay Kit (Cat#23227). Then, the
protein supernatants were boiled in SDS loading buffer for 10 min at
95°C, separated by 10% SDS-PAGE, and transferred onto
nitrocellulose membranes. The membranes were blocked with 5%
skim milk for 1h at room temperature and incubated overnight at 4°C
with the appropriate primary antibodies. After washed 4-6 times with
Tris-buffered saline containing 0.1% Tween-20 (TBS-T), the
membranes were incubated for 1h at room temperature with
horseradish peroxidase (HRP)-conjugated anti-mouse secondary
antibodies (1:5000; BLOO1A, Biosharp Life Sciences, China) and anti-
rabbit secondary antibodies (1:5000; BLO03A, Biosharp Life Sciences,
China). The membranes were washed again 6-8 times with TBS-T,
then immersed in enhanced chemiluminescence reagents and imaging
using the ChemiDoc™ Touch Imaging System. The bands were
analyzed using the ImageJ software, with tubulin serving as the
loading control. Each experiment was repeated and analyzed at least
3 times.

Protein—protein docking prediction

The 3D protein structure of PPAR-§ has been deposited in the
Protein Data Bank, www.pdb.org (PDB ID codes, 3TKM). The 3D
protein structure of Tau FL (1-441) has been deposited in PDB-Dev
database, www.pdb-dev.wwpdb.org (PDBDEV_00000033). The 3D
protein structure of Tau N368 was derived from the Tau FL (1-441)
structure with the exclusion of the domain (369-441). Computational
docking of Tau N368 and PPAR-8 was performed to predict the
complex structure between both proteins, using HDOCK webserver
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(Yan et al.,, 2020). This software employs a fast Fourier transform-
based search strategy to model various potential binding modes
between proteins. Subsequently, each binding mode undergoes
evaluation using the ITScorePP scoring function. We retained the top
three models and integrated the docking outcomes with our
experimental data to make the final model selection.

Luciferase assay

Primary neurons were seeded in 6-well plates. To evaluate
transcriptional activity of PPARS, a 3 x PPRE-luciferase reporter
construct (addgene, #1015) with Renilla luciferase vector (addgene,
#118016) were co-transfected into primary neurons. Cells were
harvested using a passive lysis buffer at 24 h after transfection and
analyzed using a Dual-Luciferase Reporter Assay System according to
the manufacturer’s protocol (Promega) on a microplate reader.
Relative light units of PPAR-8 WT or PPAR-6 mKNK luciferase were
normalized to Renilla luciferase light units to control for transfection
efficiency. The experiments were performed in three times.

Relative mitochondrial copy number

The relative mitochondrial DNA (mtDNA) copy number means
the ratio of mtDNA versus nuclear DNA, which measured by
qPCR. We used QIAamp DNA Mini Kit (51,304, Qiagen) to extract
total DNA. The primers of mitochondrial DNA: forward:
5-GCCAGCCTGACCCATAGCCATAAT-3’ and reverse:
5-GCCGGCTGCGTATTCT-ACGTTA-3". The primers of nuclear
DNA: forward: 5-TTGAGACTGTGATT-GGCAATGCCT-3" and
reverse: 5-CCAGAAATGCTGGGCGTACT-3". PCRs were performed
in triplicate. Real-time PCR probes were bought from TagMan®
(Thermo Fisher Scientific).

Mitochondrial membrane potential assay

We used the JC-1 assay kit (Beyotime Biotech, China) to detect
(MMP) based on the
manufacturer’s instruction. For brain tissues, the hippocampus needs

mitochondria membrane potential

to be distinguished quickly and mitochondria was isolated by
mitochondria isolation kit (Beyotime Biotech, China) according to the
instructions. For primary neurons, JC-1 was added to monitor Aym
in a 5% CO, incubator at 37°C for 30 min, then rinsed with PBS. The
fluorescence signals of JC-1 monomer were monitored at 490 nm
excitation (ex)/530 nm emission (em), and the fluorescence signals of
J-aggregates of JC-1 were monitored at 525 nm excitation (ex)/590 nm
emission (em). The addition of 3-chlorophenylhydrazone (CCCP)
collapsed the proton gradient and served as a positive control
for depolarization.

Quantification of ATP
We used an ATP Assay Kit (50026, Beyotime) to determine ATP

levels in hippocampal CAL tissues. Briefly, ATP was isolated from the
hippocampus and lysed with ATP lysis buffer. After protein isolation
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and measurement, the reaction mixture containing protein samples or
standard (100 uL) with ATP assay solution (100 uL) was incubated for
3-5min at room temperature. Fluorescence was measured using a
microplate reader. The ATP levels were calculated based on the
standard curve and expressed in nmol/mg protein.

Immunofluorescence staining

Free-floating 20pm  brain sections were used for
immunofluorescence staining. The brain sections were washed three
times with PBS, blocked with 3% bovine serum albumin (BSA, w/v)
and 0.3% Triton X-100 (v/v) for 1 h at room temperature, and then
incubated with primary antibodies at 4°C overnight (anti-Tau N368,
1:500). On the second day, after washed with PBS three times, the
slices were incubated at 37°C with a mixture of labeled secondary
antibodies (Alexa Fluor® 488) for 1h. After washing with PBS three
times, DAPI (1:1000) was added for nucleus staining for 15min.

Images were captured using a Leica Confocal Imaging System.

Quantification and statistical analysis

The figures and figure legends show the sample size, the number
of mice for each group used in this study. All data are analyzed by
using GraphPad Prism Software and are presented as mean * standard
error of the mean (SEM) from three or more independent
experiments. Each figure legend presents all the statistical procedures,
containing the statistical tests and the number of mice or samples
used. We use an unpaired ¢-test with Welch’s correctio to compare
group pairs, one-way ANOVA and Bonferroni’s multiple comparison
test to multiple-group comparisons. Statistical significance was
indicated by p<0.05.

Data availability

The data that support the findings of this study are available on
request from the corresponding author.

Results

Chronic restraint stress induces
depressive-like behaviors and cognitive
deficits in the hTau mice

To explore the molecular mechanisms underlying the link
between AD and depression, we applied RS procedures in WT mice
and hTau-AD mice at the age of 8 weeks. After being immobilized in
the restrainer (2h/day) for 1 day (ARS procedure) or consecutively for
14 days (CRS procedure), mice were exposed to behavioral tests to
evaluate the cognitive function and depressive-like behaviors
(Figure 1A). All groups of mice displayed similar spontaneous
locomotor activity after stress procedures as the total distance traveled
in the OFT was not affected (Figure 1B). Notably, compared to the
control group, hTau mice exposed to CRS but not ARS developed
depressive-like behaviors, as evidenced by lower sucrose preference in

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1293164
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Wang et al.

10.3389/fnagi.2023.1293164

Sucrose preference (%)

FIGURE 1

Sucrose preference (%)

A = ARS:1day OFT, SPT, NOR
or hTau-\\ Adaptation|=== CRS: 14 days| TST, FST, FC |
AD mice 1/ 1/ 1/ > Collect tissue
8 weeks of age i 7 &4
7 days 25 days
) WT-Control WT-ARS @ WT-CRS @ hTau-Control @® hTau-ARS @ hTau-CRS
B OFT c SPT D TST
NS NS NS
— - _ -_ . -
£ 5- . §100 SR " 250
"’o 44 § 80 + 2 2 W \:)-;200 4 .
o 31 & S 604, £ 150 {—NS__ R
2] s ‘S . 2 :
£ 29 g 404 F 100z & I &
2 b= 2 RAPH i |
= < [ HA
2 S E 1L T
2 0 a 0 0
WT hTau WT hTau WT hTau
E FST F NOR Fami-pre test G NOR Novel-test
NS NS NS
3001 1.07 - . . - 1.0 5
~ * % P : 3
) © 0.8 - v ko T 0.8
2500 . = s 2 - 3 = .
£ NS | . 5o06{% H § 06|
2 - 2 8 oadl 111 .
§100- g if =) £ ’. s £ 0.4
ol = [ = 117 ° ‘=
I
0 - Q 9 e 9
WT hTau WT hTau hTau
Contextual | Cued
fear conditioning fear conditioning
NS
1007, — 1004 .
2 * 2 :
g 50+ gg 50
= 2
0 0
WT hTau
J K
1.5- r2=0.2975 1.0-
% P =0.0027 %
2 2
=1.0- = @ hTau-Control
o o
5 % 0.54 @ hTau-CRS
(= c
'€ 0.54 =
5 S .
L . P L .
0 9 T 1 o 0 T |
0 50 100 0 50 100

Chronic stress induces depressive-like behaviors and cognitive deficits in the hTau mice. (A) Schematic of ARS, CRS or control course and behavioral
tests plan. ARS, acute restraint stress; CRS, chronic restraint stress; OFT, open-field test; SPT, sucrose preference test; NOR, novel object recognition
test; TST, tail suspension test; FST, forced swim test; FC, fear conditioning. (B) Open-field test, (C) sucrose preference test, (D) tail suspension test,
(E) forced swim test, (F,G) novel object recognition test, (H) contextual fear conditioning, (I) cued fear conditioning tests results. Experiments were
performed on 8-week-old WT or hTau-AD mice received ARS, CRS or control produces. Results are presented as the mean + SEM (n = 15 mice for
control group, n =14 mice for ARS group, n = 13 mice for CRS group; NS, not significant; *p <0.05; **p < 0.01; one-way ANOVA and Bonferroni's
multiple comparison test). (J) Correlation between the discrimination index and the sucrose preference in hTau-Control and CRS groups.

(Continued)
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FIGURE 1 (Continued)

(K) Correlation between the discrimination index and the sucrose preference in hTau-CRS group. Quantitative analysis of the correlation between the
discrimination index and the sucrose preference. The Spearman correlation coefficient r> and p value are shown. Blue dots, hTau-Control. Black dots,

hTau-CRS.

the SPT and elevated immobility time in the TST and FST, whereas
these alterations were not observed in WT mice (Figures 1C-E).
Considering mice with depressive-like behaviors exhibit elevated
freezing time in water, which makes Morris water maze test unreliable,
we conducted the NOR and FC tests to evaluate the cognitive deficit
in mice. Importantly, those above mice showed depressive-like
behaviors also displayed significant memory deficiency, as supported
by lower discrimination index in the NOR and decreased freezing
percentage in the FCT, and these alterations were similarly absent in
all WT mice (Figures 1F-I). Furthermore, as shown in Figures 1],K,
the discrimination index was positively correlated with sucrose
preference in hTau mice (r*=0.2975), particularly in the hTau-CRS
mice (=0.4712). These results indicate that CRS can simultaneously
induce both depressive-like behaviors and cognitive dysfunctions in
hTau mice.

Mitochondrial dysfunction is involved in
CRS-induced depressive-like behaviors and
cognitive decline in hTau mice

Previous studies have proved that mitochondria dysfunction can
be involved in both depressive symptoms and AD, while abnormal
Tau could impair mitochondrial homeostasis (Xie et al., 2017; Fisar
et al, 2019). Therefore, we hypothesized that mitochondrial
dysfunction may be involved in the positive correlation of cognitive
deficits and depressive-like behaviors in hTau mice exposed to CRS. As
the hippocampus is a key anatomical structure for both memory
decline and depression onset, the hippocampal mitochondrial
function was measured in WT and hTau mice under stress (Figure 2A).
We found that mitochondrial DNA expression, MMP and ATP
production were significantly reduced only in the hippocampus of the
hTau-CRS mice (Figures 2B-D). Notably, MMP were positively
correlated with both discrimination index and sucrose preference in
hTau mice (Figures 2E,F). These results indicate that mitochondrial
dysfunction may play a key role in the co-morbidity of AD
and depression.

PPAR-3 is pivotal in controlling mitochondrial biogenesis, and its
suppression has been proved to trigger depression (He et al., 2021).
Accordingly, we conducted qPCR to analyze the transactivation of
PPAR-6 by measuring expression levels of PPAR-8 target genes,
Angptl4 and UCP2. The results showed significant reductions in the
expression levels of Angptl4 and UCP2 in the hTau-CRS mice,
indicating the transactivation of PPAR-8 was strongly repressed in
hTau mice exposed to CRS (Figures 2G,H). To understand why CRS
repressed PPAR-§ transactivation in hTau mice, we measured the
protein levels of PPAR- and Tau fragments in the hippocampus of
hTau mice. The results showed that PPAR-8 levels were markedly
decreased but Tau N368 levels were robustly increased in hTau-CRS
mice (Figures 21,]). To further investigate whether elevated Tau N368
fragment suppresses PPAR-8 through binding, we performed
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coimmunoprecipitation from the hippocampus of hTau mice. After
immunoprecipitating Tau N368 with an antibody directed against it
and immunoblotting with a PPAR-8-specific antibody, we found that
PPAR-§ interacted with Tau N368 fragment (Figures 21,K). Next,
we exposed 8-week-old WT and hTau mice to restraint stress (RS) for
1day (RS1), or consecutively for 14 days (RS14) or 21 days (RS21),
then quantified the protein levels of Tau N368 in hippocampus
(Figure 21). Hippocampal Tau N368 levels in both WT mice and hTau
mice elevated with increased duration of RS, which is more obvious
in hTau mice versus WT mice (Figures 2N,0). To further validate the
RS-induced cleavage of Tau, we subjected 8-week-old APP/PS1 mice
and 3xTg mice to control or RS14, followed measurement of Tau N368
levels (Figure 2M). The result showed Tau N368 was also elevated in
the hippocampus of APP/PSI-RS14 and 3xTg-RS14 mice
(Figures 2P,Q0), with similarly suppressed transactivation of PPAR-
(Supplementary Figures S1A-D), indicating Tau N368-PPAR-$ axis is
ubiquitous in AD mouse models. Collectively, these findings indicate
that Tau N368 fragments interact with PPAR-8 and suppress its
mitochondrial protective function in CRS-AD models.

Physical interaction of tau N368 with
PPAR-& triggers mitochondrial dysfunction

To address whether disruption of the interaction between PPAR-
and Tau N368 could prevent neurotoxicity of Tau N368,
we constructed expression constructs encoding PPAR- with deletions
of different domains and co-transfected HEK 293 cells with
GST-Vector or GST-Tau N368. After GST-pulldown, we found that
the D region of the PPAR-§ was the main binding region for the Tau
N368 (Supplementary Figure S2). Based on the above findings,
we used computational protein—protein interaction prediction tool to
identify and choose three possible binding sites in the D region of the
PPAR-, K176, N184 and K188 (Figure 3A). To confirm the predicted
binding sites, we constructed PPAR-6 mKNK (K176 to A176, N184 to
A184, and K188 to A188) plasmid with the above three amino acids
mutated to alanine (A). Subsequently, we performed GST-pulldown
in HEK 293 cells co-transfected FLAG-PPAR-6 WT or FLAG-PPAR-8
mKNK with GST-Tau N368. The results showed that mKNK was
sufficient to block the binding of PPAR-6 and Tau N368 (Figures 3B,C).
To determine whether the binding of Tau N368 and PPAR-S is
necessary for mitochondrial dysfunction, primary cultured neurons
were co-infected AAV-GFP-Tau N368 in combination with
AAV-PPAR-8 WT-FLAG or AAV-PPAR-6 mKNK-FLAG. The
expression levels of the viruses are shown in Figures 3D-F Three days
after infection, we co-transfected a 3 x PPRE-luciferase reporter with
Renilla luciferase vector to primary neurons to evaluated the
alterations in transcriptional activity of PPAR-8. The mKNK mutation
did not affect the basal transcriptional activity of PPAR-, while
co-expressing Tau N368 significantly suppressed transactivation of
PPAR-3. As expected, the mKNK mutation significantly reversed the
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FIGURE 2
Mitochondrial dysfunction involves in CRS-induced depressive-like behaviors and cognitive decline in hTau mice. (A) Schematic experiment procedures
of mtDNA, MMP, and ATP tests in the control and CRS groups. (B—D) Measurement of mitochondrial DNA copy number (B), MMP (C), and ATP levels
(D) in the hippocampus of control and CRS mice. Data represent mean + SEM (n = 6 for each group; NS, not significant; *p <0.05; one-way ANOVA and
Bonferroni's multiple comparison test). (E) Correlation between the discrimination index and the mitochondrial JC-1 uptake in hTau-Control and hTau-
CRS groups. (F) Correlation between the sucrose preference and the mitochondrial JC-1 uptake in hTau-Control and hTau-CRS groups. Quantitative
analysis of the correlation between the discrimination index or the sucrose preference and the mitochondrial JC-1 uptake. The Spearman correlation
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FIGURE 2 (Continued)

coefficient r> and p value are shown. Purple dots, hTau-Control. Blue dots, hTau-CRS. (G,H) Relative expression level of Angptl4 (G) and UCP2 (H) in the
brain lysates from the hTau-Control and hTau-CRS mice. Data represent mean + SEM (n = 6 for each group; **p < 0.01; unpaired t-test with Welch's
correction). (I-K) Representative immunoblots and quantification of PPAR-8 and Tau N368 protein expressions in the hippocampus of the hTau-
Control and hTau-CRS mice. Data in (1) are representative of three independent experiments. Data in (J,K) represent mean + SEM (n = 6 for each group;
**p < 0.01; unpaired t-test with Welch's correction). (L) Schematic of experiment procedures of 8-week-old WT or hTau mice, RS1: restraint stress for
1day, RS14: restraint stress for 14 days, RS21: restraint stress for 21 days. (M) Schematic of experiment procedures of 8-week-old WT or hTau mice.

(N) Representative immunoblots and quantification of Tau N368 protein expression in the hippocampus of the WT and hTau mice with no stress,
resistant stress for 1day (RS1), 14 days (RS14) and 21days (RS21). Data in (N) are representative of three independent experiments. Data in (O) represent
mean + SEM (n = 6 for each group; **p < 0.01; one-way ANOVA and Bonferroni's multiple comparison test). (P,Q) Representative immunoblots and
quantification of Tau N368 protein expression in the hippocampus of the APP/PS1mice and 3xTg mice with no stress, resistant stress for 14 days (RS14).
Data in (P) are representative of three independent experiments. Data in (Q) represent mean + SEM (n = 6 for each group; **p <0.01; one-way ANOVA

and Bonferroni's multiple comparison test).

decreased transactivation of PPAR-8 induced by Tau N368 in primary
neurons (Figure 3G). We next conducted measurement of
mitochondrial function. The mutation of the binding sites in PPAR-8
significantly rescued Tau N368-mediated mitochondrial dysfunction
in neurons (Figures 3H,I). These above results indicate that the
physical interaction of Tau N368 with PPAR- is sufficient to induce
neuronal mitochondrial impairment, which can be blunted by
mutating the binding sites.

Pharmacological inhibition of AEP
downregulates tau N368 and restores
depressive-like behaviors and cognitive
deficits

Based on previous research, an AEP inhibitor, compound 11, has
oral bioactivity and shows therapeutic potential for treating AD
(Zhang et al., 2017). It has been proved that compound 11 can reduce
the production of Tau N368 fragment. Here, we treated hTau mice
with compound 11 or vehicle once a day for consecutive 60 days. On
day 22 of the treatment, mice were exposed to CRS and subsequent
behavioral tests (Figure 4A). As shown by western blots, compound
11 significantly decreased the level of Tau N368 fragment in the
hippocampus of hTau mice (Figures 4B,C). Compound 11 did not
affect the locomotor activity of hTau mice (Figure 4D). Impressively,
compound 11 successfully ameliorated the depressive-like behaviors
and the cognitive deficits induced by CRS in hTau mice, as indicated
by higher sucrose preference in the SPT, reduced immobility time in
the TST and the FST, increased discrimination index in the NOR and
less freezing time in the FCT (Figures 4E-K). These observations
validate that reduction of Tau N368 fragment by compound 11 can
restore cognitive deficiency and depressive-like behaviors induced by
CRS in hTau mice.

Anti-tau N368 treatment alleviates
CRS-induced depressive-like behaviors and
cognitive decline in AD mouse models

As AEP is involved in normal physiological processes and
homeostasis, we administered intraperitoneal injections of anti-Tau
N368 or anti-IgG antibody to hTau mice over a 14-day period of CRS
and subsequently conducted behavioral tests (Figure 5A) to further
validate the role of the Tau N368 fragment in the comorbidity of AD
and depression. As shown by confocal images, biotinylated anti-Tau
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N368 antibody successfully penetrated the blood-brain barrier and
entered neurons (Figure 5B). Western blots showed that anti-Tau
N368 antibody successfully reduced the levels of Tau N368 fragment
in the hippocampus of 8-month-old hTau mice (Figures 5C,D).
Likewise, anti-Tau N368 or anti-IgG injection did not influence the
mobility of hTau mice (Figure 5E). As expected, the injection of
anti-Tau N368 antibody rescued memory declines and depressive-like
behaviors induced by CRS in hTau mice aged 8 months (Figures 5F-L).
Furthermore, we replicated the above experiments in 8-month-old
3xTg classic ~ AD
(Supplementary Figure S3A). Similarly, 3xTg male mice received Tau

mice, another mouse model
N368 antibody also showed unchanged mobility and their depressive-

like behaviors and cognitive impairments were restored
(Supplementary Figure S3B-I). These results suggest that directly
reducing Tau N368 expression can alleviate cognitive dysfunction and

emotional disorders resulted from CRS in AD mouse models.

Pharmacological activation of PPAR-5
relieves CRS-induced depressive-like
behaviors and cognitive decline in hTau
mice

To address whether pharmacological activation of PPAR-8
attenuated behavioral abnormalities induced by CRS, we used selective
PPAR-§ agonist GW0742 to treat hTau mice for 7 days following
14days of CRS and then evaluated the behavioral outcomes
(Figure 6A). Injection of GW0742 relieved depressive-like behaviors
induced by CRS in hTau mice and did not impact their locomotor
activity (Figures 6B-E). Simultaneously, impaired cognitive function
induced by CRS was also alleviated by GW0742 in hTau mice
(Figures 6F-I). Taken together, these results indicate that hypofunction
of PPAR-S is the key pathway in CRS-induced depressive-like
behaviors and cognitive dysfunction.

Discussion

Accumulating clinical studies have proved that individuals with
AD exhibit neuropsychiatric symptoms, including anxiety,
irritability, and depression (Mendez, 2021; Zong et al., 2022).
Notably, depression is not only considered a prodromal stage of AD,
but also have been linked to an increased risk of developing
dementia in midlife or late life (Barnes et al., 2012). Depression
would accelerate the course of dementia, while anti-dementia
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FIGURE 3

Physical interaction of Tau N368 with PPAR-5 triggers mitochondrial dysfunction. (A) Overall interaction and close-up view of between Tau N368

(green) and PPAR-3 (blue) are shown as ribbon models from the front view. The conserved salt bridges between E187-K176 and D40-K188 are colored

purple, and the hydrogen bond between N184-5258 is colored yellow. (B,C) Representative immunoblots and quantification of FLAG and GST

expressions in the GST pull-down and cell lysates from the HEK 293 cells co-transfected with Flag-PPARS WT/mKNK and GST-Tau N368. Data in

(B) are representative of three independent experiments. Data in (C) represent mean + SEM (n = 6 for each group; **p <0.01; unpaired t-test with
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FIGURE 3 (Continued)

Welch's correction). (D—F) Representative immunoblots and quantification of FLAG and GFP expression in the cell lysates from primary neurons co-
infected with AAV-GFP-Tau N368 and AAV-PPARS WT/mKNK-FLAG. Data in (D) are representative of three independent experiments. Data in (E,F)
represent mean + SEM (n = 6 for each group; NS, not significant; unpaired t-test with Welch’s correction). (G) Primary neurons were co-infected AAV-
GFP-Tau N368 or AAV-GFP-vector with AAV- PPARS WT or AAV- PPARS mKNK, then co-transfected with a 3 X PPRE-luciferase reporter with Renilla
luciferase vector. Quantification of the luciferase activity is shown. Data are presented as the mean + SEM (n = 6 for each group; **p <0.01; unpaired
t-test with Welch's correction). (H) MMP, and (I) ATP levels in the primary neurons co-infected AAV-GFP-Tau N368 or AAV-GFP-vector with AAV-
PPARS WT or AAV- PPARS mKNK. Data represent mean + SEM (n = 6 for each group; **p < 0.01; unpaired t-test with Welch's correction).
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FIGURE 4

Pharmacological inhibition of AEP downregulates Tau N368 and restores depressive-like behaviors and cognitive deficits. (A) Schematic of the CRS and
AEP inhibitor (Compound 11) or vehicle treatment, and behavioral tests process in hTau mice. (B,C) Representative immunoblots and quantification of
Tau N368 expression in the hippocampus of hTau mice treated with Compound 11 or vehicle and 14 days of CRS. Data in (B) are representative of three
independent experiments. Data in (C) represent mean + SEM (n = 6 for each group; **p < 0.01; unpaired t-test with Welch's correction). (D) Open-field
test, (E) sucrose preference test, (F) tail suspension test, (G) forced swim test, (H,l) novel object recognition test, (J) contextual fear conditioning,

(K) cued fear conditioning tests results. Experiments were performed on 8-10-week-old hTau mice with AEP inhibitor (Compound 11) or vehicle
treatment after 14-day CRS. Results are presented as the mean + SEM (n = 14-15 mice for each group; NS, not significant; *p <0.05; **p <0.01;
unpaired t-test with Welch's correction).
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FIGURE 5
Anti-Tau N368 antibody treatment alleviates CRS-induced depressive-like behaviors and cognitive declines in AD mouse models. (A) Schematic of the
CRS and Tau N368 antibody or IgG injection, and behavioral tests process in hTau mice. (B) Left: Immunofluorescence co-staining results of anti-Tau
N368 antibody and DAPI in hippocampal slices from hTau mice before injection (left panel) or after injection (right panel) Scale bar: 50 pm. Right:
quantification of relative immunofluorescent intensity of anti-Tau N368 antibody. (C,D) Representative immunoblots and quantification of Tau N368
expression in the hippocampus of the above mice. Data in (C) are representative of three independent experiments. Data in (D) represent mean + SEM
(n =6 for each group; **p <0.01; unpaired t-test with Welch's correction). (E) Open-field test, (F) sucrose preference test, (G) tail suspension test,
(H) forced swim test, (I,J) novel object recognition test, (K) contextual fear conditioning, (L) cued fear conditioning tests results. Experiments were
performed on 8-month-old hTau mice with Tau N368 antibody or IgG injection during 14-day CRS. Results are presented as the mean + SEM (n =15
mice for each group; NS, not significant; **p <0.01; unpaired t-test with Welch's correction).

cholinesterase inhibitors could potentially have anti-depressant
effects (Agiiera-Ortiz et al., 2021). Moreover, 3-month-old APP/
PSEN1-Tg mice per se showed depressive-like and anxiety-like

behaviors, as well as memory impairments (Martin-Sanchez et al.,
2021). These findings concluded that depression is highly associated
with AD. In our study, we proposed a new perspective to explain the
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FIGURE 6
Pharmacological activation of PPAR- relieves CRS-induced depressive-like behaviors and cognitive decline in hTau mice. (A) Schematic of the CRS
and GW0742 or vehicle treatment, and behavioral tests process in hTau mice. (B) Open-field test, (C) sucrose preference test, (D) tail suspension test,
(E) forced swim test, (F,G) novel object recognition test, (H) contextual fear conditioning, (I) cued fear conditioning tests results. Experiments were
performed on 8-10-week-old hTau mice with GW0742 or vehicle treatment following 14-day CRS. Results are presented as the mean + SEM (n =15-16
mice for each group; NS, not significant; **p <0.01; unpaired t-test with Welch's correction).

comorbidity of AD and depression that is Tau N368 fragment,
elevated by CRS, directly binds PPAR-8 and represses its
transactivation, leading to cognitive decline and depressive-
like behaviors.

Neurons in the brain exhibit high energy demands and rely on
mitochondrial ATP production. Mitochondria serve as the primary
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source of energy required for neurite outgrowth, and any deficiency
in ATP results in impaired dendritic morphogenesis of neurons
(Oruganty-Das et al., 2012). Emerging evidences have demonstrated
that mitochondrial impairments may be associated in the
pathophysiology of depression and neurodegenerative diseases (Allen
et al., 2018; Pradeepkiran and Reddy, 2020).
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PPAR-8, a member of PPAR nuclear receptor family, is abundant
in skeletal muscle and especially in brain (Luquet et al., 2003; Girroir
et al, 2008). The main function of PPAR-S is to regulate energy
metabolism and promote mitochondrial biogenesis as a transcription
factor (Christofides et al., 2021). Hypofunction of PPAR-S leads to
decreased mitochondrial DNA copy number, more oxidative damage
(He et al,, 2021). Accumulating studies showed that PPARs play a
pivotal role in the pathophysiology of chronic stress-induced
depressive phenotype. For instance, in chronic social defeat stress
(CSDS)-induced mouse model, decreased hippocampal PPAR-« lead
to reduction of BDNF expression, resulting in depressive-like
behaviors(Song et al., 2018). Moreover, the transcriptional activity of
PPAR-$ is suppressed in the mPFC of mice exposed to CSDS, thus
contributing to mitochondrial dysfunction and depression-like
phenotype. Activating PPAR-6 would rescue depressive-like behaviors
in different chronic stress mouse models by restoring mitochondrial
dysfunction (Tufano and Pinna, 2020; He et al., 2021). Furthermore,
PPARs have been reported to participant in the progression of
cognitive decline. Genetic knock-out of PPAR-8 impairs neuronal and
synaptic structure, contributing to memory deficit in mice(Espinosa-
Jiménez et al, 2022). Selective activation of PPAR-8 alleviates
cognitive decline in mouse models of Alzheimer’s Disease(Malm et al.,
2015) and type II diabetes mellitus(Abdel-Rahman et al., 2019).
Additionally, a recent study revealed that suppression of PPAR-d
transactivation contributes to the onset and progression of
Huntington’s disease (HD) (Dickey et al., 2016). In the present study,
we found that CRS would elevate Tau N368 fragment derived from
AEP-mediated cleavage, which subsequently repressed PPAR-8 by
physically interaction, leading to mitochondrial dysfunction.
Following blockage of the binding between Tau N368 and PPAR-, the
mitochondrial impairment was successfully mitigated in the primary
neurons. Collectively, our study has identified Tau N368-PPAR-§ axis
as an upstream regulatory mechanism of mitochondrial dysfunction,
which contributes to the CRS-induced depressive-like behaviors and
cognitive deficits.

Our previous studies have reported that Tau N368 fragment is
produced by AEP-mediated cleavage and plays an important role in
neurodegenerative diseases like AD and Parkinson’s disease (PD)
(Zhang et al., 2014; Xiang et al., 2019; Ahn et al., 2020; Kang et al.,
2020). Additionally, compound 11, an AEP inhibitor, can diminish the
production of Tau N368 and ameliorate cognitive impairment in
mouse models of AD (Kang et al., 2020). However, there is a lack of
research about the role of Tau N368 in emotional disorders. In our
current study, we reported that Tau N368 was sufficient to induce
depressive-like behaviors in AD mouse models. Moreover, the
pharmacological inhibition of AEP using compound 11, the clearance
of Tau N368 via antibody administration, and the application of a
PPAR-3 agonist all demonstrated significant efficacy in alleviating the
depressive-like behaviors and cognitive impairments induced by CRS
in mice. The above results have the potential to shed light on the
treatment of co-morbidity involving AD and depression.

Our current study identified a novel post-translational
modification of Tau disturbs PPAR-8-mediated mitochondrial
homeostasis. A previous study validated Tau hyperphosphorylation in
the cortex of PPARP/S-null mice (Barroso et al., 2013). Notably,
PPARP/3-null mice shows intrinsic impairment in cognition,
accompanied with elevated pro-inflammatory cytokines in cortex
(Barroso et al., 2013). We have reported that AEP is transcriptionally
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upregulated by an inflammatory cytokine-activated transcription
factor, CCAAT/enhancer binding protein p (C/EBPB)(Wang et al.,
2018). Therefore, it is possible that chronic stress-reduced PPAR-8
may trigger neuroinflammation, which subsequently activating C/
EBPB-AEP axis and eventually increasing Tau N368 levels. This
speculation would be further investigated in the future.

Collectively, our work highlights the critical role of Tau N368-
PPAR-$ axis in hippocampal neurons in modulating mitochondrial
dysfunctions and causing depressive-like behaviors and cognitive
declines. These results provide valuable insights into the underlying
mechanisms of the depressive symptoms in AD, and offer a novel
target for further refining therapeutic approaches to depressive
disorders and AD.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Laboratory Animal Welfare
Ethical Committee of Renmin Hospital of Wuhan University. The
study was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

YW: Conceptualization, Data curation, Formal analysis, Funding
Methodology, Validation,
Visualization, Writing - original draft, Writing - review & editing.

acquisition, Software, Supervision,

JianW: Conceptualization, Data curation, Formal analysis,
Methodology, Project administration, Software, Visualization, Writing
- review & editing, Writing - original draft. HC: Conceptualization,
Data curation, Investigation, Methodology, Supervision, Writing —
review & editing, Writing — original draft. XL: Data curation, Formal
analysis, Investigation, Methodology, Project administration,
Resources, Supervision, Visualization, Writing - review & editing. RX:
Methodology, Software, Writing - review & editing. FG: Data
curation, Project administration, Writing - review & editing. HY: Data
curation, Investigation, Project administration, Validation, Writing -
review & editing. FL: Data curation, Investigation, Methodology,
Project administration, Validation, Writing - review & editing. DQ:
Investigation, Writing — review & editing. JiaW: Conceptualization,
Project administration, Validation, Writing - review & editing. YS:
Formal analysis, Investigation, Investigation, Writing — review &
editing. YL: Formal analysis, Validation, Writing - review & editing.
SL: Data curation, Project administration, Validation, Visualization,
Writing - review & editing. XZ: Formal analysis, Visualization,
Writing - review & editing. SD: Data curation, Writing - review &
editing. YH: Formal analysis, Writing — review & editing. LH: Data
curation, Investigation, Project administration, Writing — review &
X-YG: Methodology,
administration, Visualization, Writing - original draft, Writing -

editing. Conceptualization, Project

review & editing. ZL: Conceptualization, Methodology, Project

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1293164
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Wang et al.

administration, Writing - original draft, Writing - review & editing.
JL: Data curation, Investigation, Methodology, Project administration,
Writing - original draft, Writing - review & editing. Z-HW: Funding
acquisition, Investigation, Methodology, Project administration,
Validation, Writing — original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by the National Natural Science Foundation of China (No.
82101479) to Z-HW, National Key Research Projects of China (No.
2021YFA1302400) to Z-HW.

Acknowledgments

We thank Kegiang Ye at Faculty of Life and Health Sciences,
Shenzhen Institutes of Advanced Technology, Chinese Academy of
Sciences for generously providing Anti-Tau N368 antibody.

References

Abdel-Rahman, E. A., Bhattacharya, S., Buabeid, M., Majrashi, M., Bloemer, J., Tao, Y.-
X., etal. (2019). PPAR-6 activation ameliorates diabetes-induced cognitive dysfunction
by modulating integrin-linked kinase and AMPA receptor function. J. Am. Coll. Nutr.
38, 693-702. doi: 10.1080/07315724.2019.1598307

Agiiera-Ortiz, L., Garcfa-Ramos, R., Grandas Pérez, E. J., L(')pez-Alvarez, J., Montes
Rodriguez, J. M., Olazardn Rodriguez, E J., et al. (2021). Depression in Alzheimer's
disease: a Delphi consensus on etiology, risk factors, and clinical management. Front.
Psych. 12:638651. doi: 10.3389/fpsyt.2021.638651

Ahn, E. H,, Kang, S. S, Liu, X., Chen, G., Zhang, Z., Chandrasekharan, B., et al. (2020).
Initiation of Parkinson’s disease from gut to brain by 8-secretase. Cell Res. 30, 70-87. doi:
10.1038/s41422-019-0241-9

Allen, J., Romay-Tallon, R., Brymer, K. J., Caruncho, H. J., and Kalynchuk, L. E.
(2018). Mitochondria and mood: mitochondrial dysfunction as a key player in the
manifestation of depression. Front. Neurosci. 12:386. doi: 10.3389/fnins.2018.00386

Alqahtani, T., Deore, S. L., Kide, A. A., Shende, B. A., Sharma, R., Chakole, R. D., et al.
(2023). Mitochondrial dysfunction and oxidative stress in Alzheimer's disease, and
Parkinson's disease, Huntington's disease and amyotrophic lateral sclerosis -an updated
review. Mitochondrion 71, 83-92. doi: 10.1016/j.mit0.2023.05.007

Amadoro, G., Corsetti, V., Florenzano, E, Atlante, A., Ciotti, M. T., Mongiardi, M. P,
et al. (2015). AD-linked, toxic NH2 human tau affects the quality control of
mitochondria in neurons. Neurobiol. Dis. 74, 102-103. doi: 10.1016/j.nbd.2014.11.010

Barnes, D. E., Yaffe, K., Byers, A. L., McCormick, M., Schaefer, C., and Whitmer, R. A.
(2012). Midlife vs late-life depressive symptoms and risk of dementia: differential effects
for Alzheimer disease and vascular dementia. Arch. Gen. Psychiatry 69, 493-498. doi:
10.1001/archgenpsychiatry.2011.1481

Barroso, E., del Valle, ], Porquet, D., Santos, A. M. V, Salvadd, L.,
Rodriguez-Rodriguez, R., et al. (2013). Tau hyperphosphorylation and increased BACE1
and RAGE levels in the cortex of PPARP/8-null mice. Biochim. Biophys. Acta 1832,
1241-1248. doi: 10.1016/j.bbadis.2013.03.006

Bloom, G. S. (2014). Amyloid-p and tau: the trigger and bullet in Alzheimer disease
pathogenesis. JAMA Neurol. 71, 505-508. doi: 10.1001/jamaneurol.2013.5847

Cao, X., Li, L. P, Wang, Q., Wu, Q,, Hu, H. H., Zhang, M., et al. (2013). Astrocyte-
derived ATP modulates depressive-like behaviors. Nat. Med. 19:773-+. doi: 10.1038/
nm.3162

Chen, C. Y, Yang, C., Wang, J., Huang, X., Yu, H. T, Li, S. M, et al. (2021). Melatonin
ameliorates cognitive deficits through improving mitophagy in a mouse model of
Alzheimer's disease. J. Pineal Res. 71:¢12774. doi: 10.1111/jpi.12774

Christofides, A., Konstantinidou, E., Jani, C., and Boussiotis, V. A. (2021). The role of
peroxisome proliferator-activated receptors (PPAR) in immune responses. Metabolism
114:154338. doi: 10.10 16/j.metab01.2020. 154338

Dickey, A. S., Pineda, V. V., Tsunemi, T., Liu, P. P,, Miranda, H. C., Gilmore-Hall, S. K.,
et al. (2016). PPAR-3 is repressed in Huntington's disease, is required for normal

neuronal function and can be targeted therapeutically. Nat. Med. 22, 37-45. doi:
10.1038/nm.4003

Frontiers in Aging Neuroscience

15

10.3389/fnagi.2023.1293164

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnagi.2023.1293164/
full#supplementary-material

Du, E, Yu, Q., Swerdlow, R. H., and Waites, C. L. (2023). Glucocorticoid-driven
mitochondrial damage stimulates tau pathology. Brain 146, 4378-4394. doi: 10.1093/
brain/awad127

Ernst, J., Hock, A., Henning, A., Seifritz, E., Boeker, H., and Grimm, S. (2017).
Increased pregenual anterior cingulate glucose and lactate concentrations in major
depressive  disorder.  Mol.  Psychiatry 22, 113-119. doi: 10.1038/mp.
2016.73

Espinosa-Jiménez, T., Busquets, O., Cano, A., Sanchez-Lépez, E., Verdaguer, E.,
Parcerisas, A., et al. (2022). Peroxisomal proliferator-activated receptor p/8 deficiency
induces cognitive alterations. Front. Pharmacol. 13:902047. doi: 10.3389/
fphar.2022.902047

Fisar, Z., Hansikova, H., Krizova, J., Jirak, R., Kitzlerova, E., Zverova, M., et al. (2019).
Activities of mitochondrial respiratory chain complexes in platelets of patients with
Alzheimer's disease and depressive disorder. Mitochondrion 48, 67-77. doi: 10.1016/j.
mito.2019.07.013

Girroir, E. E., Hollingshead, H. E., He, P, Zhu, B., Perdew, G. H., and Peters, J. M.
(2008). Quantitative expression patterns of peroxisome proliferator-activated receptor-
/5 (PPARP/S) protein in mice. Biochem. Biophys. Res. Commun. 371, 456-461. doi:
10.1016/j.bbrc.2008.04.086

He, J.-G., Zhou, H.-Y,, Xue, S.-G., Lu, J.-]., Xu, J.-E, Zhou, B., et al. (2021).
Transcription factor TWIST1 integrates dendritic remodeling and chronic stress to
promote depressive-like behaviors. Biol. Psychiatry 89, 615-626. doi: 10.1016/j.
biopsych.2020.09.003

Herbert, J., and Lucassen, P. J. (2016). Depression as a risk factor for Alzheimer’s
disease: genes, steroids, cytokines and neurogenesis—what do we need to know? Front.
Neuroendocrinol. 41, 153-171. doi: 10.1016/j.yfrne.2015.12.001

Kang, S. S., Ahn, E. H., and Ye, K. (2020). Delta-secretase cleavage of tau mediates its
pathology and propagation in Alzheimer’s disease. Exp. Mol. Med. 52, 1275-1287. doi:
10.1038/512276-020-00494-7

Luquet, S., Lopez-Soriano, ., Holst, D., Fredenrich, A., Melki, J., Rassoulzadegan, M.,
etal. (2003). Peroxisome proliferator-activated receptor 8 controls muscle development
and oxydative capability. FASEB J. 17, 2299-2301. doi: 10.1096/f].03-02691fje

Lynn, B. C., Wang, J., Markesbery, W. R., and Lovell, M. A. (2010). Quantitative
changes in the mitochondrial proteome from subjects with mild cognitive impairment,
early stage, and late stage Alzheimer's disease. J. Alzheimers Dis. 19, 325-339. doi:
10.3233/JAD-2010-1254

Malm, T., Mariani, M., Donovan, L. ], Neilson, L., and Landreth, G. E. (2015).
Activation of the nuclear receptor PPARS is neuroprotective in a transgenic mouse
model of Alzheimer’s disease through inhibition of inflammation. J. Neuroinflammation
12, 1-15. doi: 10.1186/s12974-014-0229-9

Mancini, G., Dias, C., Lourenco, C. E, Laranjinha, J., de Bem, A., and Ledo, A. (2021).
A high fat/cholesterol diet recapitulates some Alzheimer’s disease-like features in mice:
focus on hippocampal mitochondrial dysfunction. J. Alzheimers Dis. 82, 1619-1633. doi:
10.3233/JAD-210122

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1293164
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnagi.2023.1293164/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2023.1293164/full#supplementary-material
https://doi.org/10.1080/07315724.2019.1598307
https://doi.org/10.3389/fpsyt.2021.638651
https://doi.org/10.1038/s41422-019-0241-9
https://doi.org/10.3389/fnins.2018.00386
https://doi.org/10.1016/j.mito.2023.05.007
https://doi.org/10.1016/j.nbd.2014.11.010
https://doi.org/10.1001/archgenpsychiatry.2011.1481
https://doi.org/10.1016/j.bbadis.2013.03.006
https://doi.org/10.1001/jamaneurol.2013.5847
https://doi.org/10.1038/nm.3162
https://doi.org/10.1038/nm.3162
https://doi.org/10.1111/jpi.12774
https://doi.org/10.1016/j.metabol.2020.154338
https://doi.org/10.1038/nm.4003
https://doi.org/10.1093/brain/awad127
https://doi.org/10.1093/brain/awad127
https://doi.org/10.1038/mp.2016.73
https://doi.org/10.1038/mp.2016.73
https://doi.org/10.3389/fphar.2022.902047
https://doi.org/10.3389/fphar.2022.902047
https://doi.org/10.1016/j.mito.2019.07.013
https://doi.org/10.1016/j.mito.2019.07.013
https://doi.org/10.1016/j.bbrc.2008.04.086
https://doi.org/10.1016/j.biopsych.2020.09.003
https://doi.org/10.1016/j.biopsych.2020.09.003
https://doi.org/10.1016/j.yfrne.2015.12.001
https://doi.org/10.1038/s12276-020-00494-7
https://doi.org/10.1096/fj.03-0269fje
https://doi.org/10.3233/JAD-2010-1254
https://doi.org/10.1186/s12974-014-0229-9
https://doi.org/10.3233/JAD-210122

Wang et al.

Martins, I. V., Rivers-Auty, J., Allan, S. M., and Lawrence, C. B. (2017). Mitochondrial
abnormalities and synaptic loss underlie memory deficits seen in mouse models of
obesity and Alzheimer’s disease. J. Alzheimers Dis. 55, 915-932. doi: 10.3233/
JAD-160640

Martin-Sanchez, A., Pifiero, J., Nonell, L., Arnal, M., Ribe, E. M., Nevado-Holgado, A.,
et al. (2021). Comorbidity between Alzheimer’s disease and major depression: a
behavioural and transcriptomic characterization study in mice. Alzheimers Res. Ther. 13,
1-19. doi: 10.1186/s13195-021-00810-x

Mendez, M. E (2021). Degenerative dementias: alterations of emotions and mood
disorders. Handb. Clin. Neurol. 183, 261-281. doi: 10.1016/B978-0-12-822290-4.00012-8

Moriguchi, S., Takahata, K., Shimada, H., Kubota, M., Kitamura, S., Kimura, Y., et al.
(2021). Excess tau PET ligand retention in elderly patients with major depressive
disorder. Mol. Psychiatry 26, 5856-5863. doi: 10.1038/s41380-020-0766-9

Oruganty-Das, A., Ng, T., Udagawa, T., Goh, E. L., and Richter, J. D. (2012).
Translational control of mitochondrial energy production mediates neuron
morphogenesis. Cell Metab. 16, 789-800. doi: 10.1016/j.cmet.2012.11.002

Pradeepkiran, J. A., and Reddy, P. H. (2020). Defective mitophagy in Alzheimer's
disease. Ageing Res. Rev. 64:101191. doi: 10.1016/j.arr.2020.101191

Reus, G. Z., Titus, S. E., Abelaira, H. M., Freitas, S. M., Tuon, T., Quevedo, J., et al.
(2016). Neurochemical correlation between major depressive disorder and
neurodegenerative diseases. Life Sci. 158, 121-129. doi: 10.1016/j.1f5.2016.06.027

Scheggi, S., De Montis, M. G., and Gambarana, C. (2018). Making sense of rodent
models of anhedonia. Int. J. Neuropsychopharmacol. 21, 1049-1065. doi: 10.1093/ijnp/
pyy083

Seo, ].-S., Park, J.-Y., Choi, J., Kim, T.-K., Shin, J.-H., Lee, ].-K., et al. (2012). NADPH
oxidase mediates depressive behavior induced by chronic stress in mice. J. Neurosci. 32,
9690-9699. doi: 10.1523/JNEUROSCI.0794-12.2012

Song, L., Wang, H., Wang, Y. J., Wang, J. L., Zhu, Q., Wu, E, et al. (2018). Hippocampal
PPAR« is a novel therapeutic target for depression and mediates the antidepressant
actions of fluoxetine in mice. Br. J. Pharmacol. 175, 2968-2987. doi: 10.1111/bph.14346

Frontiers in Aging Neuroscience

16

10.3389/fnagi.2023.1293164

Strekalova, T., Spanagel, R., Bartsch, D., Henn, F. A,, and Gass, P. (2004). Stress-
induced anhedonia in mice is associated with deficits in forced swimming and
exploration. Neuropsychopharmacology 29, 2007-2017. doi: 10.1038/sj.npp.1300532

Tapia-Rojas, C., Cabezas-Opazo, F, Deaton, C. A., Vergara, E. H., Johnson, G. V. W,,
and Quintanilla, R. A. (2019). It's all about tau. Prog. Neurobiol. 175, 54-76. doi:
10.1016/j.pneurobio.2018.12.005

Tufano, M., and Pinna, G. (2020). Is there a future for PPARs in the treatment of
neuropsychiatric disorders? Molecules 25:1062. doi: 10.3390/molecules25051062

Wang, Z.-H., Gong, K, Liu, X., Zhang, Z., Sun, X., Wei, Z. Z., et al. (2018). C/EBPf
regulates delta-secretase expression and mediates pathogenesis in mouse models of
Alzheimer’s disease. Nat. Commun. 9:1784. doi: 10.1038/s41467-018-04120-z

Xiang, J., Wang, Z.-H., Ahn, E. H,, Liu, X, Yu, S.-P,, Manfredsson, E. P, et al. (2019).
Delta-secretase-cleaved tau antagonizes TrkB neurotrophic signalings, mediating
Alzheimer’s disease pathologies. Proc. Natl. Acad. Sci. 116, 9094-9102. doi: 10.1073/
pnas.1901348116

Xie, X. X., Chen, Y. Y,, Ma, L. Y,, Shen, Q. C., Huang, L. E, Zhao, B. G,, et al. (2017).
Major depressive disorder mediates accelerated aging in rats subjected to chronic mild
stress. Behav. Brain Res. 329, 96-103. doi: 10.1016/j.bbr.2017.04.022

Yan, Y. M., Tao, H. Y., He, J. H.,, and Huang, S. Y. (2020). The HDOCK server for
integrated protein-protein docking. Nat. Protoc. 15, 1829-1852. doi: 10.1038/
§41596-020-0312-x

Zhang, Z. T,, Obianyo, O, Dall, E.,, Du, Y. H,, Fu, H. A,, Liu, X,, et al. (2017). Inhibition
of delta-secretase improves cognitive functions in mouse models of Alzheimer's disease.
Nat. Commun. 8:14740. doi: 10.1038/ncomms14740

Zhang, Z., Song, M., Liu, X,, Kang, S. S., Kwon, L-S., Duong, D. M., et al. (2014).
Cleavage of tau by asparagine endopeptidase mediates the neurofibrillary pathology in
Alzheimer's disease. Nat. Med. 20, 1254-1262. doi: 10.1038/nm.3700

Zong, B., Yu, E, Zhang, X., Zhao, W,, Sun, P, Li, S, et al. (2022). Understanding how
physical exercise improves Alzheimer’s disease: cholinergic and monoaminergic systems.
Front. Aging Neurosci. 14:869507. doi: 10.3389/fnagi.2022.869507

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1293164
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.3233/JAD-160640
https://doi.org/10.3233/JAD-160640
https://doi.org/10.1186/s13195-021-00810-x
https://doi.org/10.1016/B978-0-12-822290-4.00012-8
https://doi.org/10.1038/s41380-020-0766-9
https://doi.org/10.1016/j.cmet.2012.11.002
https://doi.org/10.1016/j.arr.2020.101191
https://doi.org/10.1016/j.lfs.2016.06.027
https://doi.org/10.1093/ijnp/pyy083
https://doi.org/10.1093/ijnp/pyy083
https://doi.org/10.1523/JNEUROSCI.0794-12.2012
https://doi.org/10.1111/bph.14346
https://doi.org/10.1038/sj.npp.1300532
https://doi.org/10.1016/j.pneurobio.2018.12.005
https://doi.org/10.3390/molecules25051062
https://doi.org/10.1038/s41467-018-04120-z
https://doi.org/10.1073/pnas.1901348116
https://doi.org/10.1073/pnas.1901348116
https://doi.org/10.1016/j.bbr.2017.04.022
https://doi.org/10.1038/s41596-020-0312-x
https://doi.org/10.1038/s41596-020-0312-x
https://doi.org/10.1038/ncomms14740
https://doi.org/10.1038/nm.3700
https://doi.org/10.3389/fnagi.2022.869507

	A tau fragment links depressive-like behaviors and cognitive declines in Alzheimer’s disease mouse models through attenuating mitochondrial function
	Introduction
	Materials and methods
	Animals
	Study design
	Antibody administration in mice
	Preparation and administration of test agents
	Stress procedures
	Behavioral tests
	Tail suspension test
	Forced swim test
	Sucrose preference test
	Open-field test
	Novel object recognition test
	Fear conditioning test
	Immunoprecipitation
	GST-pulldown
	Western blotting
	Protein–protein docking prediction
	Luciferase assay
	Relative mitochondrial copy number
	Mitochondrial membrane potential assay
	Quantification of ATP
	Immunofluorescence staining
	Quantification and statistical analysis
	Data availability

	Results
	Chronic restraint stress induces depressive-like behaviors and cognitive deficits in the hTau mice
	Mitochondrial dysfunction is involved in CRS-induced depressive-like behaviors and cognitive decline in hTau mice
	Physical interaction of tau N368 with PPAR-δ triggers mitochondrial dysfunction
	Pharmacological inhibition of AEP downregulates tau N368 and restores depressive-like behaviors and cognitive deficits
	Anti-tau N368 treatment alleviates CRS-induced depressive-like behaviors and cognitive decline in AD mouse models
	Pharmacological activation of PPAR-δ relieves CRS-induced depressive-like behaviors and cognitive decline in hTau mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions

	 References

